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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF PHYSICAL SCIENCES AND ENGINEERING
SCHOOL OF PHYSICS AND ASTRONOMY

Doctor of Philosophy

by Matthew Ralph Edward Aldous MPhys

The confinement and control of atomic clouds, at temperatures measured in nanokelvin,
has become a valuable tool for physicists. As a source of new physics, development of
cooling techniques has led to innovative new ways to probe the nature of reality. Of
particular note are experiments carried out on new and exotic states of matter such as
the Bose-Einstein condensate, unseen before the advent of these techniques. Likewise,
the potential for applications outside of the lab is extensive and encompasses naviga-
tion, timekeeping, quantum communication and quantum computing. Manipulating cold
atoms in the presence of a so-called ‘atom chip’ (a millimetre-scale electronic device) is
currently considered the future of miniaturising these experiments and measurements,
but since they still require precisely locked and stabilised lasers and predominantly must
take place in the ultra-high vacuum regime, quantum control relies on an extensive and
well-established infrastructure of optics, electronics, vacuum chambers and pumps. This
encumbrance has slowed down the transition from chip-in-a-lab experiments to lab-on-
a-chip technologies. This thesis is an account of work carried out in the development of
enabling technologies which will accelerate this transition, including details of prototype
devices made using established semiconductor and MEMS planar fabrication techniques.
The construction and testing of an apparatus for anodically and eutectically bonding
die-scale samples in ultra-high vacuum is described, along with an analysis and charac-
terisation of some of its products.
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Chapter 1

Introduction

The dual benefits of laser cooling: longer interaction time and better environmental
isolation, have helped to completely reshape the atom-optics landscape, by giving rese-
archers an extensive quantum tool box with which to approach problems. There is still
a vast amount of academic output from this field, both in fundamental science (such as
tests of general relativity [1]) and, recently, in applications of this technology beyond the
laboratory [2, 3]. Taking advantage of the “quantum spookiness” exhibited as matter
is cooled to temperatures close to absolute zero, it is possible to exploit wave-particle
duality, creating atomic interferometers competitive with their optical counterparts for
inertial measurement [4]. This kind of precision sensing is crucial for the next gene-
ration of guidance systems alongside the Global Positioning System (GPS), and which
may be required to operate in a GPS-disciplined, or in a fully GPS-denied environment
[5]. A certain level of maturity has been achieved in this field, and the general level
of expertise is sufficient to start devoting resources to increasing the portability of the
necessary apparatus [6, 7, 8], which are currently power-, space- and personnel-hungry.
The desirable outcome is an agile, “plug and play” atomics package, adaptable to various
different sensing applications [9].

One of these many applications is as part of an inertial navigation system (INS) and many
modern INS use optical and micro-electro-mechanical (MEMS) systems, which require
precise calibration, and may suffer long- or short-term drifts [10]. A vehicle whose journey
begins at a point in space (x0, y0), a heading θ0 and a time t0 exists in a 2-dimensional
space at a point P0 and the desired trajectory, marked in grey, brings the vehicle to
P1 at time t1. Environmental factors, human error and instrumental uncertainty all
contribute to a deviation from the planned path, and this deviation is shown in red,
bringing the vehicle to a position

√
δ2
x + δ2

y away from P1 with an error in heading of
δθ. The vehicle is equipped with a precise clock, as well as a combined accelerometer
(measuring ẍ, ÿ) and gyroscopic device (measuring θ̇). Associated integrating electronics
use the clock signal to convert measurements of angular velocity to measurements of
heading relative to a known reference (often provided by magnetometer, or by using

3
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Figure 1.1: A vehicle travelling in 2 dimensions under the guidance of an inertial
measurement unit (IMU) with the planned trajectory in grey and the actual path in
red (with drifts resulting from environmental factors, and human or instrument errors).
The combined efforts of a stable clock and precise inertial sensors allow calculation of
heading (blue), velocity (green) and positional (gold) errors. Helicopter graphic by [13]

a gyro sensor to detect the rotation of the Earth itself and hence locate magnetic or
true north). By a process known as sensor fusion, fictional accelerations due to rotation
can be decoupled from the true, linear accelerations, which strongly reduces noise [11,
12]. The linear acceleration measurements are also integrated twice and combined with
heading information, to provide measures of velocity and of position relative to P0.

The success of this process of navigation, an advanced variation on “dead reckoning” [14],
depends upon the accuracy and precision of the sensors used at each stage. Among the
best existing timekeeping devices is the chip-scale atomic clock (CSAC), one commercial
implementation of which has a stability of 5 × 10−11, indicating that it loses or gains 1
second in 600 years [15]. Other experiments which use atoms cooled in a lattice, rather
than the atomic vapour present in the CSAC have recently shown instability as low as
6 × 10−18 [16], but miniaturisation of this technology is not yet a reality. A common
test for accelerometers is to measure the acceleration due to gravity, and in a three-
dimensional navigation space close to the surface of the Earth it is necessary as part
of an algorithm determining which direction is “up” - i.e. around which of the three
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principle axes does θ rotate? The measurement of local gravity is also important for
geotechnical and archaeological surveying [17] as well as providing global geodesy [18].
The current accepted standard device for measuring acceleration due to gravity is the
FG5-X, a falling corner-cube setup on the order of 2 metres in height, with a resolution of
1.1×10−8 g [19] and a repetition rate on the order of 1Hz, representative of devices used
during geodetic surveys. The accelerometer present in a standard “smartphone” (used,
amongst other things, to determine the device’s orientation) relies on a micro electro-
mechanical (MEMs) chip such as the KXTC8-1071 [20] with an estimated resolution of
2 × 10−4 g, but whose dimensions are 4 × 4 × 1.3mm and whose repetition rate can be
up to 200Hz. From this we can see that in applied measurements there is a market for
sacrificing absolute precision in favour of reduced size and increased data sampling rate.

The precision required for a given application varies, and depends strongly on both the
initial conditions of the devices installed and their typical drift and sensitivity levels.
A preliminary tilt in the platform (relative to Earth’s local surface normal) manifests
as a small gravitational component on a nominally “horizontal” accelerometer. Using a
typical commercial MEMS inertial navigation package [21] as an example, which has a
static roll and pitch accuracy of 0.1◦, we can estimate a static linear acceleration error
of 17mms−2. Counteracting this tilt offset is usually a minor torquing system which
keeps the platform’s normal pointing directly away from the centre of the Earth, and the
corrections resulting from this feedback system result in an oscillation about 0 with a
period of the Schuler time. This time constant is calculated as the period of a pendulum
of length RE = 6.3781 × 106 m undergoing acceleration at g = 9.81ms−2, resulting
in a period of approximately 84 minutes [22] and the magnitude of the corresponding
position error would be approximately 62m. Superimposed on this small error is a larger
component from the linear drift of the gyro system which, since it does not average to
zero over time, produces a continually increasing offset in the position measurement. A
gyro with a drift coefficient of 3◦/hr (such as the commercial device considered above)
will, if uncorrected, produce a position measurement which is wrong by approximately
390 km after just 1 hour. In practical applications this drift is usually characterised for
and subtracted from future measurements, but noise in this drift still exists and this
subtraction still represents a source of error which should be minimised to the fullest
extent possible.

Interferometric measurements using cooled atoms were achieved in 1991 [23], establishing
the local acceleration due to gravity with a resolution of 3 × 10−6 g, by use of a large
atomic fountain. This result was improved the following year when the same group
reported a resolution increased by a factor of ten for only double the integration time
[24]. Recent advances have pushed atom interferometers to smaller sizes, and to higher
resolutions. A recent demonstration by the Biedermann group [25] showed data rates
between 50 and 330Hz, and at the lower end of that range, resolution up to 4 × 10−6 g
where the vacuum package dimensions are 14×16×80mm (excluding the laser apparatus,
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pumping system or control devices). While the complexity of a fully-integrated, portable
cold atoms sensing system would be considerably greater than that of currently-available
optical or mechanical devices, the advantages of pure atomic clouds as a source of test
masses are numerous. Every atom of a given species is indistinguishable from another,
and so calibrations are not arbitrary but based on fundamental, unchanging physical laws.
Unlike fibre optic gyroscopes, MEMS systems or other varieties of sensor, calibration of
the sensor head (cold atom sample) does not depend on the local environment.

Similar progress is being made in the engineering of rotation sensors, where ring laser
and fibre-optic gyros are the state of the commercial art where navigation is concer-
ned. The details of these sensors, relying on the optical Sagnac effect, will be further
explored in section 2.2.2 but to give some context, a famous early use of a laser Sagnac
interferometer was recorded in 1963 when a helium-neon laser at 1.153µm, was used
in a 40 inch (1m) square cavity and measured the Earth’s rotation at a resolution of
4.7×10−5 rad/s. Modern “large” ring lasers with areas of up to 0.02m2 typically achieve
resolutions of 5×10−7 rad/s at integration times of 1 s [26]. Miniaturised devices such as
the iXBlue FOG200 is advertised as having a standard resolution of 6.5× 10−8 rad/s at
that integration time, and has the advantage of being a compact (180× 180× 162mm),
fully-mature device designed for high reliability and zero maintenance [27]. As we will
see, atomic-based devices have the capacity to improve on this resolution by up to a
factor of 1011, but the technology necessary to shrink the support structures is still in
its early stages.

There are many organisations currently working to the same goal of shrinking the sur-
rounding infrastructure to match the scale of the atom trap, including some commercial
companies. Of particular note is work done by ColdQuanta [31], who have produced a
robust and powerful portable rubidium MOT system using mostly off-the-shelf parts and
components. They have demonstrated transport around the interior of a device using
an internal atom chip [32] and are carrying out work on miniaturised active pumping
systems for high to ultra-high vacuum [33]. The companies AOSense [9] and µquans [2]
are also working on producing miniaturised rotation and gravitation sensors, while the
USA’s National Institute of Standards and Technology (NIST) has been at the heart of
the worldwide effort to miniaturise atomic physics tools [29] for many years- recently
summarising the field in a review in [3].

This thesis documents work done in the early stages of a project aiming to further mini-
aturise experiments that use atom optics to make precise measurements, by following a
similar pathway to that of the CSAC. That device has successfully made the transition
from the first experimental realisations of atomic clocks starting in 1952 [34] to an accep-
ted national time standard in 1998 (representing one of the most precise clocks ever made
[35]), and its present state as a fully-embedded “plug and play” commercially-available
consumer device.
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(a) NBS-1 in 1952
[28]

(b) NIST-F1 in
1997 [28]

(c) The first CSAC in 2004, black
bar: 1mm [29]

(d) Chu’s 1985 experiment [30] (e) ColdQuanta’s miniMOT kit in 2016 [31]

(f) Designs for the first
IAC at Southampton

Figure 1.2: Images of the development of the NIST atomic clock from (a) a prototype
and (b) a national standard to (c) a microfabricated device (black bar = 1mm), as
compared to current progress in miniaturisable cold atoms experiments, as in (d) we
see a scale schematic of Chu’s original apparatus, (e) is a photograph of a commercial
“off-the-shelf” MOT system and in (f) a rendering of a miniaturised cold atom system.

The overall vision driving this project is that of a portable apparatus capable of sus-
taining a magneto-optical atomic trap. The need for such a device is common among
many fields of research, including those concerned primarily with fundamental physics,
and those with more of a focus on direct applications. A good example of an area of rese-
arch with significant overlap between industrial interests and "pure" scientific curiosity is
that of atom interferometry in microgravity, and this is one of the target applications for
our device. The design philosophy followed in our group is entirely geared towards agi-
lity, mass production and robustness, with these considerations driving material choice,
structure and fabrication processes. Where possible, all mechanisms that have been used
involve planar fabrication techniques and standard semiconductor industry operations.
This should make our systems easily scalable to wafer-level fabrication, which is an at-
tractive quality in a project which is ultimately working as part of the UK Quantum
Technologies Hubs programme to make quantum sensing more accessible to industrial
partners and academic researchers alike.
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In the motivation section there are two further chapters. To begin with, we examine
some of the existing experiments in the fields of ultracold atoms and quantum optics,
beginning with a short description of the most commonly-used technique for preparing
cold atoms: the magneto-optical trap. Some variations upon it which may help to shrink
the overall size of the apparatus are also discussed, before a case study on a particular
cold atom sensing application which lays out some system requirements. Then, those
design rules are applied to mass-producible semiconductor fabrication techniques until
we converge on a suitable design to take forward. The bulk of this chapter summarises
arguments made in a contributed review paper this group published on the feasibility
of creating an integrated atom chip as a platform capable of supporting quantum optics
experiments.

Under fabrication we include the construction of a bespoke ultra-high vacuum bonder,
an extensive engineering subproject to enable ad-hoc experimentation on vacuum encap-
sulation. By working with this machine, a great deal was learned about the demands
that semiconductor bonding under ultra-high vacuum imposes. After initial testing to
show that anodic bonding was indeed practical under such conditions, some preliminary
test articles were produced. Among these were some self-contained vacuum chambers,
including alkali metal dispensers necessary for the most rudimentary of atomic physics
experiments. As a sidenote to this section, one chapter discusses efforts to create vacuum
feedthroughs to allow controlled electrical and thermal communication to the interior of
integrated atom chip devices.

The characterisation section consists mostly of spectroscopic data, probing the rubi-
dium D2 line, which at the very least shows that our devices contain the correct isotope
of rubidium in sufficient quantities to perform absorptive and dispersive spectroscopy,
while pointing the way towards verifying that the devices are sufficiently leak-tight to be
viable cold atoms platforms. An aside in this section is work on a novel laser stabilisation
and locking system, making use of a single acousto-optic modulator.

This project has involved five major contributors: Dr. Matt Himsworth, Dr. Jo Rushton,
Dr. Ritayan Roy, Andrei Dragomir MPhys and me. Dr. Himsworth, as project lead, has
provided guidance and technical advice throughout the project, as well as the occasional
experimental helping hand. Dr. Rushton produced the majority of the work cited regar-
ding the “S-MOT” scheme which is mentioned in passing in chapter 2, assisted recently
by Dr. Roy. Andrei Dragomir’s work since joining the group has been on commissioning
the AML bonder mentioned in chapter 4, as well as a great deal of experimental work
on the microfabricated vacuum feedthroughs of chapter 5, with which I have assisted in
the simulation and characterisation. My own unique contributions to the project are the
UHV bonding device itself, and spectroscopy measurements on a number of devices it
has produced, as well as some work implementing the AOM lock of chapter 7, assisted
by Drs Himsworth and Roy.



Chapter 2

Motivations: Fundamentals &
Applications

2.1 Atom Trapping Fundamentals

The experiments we are hoping to miniaturise rely on “ultracold” atoms which are well-
isolated from their surroundings. Coherently manipulating clouds of these atoms can
allow precise measurements of fundamental physics and of macroscopic environmental
parameters such as the local gravitational field, and rotation in the laboratory frame of
reference. Their low speed in the lab reference frame provides a long interaction time
in which to experiment on these ideal test masses, and the results are often useful for
local sensing or for discovering new fundamentals. This chapter explains some of the
first principles that inform the design choices for a selection of these experiments, and
hints at some of the challenges inherent in the planned project. We will begin with a
brief look at some of the mathematical description of cold atom generation in its simplest
form, and then examine a few more advanced techniques which lend themselves better to
a microfabricated platform. Some applications to atom interferometry and sensing will
also be discussed to provide some context to the rest of the work.

2.1.1 The Mechanics of Atomic Cooling & Trapping

The “workhorse” tool in atom physics is the magneto-optic atomic trap, or “MOT” [36,
37, 38, 39, 40]. In its most basic form this system can be modelled as a damped classical
oscillator, where an individual atom in the cloud can be considered as the oscillating
mass. The two most important forces in this system are the restoring force, which acts
linearly in opposition to the position of the mass, and the damping force which acts
linearly against the mass’s velocity, as in fig. 2.1(a).

9
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(a) (b)

Figure 2.1: In (a) we model an atom in a MOT as a damped classical oscillator, with
natural frequency ω. The restoring force is provided by the spring constant k and the
damping force by the viscous constant η. In (b) we see an atom in a 1-D system with an
initial velocity ~̇z0 at a distance z0 from a magnetic-field zero. In this case the “optical
molasses” provides a damping force and the magnetic field gradient the restoring force.

For an atom in a one-dimensional space, we can construct a system with similar behaviour
which relies on a phenomenon called “Doppler cooling” to reduce the kinetic temperature
of a gaseous cloud, the first stage in preparing it to be trapped in a magnetic field gradient.
A cartoon of the one-dimensional situation is shown in fig. 2.1(b) [41, 42, 43].

Consider a classical ideal gas of N identical particles, each of mass m, at a temperature1

T in a container of volume V . Each particle is moving at its own velocity ~v. Averaging
this velocity over all particles in the ensemble and assuming symmetry between the three
unit vectors defining the co-ordinate system (x̂, ŷ and ẑ), we can write:

〈v2
x〉 ' 〈v2

y〉 ' 〈v2
z〉 '

1

3
〈~v2〉 (2.1)

Given that the product mv2 is double the kinetic energy of a given particle, and given
the ideal gas law, pV = NkBT (where kB is known as the Boltzmann constant) it can
be shown that the overall temperature of the ensemble can be directly related to the
average velocity of its constituents.

v2 =
3kBT

m
(2.2)

An adequate derivation of this expression exists in [44] and many other texts. To take as
an example a molecule of air at room temperature and pressure (294.15K and 101.325 kPa
[45]), whose mass we assume to be 29 g/mol [46], we can calculate that the average
molecular velocity is 253ms−1.

The viscous damping force present in fig. 2.1(b), which effectively cools the atomic en-
semble, is provided by a construction known as an “optical molasses”, named for the

1In the strict thermodynamic definition of temperature, a requirement is for the system in question
to be in thermal equilibrium. In the case of a cloud of cold atoms suspended in a vacuum chamber, this
is clearly not the case. When we refer to laser cooling, we are in fact discussing the reduction of the
average translational kinetic energy of the gas due to radiation pressure.
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Figure 2.2: In a two-level system, absorption of a photon and excitation causes the
transfer of a momentum kick in the direction of ~k. Emission and decay to the ground

state occurs spontaneously in a random direction.

mathematical similarity of its behaviour to that of honey or treacle. The mechanism by
which the optical molasses functions depends upon radiation pressure, which is the same
phenomenon that drives solar sail-based spacecraft [47, 48], and in turn relies on the fact
that photons (while massless) carry momentum [49]. From Einstein’s work on both the
photoelectric effect and relativity, we know that the momentum p carried by a photon
is described as p = E/c where E is the photon’s energy, and c is the speed of light [50].
Given that the energy of a quantum harmonic oscillator is defined in terms of its angular
frequency ω and Planck’s constant ~ as E = 1

2~ω, and that the dispersion relation of a
photon in vacuum is ω = ck, where k is the magnitude of the photon wavevector, we
may re-write the equation for photon momentum as:

~pph = ~~kph (2.3)

As a consequence of conservation of momentum [51], the value of ~p determined in eq. (2.3)
must be preserved throughout atomic absorption and emission. For simplicity, we can
start out by modelling an atom as a simple two-level system, with a ground state |g〉 and
an excited state |e〉. As shown in fig. 2.2 a single absorption of a photon, exciting the
atom from |g〉 to |e〉, therefore imparts a momentum change to the atom of ~~k, directed
parallel to that of the incident photon’s wave-vector. A subsequent decay from |e〉 to |g〉
results in emission of an identical, but incoherent and randomly-directed photon back
into the light field.
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Referring to Newton’s second law, where force is defined as ~F = d~p
dt , an expression for

this damping force becomes available. Given the lifetime of the transition 〈g|e〉, we have
a rate, γ, at which decay from the excited state occurs. This term, often referred to
as the “scattering rate”, incorporates the level of “saturation”, s0 = I/Is (the ratio of
incident light intensity to the saturation intensity) of the transition and the detuning
(δ = ωl − ωa) of the photon from the true energy gap E. The “saturation intensity” is
defined as Is = π~c

3λ3τ
[52], with τ representing the upper-state lifetime of the transition

and λ the wavelength equivalent to the wavevector ~k. Essentially, when the saturation
parameter is 1 we say that the transition is saturated, meaning that any two-level system
in the field spends the minimum possible time in the lower state before being stimulated
back to the upper state. Upon decaying back down it is immediately restored to the
upper state. A sound derivation of the scattering rate from the optical Bloch equations
can be found in [53]. Here we simply quote the final result that

γ =
s0τ

2 + 2s0 + 8(δ + ωD)2τ2
(2.4)

where ωD is detuning due to Doppler shift, and hence that

~Fd = ~~k
s0τ

2 + 2s0 + 8(δ + ωD)2τ2
(2.5)

whose form is plotted in fig. 2.3.

Hence for a given light intensity, there will be a maximum scattering force when the term
δ + ωD = 0, or δ = −ωD. The Doppler effect shifts the perceived frequency of a wave
when either or both of the source or detector are moving. In the reference frame of the
atom (detector), the source moves at the velocity determined in eq. (2.2), ~v. In general
terms [44],

ω =

√
c+ v

cv
ωl (2.6)

or, written in wave-vector form, an atom in an optical field of wave-vector ~k sees a
red- or blue-shift of magnitude ~k · ~v. In the regime where the doppler shift is smaller
than the laser detuning, the relationship between atomic velocity and scattering force
approximates to a linear form:

~F ≈ −α~v (2.7)

where the constant of proportionality can be written
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Figure 2.3: A plot of the acceleration of a 85Rb atom cooled on the 5S1/2, F = 3 →
5P3/2F

′ = 4 transition due to the damping force in a 1-D optical molasses produced by
two counter-propagating beams (wavevectors +k and −k) and their combined effect.

The saturation parameter s0 = 10.0 and the detuning ωD = 2Γ.

α =
8~k2s0δτ

(1 + s0 + (2δτ)2)
(2.8)

The stochastic, diffusive nature of the trapping force means that there is a theoretical
limit to the temperature of a Doppler-cooled trap due to random heating, as shown in
[54]. There is therefore a velocity where an equilibrium between diffusive heating and
the optical cooling force occurs, with a corresponding “Doppler temperature”:

TD =
~Γ

2kB
(2.9)

which, for the linewidth used previously, returns a value of 145.6µK for the optimal detu-
ning of δ = Γ/2. Subsequent work revealing sodium atoms cooled far below the Doppler
temperature [55] called into question whether this was indeed a hard fundamental limit,
and led to the discovery of “Sisyphus” cooling: a more complex phenomenon which is
beyond the scope of this work to explain, but which nevertheless led to the delivery of
the Nobel prize for physics in 1997 to Claude Cohen-Tannoudji.

Importantly, no matter how much an optical molasses may cool an atom cloud, the
constituent atoms will never be trapped, as the stability of the system is limited by the
optical Earnshaw Theorem (OET) [56]. The Earnshaw theorem simply concludes from
Maxwell’s equations that the static equilibrium of a charged body under the sole influence
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Figure 2.4: Energy level structure of the D2 line of Rb85 including the hyperfine
transitions used for cooling and “repump” on the F = 3→ F ′ = 4 and F = 2→ F ′ = 3

respectively. These two beams are detuned to permit Doppler cooling.

of electrical forces is not possible. An analogy to this, referring to the conservation of
optical flux, leads to the similar conclusion that a purely optical trap may not be realised.
There are, however, a number of methods in which a stable trap can be produced with
the scattering force, so long as a linear dependence on the light intensity is avoided.
Using Zeeman shifts or optical pumping [57, 58].

It should be noted that the stability of the laser must be such that this detuning remains
as close to constant in time as possible for the duration of the experiment. Additionally,
the laser linewidth should be significantly smaller than the linewidth of the transition.
This requirement leads to the need for spectroscopy setups and locking schemes such as
modulation transfer spectroscopy [59], dichroic atomic vapour lock [60] or Pound-Drever-
Hall stabilisation [61].

Shown in fig. 2.4 is the hyperfine splitting of the two energy levels involved in trapping
rubidium, which originates from the interaction between the magnetic dipoles brought
about by the nuclear and electronic spins. The total angular momentum of the system
can be written

F̂ = Ŝ + Î (2.10)

where I is the total angular momentum operator for the nucleus (treated as a single
particle) and S is that for the electron. The number of hyperfine levels the fine structure
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Figure 2.5: Zeeman shift of m sub-levels. Magnetic field linearly increases with z,
with B = 0 at z = 0.

splits into is decided by the angular momentum quantum number of the fine state in
question, such that F = 2J + 1 (for example, in the case of the 5S1/2 level there are two
possible F states).

Not shown in fig. 2.4 are the sub-levels of the hyperfine states, which split into 2F + 1

levels, designated by the number mF = 0,±1,±2... ± F . For example, the F ′ = 1 sub-
level of the 5P3/2 state has three possible values: [−1, 0, 1]. Upon absorbing a photon
resonant with the transition, an atom is excited into one of these sub-levels with a
probability depending on the polarisation state of the light field and the strength of the
magnetic field it is in. In the absence of a magnetic field, there is no energy difference
between the m = −1,m = 0 and m = 1 sub-levels: they are degenerate. In the presence
of a magnetic field, however, the energy levels undergo Zeeman splitting, meaning that
the m = 1 sub-level is shifted up and the m = −1 sub-level is shifted down, while the
m = 0 sub-level remains constant (a negative magnetic field has the opposite effect). At
this point, the polarisation state of the incident light comes into play.

Circularly-polarised light carries angular momentum, allowing it to couple the atom to
a particular mF state upon excitation. Specifically, light conventionally described as σ+

couples between mF states with a difference of +1 (e.g. m = 0→ m = 1), while counter-
propagating σ− light couples states with a difference of -1. Since angular momentum
is conserved, the value of m must change by one unit upon absorption or emission of a
circularly-polarised photon. As a result, an atom starting in the m = 0 sub-level of the
ground state must go to the m = 1 sub-level of the excited state upon absorbing a σ+

photon.
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By producing a linear gradient in the magnetic field from large and positive on one side of
the origin to large and negative on the other, we are effectively introducing a dependence
of the atom-light interaction on the atom’s position in the magnetic field. This tunes the
levels of the hyperfine states, changing the probability of absorption (proportional to this
detuning) and therefore the magnitude of the scattering force as the atom moves around
in the trap. The trap centre is defined as the place where the magnetic field passes
through zero (where the detuning is therefore also zero for a stationary atom), and no
net force is experienced at this point. The strength of the magnetic force experienced
along the z axis can be included as a correction to the detuning term in the scattering
force eq. (2.7) using the gyromagnetic ratio γJ = gFµB/~ (where gF is the Landé g-factor
and µB the Bohr magneton):

~FMOT = FD + ~~k
s0τ

2 + 2s0 + 8(δ + ωD ± γJ dB
dz z)

2τ2
(2.11)

This combined relationship simplifies to

~F = −αγJ
k

dB

dz
~z · k̂ (2.12)

where we recover a proportional relationship between the total trapping force on a given
atom, and the product ~B · ~k, indicating that to magneto-optically confine an atom in 3
dimensions the maximum efficiency is obtained when magnetic field lines lie parallel to
the wave-vector. In order to ensure the magnetic force is strong enough, we must split
the mF states by greater than the linewidth of the transition. For a rubidium MOT,
whose cooling cycle sits on the 5S1/2, F = 3 → 5P3/2F

′ = 4 transition, the relevant
linewidth is 2π×6.0666MHz [62] and the magnetic field gradient used to achieve at least
this amount of splitting is usually around 10G/cm.

2.1.2 Conventional 6-Beam Magneto-Optical Trap (MOT)

The most frequently-used MOT geometry simply combines a three-dimensional Doppler-
cooled optical molasses with a magnetic field gradient which takes advantage of the
Zeeman splitting of hyperfine atomic states to produce a potential minimum to which
eligible atoms will converge. Three counterpropagating pairs of cooling beams, arranged
orthogonally, extend the one-dimensional system discussed so far to three dimensions. In
order to achieve the correct polarisations (with each reflected beam’s circular polarisation
opposing that of the incident beam) to address themF levels shown in fig. 2.5, each beam
passes through a λ/4 plate before and after passing through the trapping region. Two
coils are required to generate a quadrupole field (pseudo-linear, passing through a point
where ~B = 0), similar to the arrangement shown in fig. 2.6.
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(a) (b)

Figure 2.6: A calculation of the z-component magnetic flux density present between
two single-turn coils, presented in Gauss. The coils are cylindrically symmetric about
the z-axis, 10 cm apart, with a diameter of 25 cm, each carrying a current of 20A. A
2D slice is shown in a), including a linear approximation to the B-field (dashed line),

while an overview of the geometry is shown in b).

A standard vacuum chamber for cold atom physics must usually exclude the trapping
coils for simplicity of design and to help maintain vacuum integrity, and the separation
between the coils may therefore be large. For a coil separation of 10 cm, and assuming
a linear magnetic field between the coils, the field generated by each coil is 50G. If, as
in fig. 2.6, the coils have a radius of 12.5 cm and 350 turns, the current required to be
run through each coil is approximately 4.4A. This represents a major power draw on the
system, but clearly comparable magnetic field gradients can be obtained at much lower
current values if the coils are closer together, as is the case in a miniaturised system.

The rate at which the magneto-optical trap is loaded from vapour is governed by the
rate equation [63]

dN

dt
= R− γN(t)− βn̄N(t) (2.13)

which defines the rate of change of atom trap population (dN
dt ) in terms of the loading

rate due to a cooling system, R, which depends proportionately on the availability of
the experimental species (its partial background pressure), the collision area of the trap,
determined by the beam overlap region and, strongly, on the trap’s capture velocity and
the cloud’s background temperature. The other two terms are losses, both of which
are proportional to the number of atoms in the trap. γ is a function which describes
all collisions with background gases in the chamber and β describes collisions between
atoms already in the trap, with a density n̄. If this density is assumed to be constant in
time, eq. (2.13) can be solved for N as [64]

N =
R

Γ
(1− e−Γt) (2.14)
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Figure 2.7: For a starting temperature T, the lifetime of an unconfined 85Rb cloud
in a N2 background is calculated for different buffer gas pressures.

where Γ = γ + βn̄. Residual background gases left over from the chamber pumpdown
process serve to heat atoms in the trap [65], and to knock trapped atoms out of the
trapping region, as well as disrupting coherent measurements the system is set up to
make. With the MOT switched off, there is no light-mediated loading and the rate
equation eq. (2.13) simplifies to [66]

dN

dt
= R0 −

N(t)

τ
(2.15)

where R0 is the natural capture rate and τ is a re-expression of the natural loss rates
γ + βn̄ as a trap lifetime using ni as the density of background or Rb particles, σi is the
corresponding collision cross section and v̄i is the average velocity:

1

τ
= nbgσbgv̄bg + nRbσRb ¯vRb (2.16)

This lifetime can also be rewritten [63]

τ =

√
πmkB

T
8

σP
(2.17)

and an experimentally-determined collision cross-section for Rb in a N2 buffer gas is
σbg = 3.5 × 10−18 m2 [67]. Therefore, the background pressure required for a given li-
fetime at the Doppler temperature (or any other desired working temperature) can be
found, and for τ = 1 s, the result is approximately 3 × 10−9 mbar. A plot of lifetime
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against background pressure is shown in fig. 2.7, which should elucidate the need for
ultra-high vacuum environments to facilitate long-timescale experiments on ultra-cold
atoms. There are some Sagnac interferometry schemes compatible with atom tempera-
tures in the 1µK range that require a coherent cloud to be maintained on the 480ms
timescale, requiring nitrogen partial pressures better than 6× 10−10 mbar. A gravitigra-
diometer such as that proposed in [68] might use a molasses around 6µK for 1s, needing
7 × 10−10 mbar, while more complex cooling techniques (such as those leading to Bose-
Einstein condensation) require even stricter vacuum environments, down towards base
pressures of 10−11 mbar [69]. Experiments which can be carried out at higher tempera-
tures and/or shorter timescales can tolerate even higher pressures, with low-population
MOTs viable near the Doppler temperature up to background pressures of 10−6 mbar.
A sufficient vapour pressure to load a rubidium MOT is ∼ 10−8 mbar, but one must
reduce this by an order of magnitude for any decoherence-sensitive measurements. On
the other hand, as the temperature of a cold atomic gas increases (while still below the
trap depth) so the density of atoms within the trap should decrease. A reduction of trap
density corresponds to a commensurate reduction in intra-trap collision frequency. This
reduces decoherence effects due to collisions between trapped Rb atoms, increasing the
sensitivity of atomic measurements which may be made.

The 6-beam MOT design as described in this section has many inherent incompatibilities
with the philosophies of mass production. The levels of vacuum required for a MOT large
and cold enough to sustain a cold atom sensing platform do not easily lend themselves
to mass-production. Of course for many years, it has been possible to quickly and
relatively cheaply produce “small” vacuum chambers in the form of thermionic “vacuum
tubes”. True vacuum tubes (as opposed to inert gas tubes) operate well when the path
from cathode to anode is unobstructed, i.e. when the mean free path of electrons is
significantly longer than the distance between electrodes. Given the typical dimensions
of early electronic vacuum systems, this imposed a limitation on residual gas pressures in
the tube such that the maximum tolerable pressure was on the order of 6×10−5 mbar [70],
and since the devices worked we can assume pressures below this were routinely achieved
during manufacture, and this is certainly within the range of pressures accessible to
vacuum technology, but the biggest concern is maintaining that level on long timescales.

Modern research on micro electro-mechanical sensing (MEMs) devices does require that
some integrated systems are applied while within a sealed vacuum environment [71]. The
vast majority of other groups working on portable cold atoms experiments use active
pumping or a combination of active and passive pumping in their systems- a deeper
explanation of which will be forthcoming in the next chapter.

The requirements on optical access are similarly restrictive, where cooling, probing and
readout are concerned. In order to generate an ensemble of atoms that are “cold enough”
on a reasonable timescale, we must turn our attention to the R term of eq. (2.14), which
is effectively the rate at which atoms of the trap species moving below the trap’s capture
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velocity, vc, impinge on the volume in which the MOT beams overlap. A higher maximum
capture velocity results in a larger ultimate atom population to work with, but it also
means that trap will, on average, be hotter. The longer a given atom spends in the region
where the MOT beams overlap (the trapping volume), the more cooling it experiences
and the more likely it is to be trapped, but the higher maximum capture velocity also
skews the distribution in the trap higher. Additionally for very dense traps, successive
emissions and re-absorptions result in appreciable heating, resulting in a higher overall
trap temperature [72].

These factors indicate a trade-off, and since most experiments can accommodate further
cooling stages to reach below the Doppler temperature, the results usually favour larger
beam diameters for the initial cooling in order to maximise MOT population. For most
cold atom experiments, the minimum practical starting number of trapped atoms is on
the order of Nt = 106, with a lower limit [73] around 104, which is imposed by projection
noise (shot noise) in the final readout- a quantity which reduces with the square root
of atom number [74]. An example of a work which used large-diameter cooling beams
in order to generate a large MOT population for the creation of a slow atomic beam is
[75], which used 4 cm diameter optical beams, estimating an initial atomic population of
2.5× 108 atoms. Another study, testing “compressed” magneto optical traps used beam
diameters of 7mm and controlled atom number and density by variation of the applied
magnetic field gradient [76], trapping 106 atoms for dB

dz = 11G/cm. These length scales
are what inform the design of optical windows on the vacuum chambers and which,
ultimately, have the largest role in deciding the size of the vacuum apparatus enclosing
the MOT.

2.1.3 Southampton’s S-MOT

An alternative scheme based on a mirror-MOT system has been proposed at the Univer-
sity of Southampton [77]. Rather than supplying the magnetic field gradient for trapping
by the use of paired anti-Helmholtz coils, a set of coplanar wires is used. One pair of
infinitely-long wires would produce the magnetic field distribution seen in fig. 2.8, with
a linear zero along the entire central axis bisecting the line joining the two wires at their
midpoint.

By using two pairs of finite wires (working length of order 2 cm), it is possible to de-
sign an actively switching system exhibiting three-dimensional confinement if the trap
is dynamic: alternating between two states in an analogous scheme to the quadrupole
ion trap [78]. The S-MOT’s geometry is illustrated in fig. 2.9, where at any moment
in time current only passes through one wire pair, whilst in the same instance only one
counter-propagating beam pair is directed to the magnetic field zero at an angle of 45◦

to the mirror. Each of the S-MOT’s states provide a trapping force towards either of the
lines x = z = 0 or y = z = 0 (dashed in fig. 2.9). Rapidly switching between these states
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Figure 2.8: The quadrupole magnetic field produced by two parallel wires, and a plot
of its y-component along a profile at y = 0. Current flows out of the page and the black

“x” marks the position of the magnetic field zero.

Figure 2.9: The two S-MOT states, reproduced from [77]. The highlighted wires in
each state correspond to the pair carrying current in the same direction. The streamline
plot shows the same magnetic field pattern seen in fig. 2.8, which in combination with
the associated counter-propagating beam pair causes 2D trapping at the midpoint of

the active wire pair (dashed lines).

causes the atoms to see the average of these forces, with an effective trap midpoint at
the centre of the two wire pairs.

As in section 2.1.2, atoms that are stationary in a MOT experience a force from a counter-
propagating pair of beams with wavevectors ±~k which is proportional to ~C = ±(~k · ~B)k̂.
Therefore, in order to trap atoms in the S-MOT, ~C must always point towards the
active line of magnetic field zero, and it can be shown that this condition is only met
if the incident optical beams are shuttered in synchronization with the magnetic field
switching.

Nevertheless, fig. 2.10 shows S-MOT temperatures consistent with Doppler-limited cool-
ing, measured by a time-of-flight method. While many aspects of this setup lend
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Figure 2.10: Average cloud temperature in the S-MOT as a function of its switching
frequency, taken without the use of a molasses stage.

themselves easily to miniaturisation and microfabrication (the elimination of large anti-
Helmholtz coils and the facility for single-sided optical access), there are also a great deal
of technical challenges imposed by the switching and synchronisation.

During the development of the S-MOT, it was found that the lack of symmetry in the
magnetic field geometry created a trajectory over which atoms are not trapped, leading
to an elongated cloud and associated population loss, and it was to overcome this that
the dynamic switching of magnetic and optical fields was first implemented. It was also
noticed, though, that there existed several alignments of beams which did produce a
dense trapped cloud of atoms at a single point with no switching. By this we mean to
say that with the “mirror MOT” beams perfectly aligned for the S-MOT setup, there is
a spatial path where atoms may escape the trap (the dashed line in fig. 2.9).

Theoretical analysis showed, however, that a specific misalignment of beams (a nonzero
lateral displacement of each beam element in a given pair) produced an optical intensity
maximum either side of the trap centre such that the hole in the S-MOT trap was
plugged. This new system is referred to as the φ-MOT, whose details may be found in a
manuscript currently under preparation. The trap did not break the optical Earnshaw
theorem because although one axis was trapped with the scattering force alone, atoms
moving along all other axes were trapped with the Zeeman force, and in this context
work began on an “acute MOT”.
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Figure 2.11: A cartoon of the contribution scattering force maxima make to the
trapping potential in the misaligned S-MOT.

(a) (b)

Figure 2.12: Concept images of the “acute MOT” design as a first implementation
of a µMOT: (a) 3D CAD rendering and (b) schematic diagram of setup. To the left
is the CCD camera with optics for collecting fluorescence images, surrounded by the
MOT retro-reflection mirrors. Miniature B-field coils surround a µMOT chip in front
of three fibre launchers set up to produce 5mm-diameter beams at 60◦ separation.

2.1.4 Acute MOT

The ultimate goal of the project is to produce a more compact, more portable source
of cold atomic species, capable of producing a coherent atom source on demand and
enclosed in as small a volume as possible. In the usual 6-beam MOT setup, a large
amount of space is wasted. Even in some especially small experimental apparatus [??],
the volume enclosed by the vacuum system can be up to ??mm3 while the “active”
trapping region in which the atomic sample is held is rarely more than 0.5mm3 in size.
This represents a significant wastage of space in the system, and suggests that great
efficiency and scalability gains could be made by matching the container size more closely
to the size scale of a MOT. Since the 0.5mm3 figure is on the same order of magnitude
as a micro-litre (and with the prefix “µ” for micro), we refer to such compact vacuum
devices as either a µMOT chamber or µMOT cell.

A significant reduction in dimensions can be achieved by bringing as many cooling beams
as possible through the same pair of windows. Altering the angle between the MOT
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Figure 2.13: A schematic of the Λ-MOT from [79], altered to include the positions
from which the “virtual” balancing beams are emitted.

beams so that they are less than 90◦, confers the advantage that the optical paths for
the cooling and repump may be brought close to the central axis of the MOT coils,
reducing the needed optical access to only two windows, instead of the usual six. In
this regard it is conceptually similar to the “λ-MOT” [79], which in turn is a variation
on the “mirror MOT” [80], and produces an optical molasses by a single retro-reflected
beam producing a double λ shape as in fig. 2.13. The strength of the magnetic trapping
force is proportional to the coupling between the optical and magnetic fields, ~k · ~B. In
section 2.1.2 the orthogonal beams always maximised this dot product, but where the
beams’ k-vectors meet the magnetic field lines at small angles, the effect of cooling is
smaller in the radial direction in fact leading to anti-trapping in some places. Thus,
we can expect an acute MOT to lose out compared to an orthogonal MOT in terms
of loading rate, atom number and temperature. The λ-MOT’s beam path makes two
virtual images of beams emitted from D and E to balance the scattering forces in the
system. The original design of this system achieved a cloud population of 4× 104, with
a density of approximately 1.5× 108 cm−3 and a temperature of 110µK.

In numerically simulating the trapping potential landscape of the acute MOT trap, small
misalignments of the beams were included to account for experimental inaccuracies and
to try to find the maximum permissible misalignment. It was discovered that in the
particular geometry of the acute MOT, this misalignment produces force components
directed towards the trap centre, resulting in an enhancement of the radial trapping,
which counteracts heating, in a similar mechanism to the vortex trap [81]. The sensitivity
of trapping efficiency to misalignment is a critical disadvantage in a system designed
for robustness and portability, so methods for mitigation of this sensitivity are under
investigation.
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Figure 2.14: A simplified, one-dimensional presentation of a pyramidal MOT geome-
try.

The first concept design produced by our lab for a shoebox-scale MOT setup uses beams
separated by an angle of 60◦ and is visualised in fig. 2.12(a), a 3D Autodesk Inventor
rendering. This design was virtually constructed using purely off-the-shelf Thorlabs
components (with the exception of a µMOT chamber and some home-wound MOT coils).
Optical beams enter the system opposite the viewpoint of the figure, and pass through
primary waveplates glued to the input ports, and secondary waveplates glued to 12mm
mirrors in miniature kinematic mounts, or mounted directly within a 3D-printed vacuum
chamber mounting system which also houses PCB-based MOT coils. Imaging is achieved
by a small CCD camera with a gimbal mount. The entire assembly resides on the
lower of two mini-breadboards, the upper of which is reserved for an integrated laser
diode/spectroscopy system. The full dimensions of the setup are 150 × 300 × 100mm3.
For comparison, a typical shoebox can be 170× 335× 110mm3 [82], a volume of about
6.3 litres.

Further details of the mechanics of this system and its proposed use as a testing stage
for µMOT chips are described in chapter 7.

2.1.5 Pyramid and Tetrahedral MOT

An early attempt to simplify the optical apparatus satisfying the conditions for a MOT
was the pyramid trap, first published in 1998 [83], and using the layout of fig. 2.14.
The six required trapping beams can be generated by a single incident beam, which is
retroreflected along the optical axis and perpendicular to it. It is well-recorded that
the angular momentum state of circularly-polarised light is reversed upon reflection,
providing the required balance of σ+ and σ− light for a trap [84].

This MOT scheme has been implemented using silicon substrates with an appropriate
quadrupole field generated by zigzag wires [85, 86]. In that paper, a convenient method
of forming pyramidal cavities was used- etching with potassium hydroxide (KOH), which
is highly anisotropic and which exposes the [111] crystal plane when applied to a [100]
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wafer [87]. This provides a pyramidal cavity with an apex angle of 70.5◦, resulting in a
trapping region which forms inside the pyramidal volume. An advantage of this setup is
its compactness and simplicity, as well as the ease with which it can be integrated into a
semiconductor-based system. A clear disadvantage is that the trap is formed below the
surface of the substrate, where optical access (for imaging and interrogation), as well as
access permitting multi-stage cooling is limited [88].

A small perforation in the pyramid can be used to provide better optical access for ima-
ging with less background saturation, while adjustments to the pyramid geometry can
be made to improve the trap position. If the pyramidal trap described above is repro-
duced with trilateral symmetry (a triangular instead of square base) then a “tetrahedral
MOT” can be formed. The concept of a tetrahedral MOT as realised on a macro level
quickly gave way to the concept of a diffraction-grating based system capable of pro-
ducing the required potential landscape for magneto-optic trapping with only a single
optical element [89].

2.1.6 The Grating MOT

In the grating scheme, a geometric pattern of reflection gratings is placed in the path of
a normally-incident laser beam. When the geometry is chosen appropriately a balanced
optical molasses can be created, with the same effect as the 6-beam MOT.

If the jth reflection of N has an intensity I(j) and a wave-vector ~kj then we can write
the condition for balanced molasses as

N∑

j=1

I(j) ~kj = 0 (2.18)

The prototype design consists of a triangular grating shape, as shown in figure 2.15,
where the width of the incident beamspot is wi and that of the jth diffracted beam is
w

(j)
1 , which is reflected at an angle α(j) to the normal. It can be shown that the ratio of

the incident to reflected intensities for each new beam (relative to the original) is

I
(j)
1

Ii
= R

(j)
1

wi

w
(j)
1

I
(j)
1

Ii
= R

(j)
1 secα(j) (2.19)

where R(j)
1 is the first-order diffraction efficiency, representing the fraction of incident

power reflected into the jth first-order beam [90]. Using identical gratings to introduce
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cylindrical symmetry of the system (w(j)
1 = w1, R

(j)
1 = R1, α(j) = α and ~kj = ~k), there

is a radial balance of the molasses, leading to the condition that for a vertical balance
we simply need to combine equations 2.18 and 2.19, setting the ratio of incident and
reflected beam intensities to unity

N∑
j=1

I
(j)
1

Ii
= 1 = NR1

R1 =
1

N
(2.20)

For the example shown in figure 2.15 with three gratings, a first-order diffraction effi-
ciency of 1/3 would be required. This method of creating an optical molasses, when
combined with a compact laser setup and miniaturised anti-Helmholtz coils, can be used
straightforwardly in an integrated atom chip. The concept requires optical access from
only one side for a single incident molasses beam, lends itself to microfabrication and
is a viable platform for ultracold atom trapping, as demonstrated by [91]. That work
theoretically predicts temperatures conforming to

TGMOT =
TD
6

[
2

3
(3 + csc2(α/2)) +

1

3
(3 + sec(α))] (2.21)

where TD is the standard Doppler temperature for a 6-beam MOT. Using eq. (2.21), it
can be shown that in order to achieve a temperature comparable to the Doppler limit, an
appropriate reflection angle is 48◦. This specific angle was chosen to avoid the possibility
of any unbalanced second-order reflections entering the trapping region.

The G-MOT characteristics show that the beam overlap volume, V (cm3), follows the
scaling law of Nt = 4×107V 1.2, resulting in a minimum practical volume of 45mm3. This
is equal to a 6.5mm diameter top-hat beam forming a pyramidal volume. To ensure the
correct number of atoms and to take into account the effects of non-uniformly shaped
beams, a nominal beam diameter of 10mm can be selected. Experiments requiring
degenerate gases may require at least 108 atoms to ensure a stable phase density for
condensation, warranting much larger capture volumes than described here.

Returning to [91] and similar work in [92], an example grating chip designed with a
diffraction angle of 41◦ was able to achieve temperatures on the order of 1mK in clouds
approaching 108 atoms in size. The gratings in those studies were fabricated using
photo and electron-beam lithography and reactive ion etching. The silicon substrate
was patterned to quarter-wave depth (tuned for the rubidium D2-line around 780nm) in
order to quench the zeroth diffracted order, before being sputtered with a chromium or
nickel-chromium adhesion layer and a gold reflector. The final, reflective, alumina coating
serves to enhance the power scattered into the first order (the direct MOT beams). All the
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Figure 2.15: An example grating MOT system with the diffraction angle set to α,
with the trapping region within the shaded circle, reproduced from [93].

materials and processes involved are suitable both for ease of fabrication and for vacuum
compatibility, and for this reason chip designs sourced from Strathclyde were selected for
further development of the Southampton µMOT devices. In order to maintain stability
of the gratings through our fabrication processes (chapter 4), additional diffusive barriers
and other protective layers have been included.

2.1.7 Summary

Taking the properties of all of these possible MOT geometries together, we immediately
discard the conventional 6-beam setup altogether, as the amount of complex optical setup
required is prohibitive. Additionally, in order to orient the cooling beams such that they
pass through the chip itself, only a very small trapping volume may be produced, which
will result in a very inefficient atom trap. The S-MOT is more promising but still requires
high current through the trapping wires and fast switching electronics, which will draw
a lot of power and dump a lot of heat into the system. The more efficient φ-MOT is a
better option, but still needs up to 40A of current passing through the trapping wires,
as well as a precise optical misalignment.

An acute MOT system can be designed to be very compact, and has the advantage of
bringing all the optical axes through one set of viewports. On the other hand, the shallow
angle between them and the axial direction of the anti-Helmholtz coils results in some
reduction of the radial trapping force- which can be mitigated but again only with a very
precise misalignment.

The only system which is as low-power and optically simple as we need at this stage is the
G-MOT, and designs depending on it are the ones to be carried forward as we progress
the project. Methods for installing the gratings inside µMOT devices are still under de-
velopment, and will likely depend on the perfection of eutectic bonding (section 3.4.4.1).
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While this development is ongoing, the “next-best” setup- the acute MOT will be inves-
tigated as it may be implemented using only glass window surfaces.

2.2 Atom Interferometry

The future applications of these devices are next to be discussed. As mentioned in
chapter 1, one of the primary applications of ultracold atoms is atom interferometry, a
subset of matter-wave optics. For many years work has been done with interferometric
systems based upon electrons and ionic matter waves [94], as well as interference of
more massive particles (molecular and nano-particle sized) [95]. Producing quantum
interferograms from matter waves due to an atomic beam encountering a beamsplitter
is an idea that was patented by Altshuler and Frantz in 1972 [96], and has been of great
interest to experimentalists ever since. This interest has only increased in the years since
the first stable MOTs were achieved, as one critical parameter in the precision of such a
system is uncertainty in the momentum of the atoms involved. Cooling these atoms in
a MOT improves this parameter by a factor of 150 from a supersonic beam, and allows
for further exploitation of the trapped atoms by creating a collimated beam or a Bose-
Einstein condensate (BEC) [97]. As we examine the progress made in this field more
closely, we shall see the potential for improved sensitivity of quantum technology-based
sensors over their existing counterparts and get some hints of design choices that will
allow these technologies to be implemented in a chip-scale device.

2.2.1 Kasevich-Chu Scheme

A common mechanism for atom interferometry is the Kasevich-Chu interferometer, which
begins with an ensemble of atoms in a prepared quantum state. By applying a pulse of
near-resonant light of the appropriate length to the ensemble, it is possible to set the
probability of finding any individual atom in one of two internal energy states (|1〉, |2〉)
to a desired value. An appropriate choice of pulse length can cause the normalised
probability of finding an atom in state |1〉 to approach 0, such that the probability of
finding the atom in the other state tends to 1. The next phase in the experiment is to
execute a pulse sequence which creates a system where the atomic wavefunctions behave
analogously to photons travelling in a Mach-Zehnder interferometer (fig. 2.16). There
are, macroscopically, two unique pulses in the simplest implementations of this scheme,
and they are referred to as the π/2-pulse and π-pulse because they respectively take the
ensemble through a quarter and a half of the Rabi cycle. An ideal π/2 pulse puts each
addressed atom into a superposition of states, with an equal probability of being in |1〉
or |2〉, and giving each a 50% probability of having absorbed a photon (and obtaining a
momentum kick of ~keff ) or not [24].



30 Chapter 2 Motivations: Fundamentals & Applications

Figure 2.16: A schematic comparison of the Mach-Zehnder format interferometer
(left) against the atomic analog using the Kasevich-Chu scheme (right).

By analogy with the optical interferometer shown in fig. 2.16, we can treat the first
pulse as a “beam-splitter”, which spatially separates atomic wavefunctions selectively, so
that there is a 50% probability of atoms being both excited and deviated from their
initial path. A subsequent π-pulse acts as a “mirror” which swaps the probabilities both
of each energy state, and of each momentum state. This serves the dual purpose of
cancelling out any relative phase error between the two beam paths as well as pushing
the atomic wavepackets back towards each other. A final π/2-pulse causes any atoms
which previously had a low probability of being in state |2〉 to have a high probability
of being found in that state, which increases the contrast of the output fringes, read out
as a sinusouidal variation in the density of the atomic cloud.

2.2.2 The Sagnac Effect

The Sagnac effect is an interference phenomenon sensitive to rotation. The geometry
of the system is superficially similar to a Mach-Zehnder interferometer, but instead of
having a second beam-splitter providing the output ports, a mirror is used instead and
the detector is placed next to the first beam-splitter. This arrangement defines an axis
of rotation (perpendicular to the plane of fig. 2.17) to which the device is sensitive.

In free space the incident optical beam, travelling at c is split by amplitude, and directed
down two antiparallel paths, each enclosing an area A. In general, we can think of this
area as circumscribed by a circle with radius r and therefore, the distance travelled by
one beam in a complete circuit is the usual 2πr, and if the system is at rest, this journey
takes time t = 2πr

c . Placing an axis of rotation at the centre of the circle, and imposing
a rotational frequency ~Ω pointing out of the plane of the device, the tangential velocity
of any ring element is given as v = Ωr so we can write the difference in time taken to
pass around the ring in either direction (δt) as
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Figure 2.17: A cartoon schematic of the Mach-Zehnder interferometer (MZI) and two
versions of the Sagnac interferometer: in free space (FSSI) and fibre-coupled (FCSI).

δt = 2πr(
1

c− v −
1

c+ v
) =

4πrv

c2 + v2
(2.22)

Recalling that v = rΩ, and that πr2 = A, we arrive at

δt =
4AΩ

c2 + Ω2r2
(2.23)

From basic wave mechanics the phase, δφ, accumulated during propagation time can be
written

δφ =
8πAcΩ

λ(c2 + Ω2r2)
(2.24)

where we can see the inverse dependence of phase shift on the optical wavelength λ, the
proportional dependence on the area enclosed, and the slightly more subtle relationship
with the rotation frequency and propagation speed. More correctly, we should define the
area and rotational frequency as vectors and use their dot product ~A·~Ω in this description,
since the interferometer is sensitive to rotations whose axis is only projected onto its own.
The full equation for two different optical wavelengths (400 nm and 1.153µm) and two
different de Broglie wavelengths (an electron and a rubidium atom) are compared in
fig. 2.18.

As discussed in [98], when comparing the rest energy of an atom to that of an optical
photon in the visible range, we obtain a scale factor of 1011 improvement in sensitivity
from a combination of the atomic de Broglie wavelength and, more importantly, the lower
atomic velocity. The distinction between the two is subtle, but important- a lower wave
velocity (colder atoms) passing around a Sagnac loop increases the phase discrimination.
An increase in the de Broglie wavelength increases this discrimination too, but more
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Figure 2.18: The dependence of Sagnac phase shift on frequency for a range of oscilla-
tors. The resonance in the rubidium curve occurs where beat frequency of the rotation

and the atomic velocity becomes small.

slowly. An obvious advantage of an optical system, however, is the ability to almost
arbitrarily multiply the area enclosed by the device, by means of several interferometer
loops overlaid on one another, simply achieved with optical fibres (FCSI in fig. 2.17,
often referred to as a fibre-optic gyroscope, FOG, or similar [99]). Although there may
be methods to replicate this tightly-compressed helical path in a magneto-optical trap,
the complexity of the magnetic field structure and the optical switching required would
likely be prohibitive. For now, then, let us make a “fair” comparison between a single-loop
atomic Sagnac interferometer and a single-loop FOG of the same principal dimensions.
Using eq. (2.24), we fix the characteristic dimension of the interferometer device such
that | ~A| = d2, and align ~A with ~Ω so that ~A · ~Ω = AΩ.

δφγ =
8πd2c0Ω

λγ(c2
0 + Ω2r2)

δφa =
8πd2vaΩ

λa(v2
a + Ω2r2)

(2.25)

Assuming the atomic interferometry sequence (accumulating phase δφψ) uses a standard
Kasevich-Chu scheme (section 2.2.1) with a cold MOT, the atomic velocity va can be
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Figure 2.19: A comparison of the sensitivity of atomic interferometers to that of
optical interferometers according to eq. (2.26), for various characteristic sizes, d. The
atomic velocity is assumed to be ∼ 6m/s, for a Doppler temperature of 150µK and the

optical wavelength used is 650 nm.

defined in terms of the kinetic temperature of atoms in the trap (va =
√

3kBT
ma

), as can the
de Broglie wavelength of atoms in the probe ensemble (λa = h

mava
). In an example case

where the apparatus is not optimised for high data rate, but for the maximum sensitivity
possible, then an atomic beam at this thermal velocity could be guided around a ring
trap [100], and used in a sensing sequence. The ratio of sensitivities between the atomic
and optical cases would then reduce to

R ' c0h(3kBT
m + Ω2d2)

3λγ(c2
0 + Ω2d2)

(2.26)

various solutions of which for d in typical size ranges have been plotted in fig. 2.19. The
calculated results span 10 decades of rotation frequency, and interestingly show that the
sensitivity advantage of cold atoms systems drops off as the rotation frequency increases,
eventually reaching parity. This effect can be mitigated with the reduction of the device’s
dimensions, gaining approximately an order of magnitude in the sensitivity ratio with a
comparable reduction in dimensions.



34 Chapter 2 Motivations: Fundamentals & Applications

The concept of an atomic Sagnac interferometer has already been proven, notably by
Tackmann et al in [101], which includes information about a device with a sensitivity of
850 nrad/s/√Hz given a 1 second measurement time, or 20 nrad/s/√Hz given one hour.
Their vacuum system encloses a region approximately 47 cm×4 cm×3 cm, which is not
prohibitively large. This particular geometrical size is required to implement the specific
scheme that group used, but as mentioned in chapter 1 it is conceivable that smaller
geometries could be devised.

2.3 Summary

To conclude this chapter, a review of the literature and some background theory has
revealed some of the basic requirements for cold atoms experiments, and some of the
potential they have to outpace optical sensors in a Sagnac-type interferometer scheme of
restricted dimensions. It has been established that the optical systems used to generate
MOTs must be highly stable and the magnetic field coils must either be close together, or
draw high currents in order to provide the field gradients necessary. For a first-generation
cold atoms sensing device, we can arbitrarily define a capacity limit for the entire system
of 20 litres, small enough to fit into many standard backpacks, and certainly large enough
to contain the active element in a “shoebox MOT” system (see section 2.1.4). This active
element, containing the vacuum chamber, MOT optics and magnetic field coils, should
have a mass of less than 15 kg (an arbitrary limit to improve portability), while being
able to maintain vacuum on the order of 10−10 mbar for the lifetime of the device. A
reasonable timeframe for the lifetime of a research device is 3 to 5 years- the length of
many PhD contracts in the UK. We therefore choose an initial target of 1000 days for the
minimum time before exhaustion of the built-in alkali metal dispensers, or the increase
of the internal pressure to double its starting value.



Chapter 3

The Feasibility of a Cold Atoms Lab
on a Chip

This chapter includes material in part reproduced and modified from our contributed
review paper “The Feasibility of a Fully Miniaturized Magneto-Optical Trap for Portable
Ultracold Quantum Technology” [102].

3.1 Summary of Requirements

Up to now we have seen some of the theoretical and historical background to the field
of ultracold atoms, and we have seen some of the experiments which it is possible to
perform with them, including the possibilities revealed by a particular direct application
in rotation sensing. In order to bring these applications closer, there are certain basic
requirements to be met. We can broadly bring every element of a cold atoms sensor
under four main categories:

• optics

• electronics

• vacuum

• atomics

Each one of these packages needs to be miniaturised in order for a coherent, useful device
to be produced. Optics and electronics, crucial design considerations for portable cold
atoms devices, are realms where a great deal of headway is already being made. Mini-
aturised control electronics have of course been produced for many decades (the Apollo
missions, for example, were designed with primitive integrated circuits as early as 1961

35
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Figure 3.1: A system diagram showing the broad strokes of the requirements of an
integrated cold atoms device

[103]), and the commercial application of integrated optics is an emerging market, with
a multitude of applications including quantum information processing and storage [104]
and microfluidic sensors [105] to name but two. Miniaturised vacuum technology on the
other hand has been rather static in recent decades, without a great deal of innovation
outside of specialist sound engineering. This part of the package is the most troublesome
for many reasons, as we shall see in section 3.4, and there are several stringent requi-
rements imposed on the vacuum environment both by the physics behind the sensing
methods used, and the pragmatics of what it is possible to use in the field.

The general structure of how these elements would interact in a portable cold atoms
system is shown in fig. 3.1, and designs such as these have inspired the current state
of development in the United Kingdom’s Quantum Technologies Hub in Sensors and
Metrology (QT Hub), of which this group forms a part. This program is targeting
commercial availability of a backpack-sized sensor drawing 10s of Watts at most by 2020
(four years after the time of writing this document) [106, 107].

3.2 Electronics & Control

The electronic control systems for integrated atom chips can generally be miniaturised
with relative ease. There already exist a number of commercially-available laser diode
current controllers designed in “surface mount” packages [thorlabsSMT], for example.
Work on efficient, 3D-printed magnetic field geometries at the University of Notting-
ham, has resulted in a measurement system entirely controlled and sequenced by three
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inexpensive Arduino microcontroller boards. Field-Programmable Gate Array (FPGA)
boards such as the RedPitaya have also become popular for their speed and flexibility,
with some atom chip experiments [108] relying on them for coherent control and readout.

In terms of software, very little standardisation of cold atom experimental scripts has
been so far carried out, with individual research labs creating and maintaining their own
bespoke systems. Programming languages used include C, C++, Python, LabVIEW
and others, with this latter item being somewhat widely used due to the ease with which
it allows graphical user interfaces to be constructed. Clearly, for the development of a
fully-integrated system an approach to some level of universal control programs must be
made. An example of an attempt at this is found in [109], where a suite of “full stack”
experimental aids are described.

3.3 Optics

As we have seen, most conventional MOT systems rely on a complex system of 3-
dimensional input beams merely to capture atoms, and as more interrogation of the
ensemble is desired, the more the complexity of the optical system increases. The grating
MOT system goes some way to reducing this complexity, at least where atom capture
is concerned, but there are still open questions about the implementation of a fully-
integrated, fibre-coupled optical input, control and readout.

Efficiency gains may be made in that light from a single laser system can be distributed
among a number of MOTs which might be necessary in multi-axis inertial sensing, or
spatially-resolved gravity gradiometry, but the optics used to couple and expand the
beam into the MOTs would need to be significantly reduced in size and made far more
robust with the possibility of mass-production. Diode lasers are by their very nature
extremely small and mainly monolithic devices. It is the surrounding optics, controlling
and coupling the light into external systems, that determine the size of the laser system.
Miniaturization can also improve the properties of these lasers by reducing the effects
of thermal expansion and vibration of the external components. Feasible approaches
to miniaturize the optics of the laser system (as well as switching, modulating, and
routing the beams beyond the laser) include optical MEMS, planar optics, precision
placed micro-optics, and optical waveguides (including fibres). Directly applicable to
miniaturised MOTs, the crucial components to miniaturize and integrate are: the laser
diodes, wavelength control elements, optical isolators, routing, and beam expansion.

Micro-optical systems for cold atom applications have been pioneered by the Ferdinand-
Braun Institute which have integrated diode lasers, Bragg reflectors, isolators, modula-
tors, spectrometers, optical amplifiers, and fibre couplers, all on a miniaturised thermally-
stable ceramic substrate [110]. Combined with the potential reduction in optics and the
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Figure 3.2: Summary of the sources and sinks of gas in a typical vacuum system. Gas
enters the system through leaks, outgassing and permeation, while being removed by

active and passive pumping.

minimisation of optical access available from the G-MOT in section 2.1.6, there is cer-
tainly a great deal of potential miniaturisation to be carried out in this domain. As far
as readout, fluorescence collection and cold sample imaging goes, some recent advances
in additive machining have revealed new possibilities in rapid, mass manufacturing of
miniaturised (sub-mm scale) multi-lens objectives [111]. These devices are highly effi-
cient and easily specified for the necessary optical wavelengths, and a demonstration was
made of microlens arrays fabricated directly on a CMOS image sensor, which in our case
could be embedded directly within the vacuum chamber.

As part of the QT Hub program, the University of Glasgow has undertaken a joint effort
with other Hub partners, including industrial interests, to produce a fully-integrated
wafer-scale laser system and they have experience in the relevant wavelength range for
rubidium cooling and trapping [112]. Optical interfaces are similarly under investigation,
both in Southampton’s Optoelectronic Research Centre [113, 114] amongst others.

3.4 General Theory of Vacuum Management

The science of generating vacuum is really just a question of how to most efficiently move
molecules (in many cases, of the gaseous phase) from one container into another. In the
steady state, we can define a vacuum “chamber” as one such container of volume V ,
which may be sealed shut at a standard atmospheric temperature and pressure (T ,P ),
and we allow the molecules inside to behave as an “ideal” gas, following the relationship
PV = NkBT , where N is the number of molecules present in the chamber. The other
“container” is simply the environment in which the vacuum chamber sits, usually a room
at the same pressure, temperature and composition as the gases initially present in
the chamber, acting as a gas reservoir. There are time-domain dynamics which must
be considered in order to get a full picture of the behaviour of these gases during the
process of generating a vacuum (“pumping down”), and we can obtain these by looking
at the sources and sinks of gas in the system.
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In a well-sealed vacuum system, the dominant effect over short time-scales is mechanical
pumping, which encompasses several macroscopic methods by which gas molecules are
transported by the introduction of a pressure differential between containers. With the
appropriate arrangement of pumps on a system, there is an outflow of gas, which acts
to reduce the chamber’s internal pressure. This is referred to as active pumping. Acting
as a source of gas are leaks from the outside and outgassing from the chamber walls.
Leaks act as a channel weakly coupling the external reservoir into the chamber, while
outgassing causes the container walls to behave as a secondary, smaller reservoir. There
exists also the possibility of inhibiting or entirely reversing this outgassing process by
changing the surface chemistry of the chamber’s interior walls, such that they themselves
act as a sorption pump, providing another outflow channel for the chamber’s residual
gases. We refer to this as passive pumping. There are many figures of merit used to
match pumping systems to their most appropriate uses, where the most common are
usually:

• Pumping speed (l/s), Q: the volumetric rate at which gas flows through the pum-
ping system (as a function of foreline pressure and gas mixture)

• Compression ratio, RC : the ratio of gas density at the outlet to that at the inlet
(as a function of foreline pressure and gas mixture)

• Base pressure (mbar), Pbase: the minimum pressure practically achievable in a
generic vacuum system to which the pump is attached, balancing the inflows and
outflows

Given the requirements summarised in section 3.1 we have an upper bound on this
pressure for a vacuum chamber to be able to sustain a useful magneto-optical trap, but
we also have an upper bound on size, weight and power draw of the total system. This
section of the work aims to analyse the practical effect of these requirements on the design
considerations necessary to generate appropriate vacuum for cold atoms experiments in
a centimetre-scale lab-on-a-chip environment.

Some of the challenges in realising sealed passive UHV chips are summarised in table 3.1,
which compares them to the properties required by typical macroscopic cold atom sys-
tems. Reaching these levels of sophistication can be achieved by careful choice of mate-
rials, application of non-evaporable getter (NEG) films and consideration of structural
concerns, in addition to all the usual vacuum fabrication disciplines of cleanliness and
purity.

3.4.1 Materials

Conventional ultra-high vacuum chambers are typically composed as much as possible
of stainless steel, usually 316L or 304L [115]. The main reasons for this choice are
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Standard µMOT
Internal volume (l) >1 <10−3

Lifetime (days) indefinite 1000 (target)
Pump rate (l s−1) >20 <1
Leak rate (mbar l s−1) <10−11 <10−19(Ar)

<10−14(N2)
Outgassing rate
(mbar l s−1cm−2)

<10−11 <10−21(He)
<10−16(H2)

Permeation rate (cm2s−1) <10−7 <10−17

Table 3.1: General characteristics of standard UHV MOT systems, and those for the
µMOT

a combination of ease of fabrication [116] and structural strength [117]. With a high
melting point [118] and good weldability for leak-tight connections [119], steel is also
easily cleaned and degassed [120], and there are many existing systems for connecting
UHV components and making feedthroughs [121].

When approaching the problem of how to create vacuum devices from the direction
of microfabrication and mass production, however, the weak scalability and high cost of
these manufacturing methods start to become prohibitive. To fully machine, weld, clean,
assemble and bake just one simple ultra-high vacuum chamber could require up to 500
student-hours, whereas the ability to create many vacuum chambers on a semiconductor
wafer would drastically cut this time. On a 6-inch silicon wafer, for example, some designs
would accommodate the fabrication of nine comparable systems in one production run,
which from system design through to fabrication, sealing and bake could take as little
as 100 hours, corresponding to an approximate 11 hours per device. Even though this
estimate is based on “prototype” techniques which have yet to be refined, it is a factor
of 45 improvement on conventional fabrication mechanisms.

There are other reasons to switch to materials compatible with semiconductor techniques
as well. Silicon itself has excellent vacuum properties which make it ideal for ultra-high
vacuum, such as negligible vapour pressures, low outgassing and permeability rates, and
mechanical strength. The µMOTs are likely to incorporate atom chips which commonly
use silicon as a substrate due to its high thermal conductivity and the vast array of
available semiconductor processing techniques [122].

Silicon and glass have been identified as ideal materials to use in miniature vacuum de-
vices [102]. Techniques for processing silicon wafers have been well-understood for many
decades and their applications to MEMS devices are well-documented [123]. Silicon it-
self has an extremely low rate of permeation for most atmospheric gases at standard
temperature and pressure (section 3.4.5), and outgasses very little once appropriately
baked and bonded. Beyond the requirement for optical access, the choice of glass as
a material is less simple to justify. There are many choices of glass compounds, with
different compositions, structures and resulting properties. Of greatest concern to this
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study is the properties of gas permeation, tensile strength and "bondability", and most
easily-accessible glass types have been studied in significant detail where these are con-
cerned. One analysis is found in [124]. The glass chosen for the Southampton integrated
atom chip is an aluminosilicate with a coefficient of thermal expansion well-matched to
that of silicon. This glass has the properties of low He permeation, permitting longer
cavity lifetimes, and, since it has a high sodium content and a good thermal expansion
match with Si, it bonds well and does not suffer thermal stress fractures upon cooling
[125, 126].

3.4.2 Active Pumping

There are many methods by which active pumping can be done, and among the most
common are positive-displacement, momentum transfer and ionic current, each of which
are frequently used in atom optics experiments. Positive-displacement pumps are the
most basic kind of system, which relies on trapping a pocket of gas between moving
barriers, and mechanically displacing it away. Two example types of dry (relying on no
lubricant or fluid seals) positive-displacement pumps are shown in fig. 3.3, the first being
the diaphragm pump and the second being the scroll pump. The former operates by
alternately opening and closing the entry and exit valves in phase with the motion of
one wall of its pumping cavity, causing a controlled pressure differential to draw matter
from one side of the device to the other. The latter relies on a rotary mechanism with
one static “scroll” and one moving scroll whose axis of rotation is offset from the central
axis of the device. Together, they trap environmental gases and force them towards the
central axis where they can be exhausted. These processes are effective when the density
of gas at the pump inlet is high, i.e. when there is a long-range interaction between the
gas’s molecular constituents, whose mean free path in dry air at standard temperature
and pressure is only 66 nm [127]. As the pressure in the chamber decreases and the
density of its contents drops, this interaction becomes weaker, limiting the effectiveness
of this pumping mechanism. A typical commercial scroll pump (as used in chapter 4)
has an advertised ultimate pressure of 6.6×10−2 mbar [128], so in order to achieve better
vacuum than this we need to change tactics.

Medium to high vacuum approaches the free molecular flow regime [129] with mean free
paths on the order of 100mm, where it becomes necessary to manipulate gas momentum
“one molecule at a time” in order to maintain a useful pumping speed. An example of a
device that does this is the turbo-molecular pump (TMP), which contains sets of angled
blades similar to a jet engine turbine, half of which spin at high rate (typically upwards
of 1 kHz- called the rotors) and the rest remain static (stators). The rotors transfer
mechanical energy to any gas molecules impinging on them, the angle of the blades
selected to scatter air molecules towards the outlet (usually defined as “down”) and force
them into channels defined by the stators. The blades are built up in stages, each of
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Figure 3.3: Two examples of mechanical pumping systems commonly in use: di-
aphragm (O: valve open, C: valve closed) and scroll pumps.

which increases compression until the outlet is reached. This pumping mechanism only
works if the mean free path of gas in the chamber is much greater than the inter-rotor
distance of the machine, and so a maximum foreline pressure is specified, varying from
pump to pump but often lower than 20mbar [130]. TMPs generally have a low ultimate
pressure in the vicinity of 1× 10−9 mbar, and compression ratios up to 1× 1011 [131] for
nitrogen. Therefore, to use a TMP to evacuate a system to the pump’s base pressure, it
is essential that the pump is “backed” by another system to pump the chamber down to
an initial “rough” vacuum, serving the dual purpose of thinning out the foreline gas and
maintaining the outlet pressure, both of which prevents the TMP from stalling.

The initial evacuation of a vacuum system for ultracold atoms relies on just such a
combination of pumps, just as the system built in chapter 4 uses a TMP as the main
pump, backed by a scroll-pump which also fulfils the role of roughing down the chamber.
Major drawbacks of continually running these pumps to maintain vacuum are the power
draw, electrical and mechanical noise and space required. Taking TMPs as an example,
the TMP used on the vacuum bonder, is specified in [132] as drawing 150W and taking
up a volume of 155mm×10.18 cm2 and massing 25 kg, but this technology is approaching
15 years old and more recent developments are more exciting. Minaturised turbopumps
have been under development for some time, and have recently found a particularly
inspiring application on NASA’s curiosity rover [133], made by Creare. This pump is
advertised as being “about the size of a D-cell flashlight battery, weighs only 150 grams,
and can develop an ultimate pressure in the 10−8 [mbar] range” [134]. More interesting
still are unpublished results from Honeywell, where silicon micromachining has facilitated
the production of turbomolecular pumps with blade features on the order of 30µm in
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Figure 3.4: Cut-through sketch of a turbo-molecular pump showing the inlet, com-
pressive stages and outlet.

size [135]. Its size and power requirements are likely comparable to the Creare device,
but its extreme miniaturisation and use of semiconductor mass-fabrication techniques
sets an exciting stage for the future of vacuum technology.

For atom optics experiments, vibrations of the apparatus can cause serious problems
for the quality and consistency of optical alignment so it is undesirable to leave these
pumps running during experiments. Experiments using orbital modes of trapped atoms
have shown that the phase space distribution of atoms changes significantly with optical
beam misalignments as small as 0.6mm, resulting in doubling trap temperatures [136,
137]. TMPs are also a strong source of electromagnetic noise, especially since many have
magnetically-levitated bearings, which can contribute to disruption of signals from cold
atomic systems. Combined with the inherent limitations of these mechanical systems,
this is a good reason to try and eliminate these pumps even from full-size ultracold atom
experiments. Once the chamber is sealed and pumps switched off, experimenters are at
the mercy of residual gases, and those gases evolved within the chamber itself, unless
non-mechanical methods such as the ion pump are used.

The ionic current pump, or ion pump (IP), functions on a very different principle to
any system considered so far, and is the most mechanically “passive”, but still introduces
electromagnetic noise into the experimental setup. A conceptual sketch is shown in
fig. 3.5. The ion pump is attached to the main vacuum cavity, allowing molecular flow into
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Figure 3.5: Cut-through sketch showing the working mechanism of an ionic current
pump, where electromagnetically trapped thermionic electrons collide with and ionise

ambient gas, which gets accelerated into a titanium target.

a region of strong magnetic field- produced by permanent magnets and concentrated by
magnetic steel shielding. In the same volume titanium plates (cathode) are elevated to a
high voltage (often around 3-7 kV [138, 139]) relative to enclosed anode rings, and heated.
Thermionic electrons emitted from the cathode become trapped in an electromagnetic
“bottle” until they ionise an ambient gas molecule. These molecules are accelerated into
the cathodes by the electric field, where they become embedded into the titanium. The
ionic current can be detected and used as a secondary pressure gauge. This has the
two effects of reducing the ambient gas pressure and depositing energy into the titanium
which sputters it onto the pump’s internal walls, eventually depositing what amounts to
a getter film on the surface, and increasing the effective pumping rate over time.

Recent developments in microfabrication have shown how even ion pumps may be mi-
niaturised while maintaining an efficient pumping of small volumes. A glow-discharge
ion-sorption micropump was realised [140] using anodic bonding to encapsulate the neces-
sary electrodes and a Ti sputter target, the current through the system and an optically
observed discharge spectrum both indicated that pumping was taking place, with pres-
sure inside a sealed cavity estimated as low as 5 × 10−6 mbar with no other pumping
taking place. This method of pumping out and sensing pressures within small devices is
promising, but order to reach a suitable starting pressure for the pump, passive techni-
ques would need to be used. In addition, the design requires strong permanent magnets
adjacent to the vacuum chamber, the presence of which would disrupt the magnetic field
gradient required for atom trapping, and contribute a great deal to experimental noise. It
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is therefore necessary to ensure adequate (and often bulky) magnetic shielding is present
if one of these systems is used.

One final pumping method which has not so far been discussed is “cryopumping”, a
pumping mechanism which relies upon the condensation of undesired chamber contents
on a cryogenically-cooled plate [141]. While highly effective in quickly pumping down
vacuum systems, cryopumping requires a large amount of refrigerant and several cooling
stages to achieve good vacuum. Many different types of cryopumps are available, but
the majority all rely on a large infrastructure and a supply of liquid nitrogen or helium,
depending on the pumping rate required. Clearly, these techniques are for the time
being incompatible with miniaturised systems due to the size and power draw of cryostat
systems. However there are some concepts from the ideas of “cold fingers” which may be
useful later.

3.4.3 Passive Pumping

Passive pumping is a term which is commonly used in the context of microfluidics and
refers to a fluid flow which is sustained not through mechanical pumping, but by the
interaction of small droplets of fluids with particular surface tensions in microchannels
of particular dimensions [142]. In our context, however, the term refers to any form of
vacuum generation which does not rely on powered devices to maintain a low-pressure
environment. Passive pumping elements usually take the form of getters which are alloys
or pure metals, that chemisorb residual gases, namely O2, CO, N2, and H2, and these
come in either the “evaporable” or “non-evaporable” variety. Evaporable getters are
metals which are heated until their increased vapour pressure causes them to deposit
on surrounding surfaces. This traps residual gases under the deposited layers, but the
new surface also acts as a pump to impinging gases through chemisorption. The passive
pump planned for use in the µMOT chamber is a thin film coating of non-evaporable
getter (NEG) material, similar to the temporary surface coating offered by titanium
sublimation pumps or by evaporable getters, and by the coating described at the end of
section 3.4.2.

Sorption is the process by which the surface of a solid (referred to as the “substrate”)
exchanges particles with the gas above it (known as the “adsorbate”). Adsorbate mole-
cules diffuse towards the container walls and interact with it. The amount of adsorbate
already on the substrate contributes to the coverage amount, θ, defined as the number of
occupied adsorption sites as a fraction of the total number of sites available. It can also
be described as θ = V

Vm
where V is the volume of gas adsorbed to the surface and Vm is

the volume of a monolayer adsorbed onto a surface. In general, an adsorption isotherm
relates the quantities qe (the fractional weight of adsorbate relative to substrate) and
Ce, the equilibrium concentration of adsorbate remaining above the surface. In the case
where all adsorptions and desorptions occur independently, the net change of adsorbed
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fraction is linear with concentration. This sort of isotherm applies to situations where
adsorption site occupancy (coverage) is effectively zero.

In the Langmuir description of surface kinetics, the substrate is atomically flat [143] and
consists of a planar network of adsorption sites to which the adsorbate may physically
or chemically bond. This model offers no probability of adsorbates migrating from one
site to another, nor is there any other interaction between adjacent sites. Another re-
quirement is that all unoccupied adsorption sites are identical, and can only hold at
most one molecule of adsorbate. Therefore, this model does not describe any situation
with deposition of more than one monolayer, faithful to life in this case since the active
surface of NEG deposition is only the top monolayer at any given time. As a result the
monolayer coverage limits the total adsorbed fraction to a maximum value, QM , which
determines the maximum pumping capacity of a NEG film, but also limits the maximum
outgassing rate from the surface. A thorough derivation of the Langmuir model is pre-
sent in [attard1998], resulting in the famed “Langmuir adsorption isotherm”, describing
the surface coverage of a species on the substrate θ:

θ =
KP

1 +KP
(3.1)

where K is the ratio of rate constants for adsorption and desorption, and P is the pres-
sure of the adsorbate in gas phase above the substrate. For very low pressures, eq. (3.1)
simplifies to θ = KP . Further developments in surface physics have led to more advanced
versions of this theory, such as the Brunauer, Emmett and Teller (BET) theory, which
accommodates multilayer adsorption after an initial “Langmuir”-type layer has been de-
posited. In the BET model, many isotherms have a so-called “knee” at the equilibrium
pressure where the first monolayer is stably completed, but also closely resemble the
Langmuir model as the system temperature decreases. Several different characteristic
“types” of adsorption isotherms have been theorised and observed, defined under the
Brunauer, Denning, Denning and Teller (BDDT) system, with “type I” behaviour exhi-
bited in the Langmuir model, but also in micro- and meso-porous materials, and “type
II” adsorption strongly resembles that described by the BET model. The other types are
fairly specific to applications which are less common in our system, including the growth
of near-perfect crystalline substrates.

Aside from multilayer adsorption, the Langmuir model also breaks down if not all ad-
sorption sites are considered identical. Within the model of a perfectly smooth and
uniformly-mixed non-evaporable getter surface, there is no reason to suppose any one
site would be preferable to the others. Therefore, in the limited cases considered here
and in [102] it is not unreasonable to assume a Langmuir or BET condition for the
calculations of getter pumping rates.
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Vacuum encapsulation of microfabricated devices is a large and mature industry and
nearly all MEMS devices require some level of hermetic sealing. The range of vacuum
levels required ranges from 100mbar in MEMS accelerometers to 10−4 mbar in microbo-
lometers [123]. Very good vacua are also needed in field emission devices and the lowest
recorded encapsulated pressure the authors have found in the literature (10−8 mbar)
[144] was achieved using this technology. Lower pressures in encapsulated micro-devices
have probably been achieved, but the means to measure them do not yet exist as most
gauges with capability down to UHV have far greater internal volumes than the devices
themselves.

The capacity of the NEGs designed for use in the miniaturised vacuum chambers is one of
the primary limitations on the system’s lifetime. In order to maximise the useful pumping
time of the getters, it is essential to minimise the initial gas load they are subjected to.
NEGs are not capable of pumping even a small chamber down from atmospheric pressure
due to this limited capacity.

In a well-evacuated vacuum chamber, a signature pressure distribution of gases arises.
Mechanical pumps designed to pump an air mix are typically optimised for nitrogen [145]
and will pump other gases less efficiently. Shown in fig. 3.6 is a hypothetical pumpdown
curve along with pressure distributions at particular timepoints during the pumpdown.
The dominant gases change from a nitrogen/oxygen mix to a water vapour composite.

Commercially-available NEGs do not always rely on thin film deposition. Gamma Va-
cuum and SAES Getters are two examples of companies which sell bulk NEG materials
packaged for UHV use. The NEG cartridges range offered by Gamma Vacuum all use a
Zr-V-Fe alloy. The cartridge device N50 uses an alloy composition of 70% Zr, 24.6% V,
5.4% Fe, and is listed with a pumping speed of 55 l/s for hydrogen and 9l/s for nitrogen
[146]. In smaller or more complex geometries, a deposited solution can be preferable and
NEG films are used in many modern particle accelerators to reduce the base vacuum
pressure possible for a given system. Significant work has been done, while preparing the
Large Hadron Collider’s LHCb Vertex Detector, on characterising the different getter
films available and describing the process by which the final material choice was reached
[147]. The first requirement for a getter film is to allow a complete dissolution of its en-
capsulating oxide layer, a fabrication step known as activation, at a process-compatible
temperature. NEGs activate at temperatures ranging around 200-800◦C, depending on
their composition, whereas evaporable getters need to be heated to well above 700◦C.
Therefore the choice of NEGs for our MicroMOT is obvious, and is further validated by
its adoption in the MEMs vacuum encapsulation industry.

Activation causes compounds at the surface to diffuse into the bulk of the material, lea-
ving a fresh metallic surface available for adsorption. Typical oxygen solubilities for NEG
compounds are on the order of 10%, so a 1µm thin film can undergo ∼100 reactivation
cycles after air exposure, however the pumping efficiency begins to reduce after a few
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Figure 3.6: Plots showing the evolution of partial pressures during a vacuum pump-
down, taking into account variation in pumping rates and species outgassing. The
black line represents the sum of all the others (estimated total pressure). The smaller
subfigures show the specific gas distributions at times t = 0 s, t = 1500 s, and t = 3000 s

of the pumpdown to high vacuum.

cycles [148], corresponding to an approximate total capacity of 1012 molecules per cubic
centimetre. Recent in-situ studies of NEG activation with individual gases at tempera-
tures above activation indicate far higher capacities of the order of 105 monolayers of
carbon monoxide [149]. The bulk diffusion of hydrogen is high in getter materials, and
so the pumping capacity for hydrogen is approximately two orders of magnitude higher
than for other species at room temperature. When NEGs are deposited as thin films they
also act as outgassing barriers [150], thus turning gas sources into pumps and greatly
reducing the ultimate pressure. Noble gases and some hydrocarbons, such as methane,
are not pumped by NEGs at room temperature, so every care must be taken to eliminate
these elements during fabrication.

The bonding techniques discussed in Section section 3.4.4 require temperatures up to
400◦C, which will lead to increased outgassing and a reduction of the NEG lifetime
due to saturation. Moreover, reactivation of the getter to rejuvenate its pumping rate
during the sealed devices’ lifetime will lead to increased outgassing, permeation and
possibly leakage. Therefore it is prudent to use an NEG alloy with a very low activation
temperature, and high pumping rate and capacity. The beam lines of particle accelerators
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require XHV environments, and their very large volume presents an issue for efficient and
uniform pumping. Several decades of research at CERN have been devoted to finding
NEGs both which activate during the chamber baking procedure (∼ 250◦C) and can also
coat all internal surfaces [151]. Their findings have shown that sputtered TiZrV alloys
of nearly equal ratios can be activated at 180◦C, and using these coatings they have
demonstrated the lowest room temperature vacuum of 10−14 mbar [152] (supplemented,
of course, by active ion and ion-sputter pumping).

Most gases only chemisorb on the NEG surface and after a monolayer is formed the
effective pumping speed decreases greatly. Hydrogen’s high diffusivity allows it to pene-
trate deep into the film before binding to bulk material, making it an exception which
is more efficiently pumped. A thermal equilibrium between the absorption and desorp-
tion of hydrogen from the NEG, dependent on the gas concentration within the material
[153], which can be used to predict the residual pressure in our devices. The equilibrium
pressure follows Sieverts’ law and has been measured for TiZrV films to follow [148]

log10(PH2) = 2 log10(xH) + 14.324− 8468

T
(3.2)

Where PH2 is equilibrium hydrogen pressure (mbar), xH is the mass fraction of hydrogen
in the film and T is the absolute temperature of the system. For a very saturated
film (xH ≥ 0.01) the pressure is negligible at room temperature (10−19 mbar) and only
endangers the vacuum at temperatures above 150◦C, at which temperature permeation
of helium through the glass wafer causes a similar pressure rise in any case.

One final consideration is the method by which the NEGs are deposited. The method we
have selected is precision sputtering of a TiZrV alloyed target onto the substrate, and this
method is preferable because it allows very fine control of the deposition thickness and
excellent coating uniformity, which is necessary to obtain a predictable pumping rate.
One pitfall of this technique is that bubbles of the process gas used to generate the plasma
(typically “energetic neutrals”) frequently get trapped within the layers deposited at the
substrate [154], to later diffuse to the surface and outgas after the chip is vacuum sealed.
This is a good reason to ensure that the NEG-coated silicon frames are thoroughly
degassed prior to bonding, by heating to temperatures in the 100-250◦C range. An
additional mitigation measure is to use the heavier neutrals (krypton or xenon instead
of argon) as a process gas, which embeds less deeply in the substrate than argon does
due to its higher mass [155]. This is preferred because it reduces the required bakeout
time to achieve the same outgassing rate.
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Figure 3.7: The two most common vacuum flange seals: KF with a polymer o-ring
compressed in a groove and CF with a copper gasket pinched by a knife-edge.

3.4.4 Leaks

Conventional vacuum systems are typically machined out of solid steel or aluminium
parts, with as few mechanical joints or seals as possible. By reducing the number of phy-
sical discontinuities in the structure, the expectation is to reduce the number of possible
points of failure. The major types of sealing surfaces in scientific vacuum chambers are
usually o-rings or gaskets. Two standardised types are KF (kwik-flange) and CF (conflat
flange), where the former typically uses viton o-rings and the latter uses copper gaskets
(fig. 3.7). These different kinds of seals are better suited to different applications. Since
the deformable viton seal has a higher leak rate (around 1× 10−9 mbar·l/s [156]) but is
re-usable, it is better suited to vacuum chambers which will be opened frequently and
are not expected to pump down to ultra-high vacuum, such as those found in RF sputter
devices and plasma ashers and etchers.

Copper or otherwise all-metal seals rely on pinching the copper gasket using sharp knife-
edges on the mating flanges. This permanent compression of the copper is not reversed
upon the release of the mating force, and between subsequent matings it is virtually
impossible to perfectly realign the flanges with the previously-made grooves, so the re-
usability of this gasket is limited. After the first time a gasket is used it can be re-
used three or four times by increasing the compressive force and cutting a new groove
each time. Eventually no amount of further compression will close the gaps caused by
overlapping grooves, and the gasket must be replaced. Nevertheless, when a fresh copper
gasket is properly fitted in a CF connection its leak rate is better than 1×10−10 mbar·l/s
[157], so if a connection does not need to be frequently changed, it is better to use
a CF connection. One additional advantage of all-metal seals is their higher bakeout
temperature. Elevated above 120◦C for a significant amount of time, viton o-rings will
severely degrade, and lose mass at a very high rate, compromising the seal. Copper on
the other hand, can safely be baked indefinitely at temperatures usually limited by other
components in the chamber.

Another component of gas load in a vacuum chamber is a “virtual” leak, which may result
from gas trapped within internal structures of the chamber. Every time the chamber is
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(a) (b)

Figure 3.8: Part (a), reproduced from [159] is a state diagram showing the eutectic
point for Au-Si bonding at a partial concentration of 18.6±0.5 %Si by atom number, and
a temperature of 363± 3◦C. Part (b) shows the procedure carried out during eutectic
bonding. A: the samples are brought into intimate contact, with pressure applied
to obtain the eutectic concentration, and B: are then heated to above the eutectic

temperature and allowed to cool into a solid alloy phase.

vented, there is a chance that any cavities in the experimental mechanisms inside may
retain the buffer gas the chamber was flushed with, and then continually release this
gas as pumpdown continues. Traditionally, this problem is resolved by minimising the
amount of complex structure inside the chamber itself, and by ensuring that any enclosed
spaces are in some way vented (i.e. accessible to the pumping mechanism). To this end,
care must be taken not to leave any “dead” volume when sealing vacuum flanges, and any
screwed or bolted connections must be drilled out to allow gas trapped in threads or in
blind holes to escape. If properly designed, a vacuum chamber should exhibit negligible
virtual leaks, certainly not exceeding the “natural” leak rate of the bare chamber itself.
These types of seals are not suitable for wafer-level fabrication of vacuum encapsulated
micro-electronics and so several new methods have been developed using chemically
formed seals, or simply relying on the attraction between perfectly flat surfaces [158].

There is a need for at least two bonding processes: one to bond the “atom chip” to the
structural vacuum wafer (silicon to silicon, or gold to silicon), and another to bond the
glass capping wafer to the structure layer (glass to silicon). Many bonding technologies
exist, but only those which are well established, have demonstrated leak rates below
10−13 mbar·l·s−1 (air), and do not require temperatures above 400◦C so as to reduce
outgassing, stress, and protect chip components need be considered. The analysis carried
out in [54] goes into great detail on these bonding methods, and a brief characterisation
of two of them, since it is directly relevant to chapter 4, is included here.

3.4.4.1 Eutectic Bonding

Eutectic bonding (also known as "intermediate metal bonding" [160]) is a common bon-
ding technique that takes advantage of the special metallurgy of semiconductors and
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Figure 3.9: The procedure carried out during anodic bonding. A: the samples are
brought into contact. B: they are heated to the bonding temperature (typically 250-
400◦C depending on the glass used) and C: subjected to an electric potential difference

between 800-2000V.

certain softer metals such as tin, lead, gold and silver [161]. A eutect is an alloy which
can form when two materials are in contact in the correct mixture and at the “eutectic
temperature” [161]. An example of this is the eutectic point existing between the so-
lid and liquid phases of gold and silicon, shown in fig. 3.8(a). At a given temperature
above the melting point, the mixture is in a liquid phase. As it cools, typically it passes
through an equilibrium liquid + solid phase, and into the solid phase once below the mel-
ting temperature. In the case of a eutectic system, the eutectic temperature (363◦C at
the eutectic composition, 2.85% Si for a Au-Si eutect[162]) represents the triple-point of
the binary system, where the liquid mixture may transition directly to a solid. This bond
has demonstrated the lowest leak rate that we have found [123], below 10−15 mbar·l·s−1.

In the first iterations of µMOT devices, the most direct application for eutectic bonding
is to affix a system for generating a grating MOT (and potentially surface-based planar
atom traps) as in section 2.1.6, which in any case depends upon a metallic reflector. Since
current designs for the G-MOT system use gold coated silicon surfaces, eutectic bonding
would be an ideal candidate for sealing this side of a device. As an aside, reliable eutectic
bonding remains a going concern in our research, but has not been a focus of my specific
project. While the machinery discussed in chapter 4 is theoretically capable of eutectic
die bonding, a much greater amount of effort was put into the glass capping side with
no intermediate layer, as it allows the possibility to produce viable vacuum cells in only
one or two process steps.
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Figure 3.10: Collated data on thermal expansion of glasses relative to 20◦C as a
function of temperature. Data for silicon [163], soda-lime glass [166], Pyrex 7740 [167],

Borofloat 33 [168] and aluminosilicate [169] selected from literature.

3.4.4.2 Anodic Bonding

The final sealing process used to produce finished chips makes use of an anodic bon-
ding technique. Commonly used in the semiconductor industry for sealing packages and
in MEMS production for producing low-vacuum micro-environments [163, 124], anodic
bonding typically relies on the presence of alkali metals (particularly sodium) in one
or both of the materials to be joined [164]. The bond is accomplished by heating the
two materials together (300-500◦C) with the simultaneous application of a high voltage
(100-1000V) across the interface [165]. The mobility of the alkali ions (typically sodium
or lithium) in the glass is increased with temperature and they are pulled away from
the interface by the electric potential. The residual non-bridging oxygen atoms at the
interface then bond with the silicon. The high electric potential gradient has the addi-
tional effect of pulling the two surfaces into intimate contact which overcomes surface
inhomogeneities. The two materials (usually silicon and borosilicate glass) must be CTE
(coefficient of thermal expansion) matched to avoid stress fractures during cooling. The
CTEs of some typical (and non-typical) bonding glasses are plotted as a function of
temperatures in the bond range in fig. 3.10.
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Hermeticity measurements show that the leak rate is below 10−14 mbar·ls−1 (limited
by the sensitivity of the detector), with few residual gases other than oxygen, which is
produced during bonding at the inner seam. This residual gas source can be significant,
especially in small evacuated volumes, and so getter films are mandatory. The leak rate
measurements [170] included the effect of the bonding area around the cavity and found
no variation, from which we infer that the seal is absolutely hermetic and possibly limited
only by permeation. A great deal more detail on the mechanisms of anodic bonding will
be discussed in section 4.1.

3.4.5 Permeation

The permeation of gases through enclosure walls is a complex process requiring a particu-
lar sequence of events in order for an impinging molecule to breach vacuum containment.
First, gas molecules from the external environment hitting the outer surface of the cham-
ber wall must be physisorbed and attach strongly enough to remain at the surface. Next
they must be absorbed under the surface layer and must diffuse through the bulk along
the concentration gradient according to Fick’s law of diffusion [171]. At the internal
boundary, the gas atoms must then overcome any surface energy barriers and desorb di-
rectly (or recombine with other ions to desorb as a molecule), into the vacuum chamber.
These processes strongly depend on the type of permeating gas and the chamber wall
material. For example, noble gases will permeate glasses, but not most metals due to the
latter’s more crystalline structure and weak surface interaction. As noble gases are not
pumped by NEGs their permeation is of greatest importance. A very detailed analysis
of the effect of this on vacuum device performance is present in [54], so this section will
contain just a brief summary of how it has informed material choice.

For the test case of a rectangular vacuum cavity measuring 15×15×2mm2 enclosed on
all sides by walls 2mm thick, the rate at which helium permeates into the cavity has been
calculated, to give a feel for the timescales involved. These results are shown in fig. 3.11,
where the initial partial pressure inside the cavity is representative of the expected initial
helium partial pressure in a vacuum chamber pumped down to the order of 10−8 mbar.
The strong ruled horizontal line shows the pressure at which the cavity is considered to
have "failed": double the initial internal pressure. Note that while this model does not
include any pumping, it also does not include any outgassing or contamination which
would be present in a real-world system.

Pyrex is the most common glass bonded to silicon due to their comparable CTEs and
its sodium content required for anodic bonding [165], but it is so highly permeable to
helium that we would expect to lose UHV only a few days after bonding (see fig. 3.11).
Roughly 40 years ago sodium Alumino-Silicate (AS) glass emerged as a material with
very competitive helium permeation qualities. Glasses whose composition is around 20%
Al2O3 or more had permeation rates five orders of magnitude lower than Pyrex [172]. We
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Figure 3.11: Calculated pressure of He inside a 15×15×2mm3 vacuum cell made from
a monolithic block of the listed materials as a function of time.

can see that Corning 1720 series AS glass is more than capable of maintaining vacuum
for our target time.

The second material in the system is silicon, and measurements of helium permeation
show that, like metals, silicon is practically impermeable to all noble gases. Using experi-
mental values for solubility measured at high temperature [173] and typical atmospheric
helium content, we should not expect to find a single He atom within a cubic centimetre
of silicon. Research testing the hermeticity of glass frit bonding (amongst other methods)
has indicated that helium permeation through silicon at room temperature may be more
significant than expected [174], but it remains unclear how this relates to existing data
for helium bubble formation in silicon which agrees with the original low permeation
result [175].

3.4.6 Structural vacuum management

In the differential pumping method of vacuum protection, a small region of vacuum is
interposed between the outer environment of the system and the volume to be kept at
low pressure. This method was investigated for MEMS applications by Gan et al [176]
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Figure 3.12: The effect of introducing a sacrificial "buffer zone" into the chip design,
whose volume is 1/10 that of the science chamber. The figure shows the simulated evo-
lution of pressure in a cavity initially at 10−8 Pa both with and without a buffer region
(volume 5×10−8 m3). At an effective leak rate of 1.6×10−16 Pa m3 s−1, easily achie-
vable in our device, the unprotected cavity fails within two hours, while the protected

cavity lasts for almost a year.

and works by reducing the spatial pressure gradient, and hence limiting the maximum
possible leak rate into the system.

For a simple vacuum cavity of volume V , with an internal pressure of P (t) and a specific
leak conductance of C0, the pressure is described by the differential equation

dP (t)

dt
=
C0

V
(Patm − P (t)) (3.3)

where Patm represents the atmospheric pressure outside the cavity. Conventionally, the
failure time for the cavity is considered to be the value of t for which P (t) ≥ 1.5P (t = 0).
In the more complex case where a buffer zone is used, the description of the system
becomes

dPb(t)
dt

=
C

Vb
{(Patm − Pb(t))− (Pb(t)− Pi(t))} (3.4)
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dPi(t)
dt

=
C

Vi
(Pb(t)− Pi(t)) (3.5)

with the subscript b denoting properties of the buffer and i those of the inner cavity.
Demonstrating a numerical solution of these systems of equations is fig. 3.12, where in
the absence of a buffer zone, the inner cavity reaches failure pressure in just two hours,
when the external pressure is kept constant at 1 atm. By contrast, a cavity of the same
dimensions, with the same effective leak conductance parameters, but surrounded by a
buffer zone 5×10−8 m3 in volume lasts for 364 days before reaching the critical pressure
threshold. This structural technique for vacuum management could therefore improve
chip lifetimes by a factor of over 4000, and drastically increase the time required between
getter rejuvenations.

3.4.7 Pressure Gauging in Small Devices

The miniaturisation of pressure gauges sensitive at ultra-high vacuum is a nascent field,
with work proceeding on the measurement of discharge currents and spectra to pro-
vide absolute pressure indicators as well as compositional information [177]. As with
the MEMs ion pumping discussed above, though, these methods usually require strong,
permanent magnetic fields and extra power sources for internal high voltage electrodes,
making them less suitable for portable cold atoms or magnetometry applications.

In some systems, it is possible to use the MOT itself as a pressure gauge. As discussed in
section 2.1.2 the loading rate of the MOT depends on the background gas pressure in the
chamber, and losses due to self-collisions Γ0 = βn̄ should, for a given density regime, be
constant and can therefore be subtracted from data in post-processing. As long as the γ
loss term is sufficiently large, it can be shown that for a background species i with partial
pressure Pi, mass mi and van der Waals coefficient Ci the loss term is approximated to
[72]

γi = 6.8
Pi

(kBT 2/3)
(
Ci
mi

)1/3(Dm0)−1/6 (3.6)

This direct proportionality means that it is theoretically straightforward to read out the
pressure of background gases from a magneto-optical trap’s loading rate. This effect has
been qualitatively calculated in fig. 3.13.

Several groups have calculated appropriate calibrations for using a MOT as a direct
pressure gauge [178], while a rate-of-rise method was shown to be effective by [179].
Both techniques showed that they were capable of measuring pressures below 10−8 mbar
with sensitivities of 107 mbar−1s−1 for diatomic nitrogen, which is certainly adequate to
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Figure 3.13: Evolution of atom number over time for a population of Rb85 with
background pressures of N2 indicated in the legend. The temperature was set to 300K

and the trap depth assumed to be 1K.

show long-term trends in vacuum pressure, and assess the behaviour of anodically and
eutectically bonded systems over many months.

3.5 Dispensers for Atomic Physics

The species cooled and trapped in an atomic sensor must be introduced to the science
chamber somehow, and is often either sourced from a hot (or room temperature) vapour
or captured from an atomic beam. The latter is usually produced from a hot Knudsen
oven, and requires additional cooling to obtain a suitable capture efficiency in the MOT.
The components of a µMOT system are limited to the centimetre scale, while systems like
a Zeeman slower occupy volumes up to 140 cm3 [180], requiring tens of centimetres for
adequate deceleration. Loading from a background vapour is a common method which
results in reasonably fast loading rates, but requires a vapour pressure greater than UHV,
resulting in increased collisions and decoherence during subsequent manipulation. To use
this as a plausible loading method, the vapour pressure must be controllable on short
time scales, ideally sub-second, in order to facilitate the quick trap loading necessary for
high data-rate atom interferometry applications.
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Rubidium is selected as a first target species, as it is ubiquitous across the whole scope
of cold atom experiments, but poses the challenge of a vapour pressure which is too high
at room temperature for efficient trapping. Species with lower vapour pressure, such
as strontium, could be easier to use as they do not endanger the vacuum, but the high
temperatures needed to obtain a suitable background pressure results in less efficient
initial trap loading, and so may require additional cooling mechanisms. Rubidium melts
at 39◦C and has a vapour pressure of 5× 10−7 mbar at room temperature [62], resulting
in significant collisional rates with trapped atoms and also excessive fluorescence, making
the detection of the cold atoms very difficult. Moreover, the very small volumes inside the
chips, and the lack of active pumping, quickly results in vapour saturation. Therefore,
we need a method to carefully regulate the flow of rubidium into the MOT chamber.

The past decade’s development of chip-scale atomic clocks (CSACs) has provided a range
of methods to introduce alkali atoms into microfabricated devices. Pure metal [181, 182]
sources are not suitable for UHV or result in poorly controlled, or limited lifetime, sources.
The rubidium also needs to be sealed away during fabrication as its high vapour pressure
will permanently compromise vacuum at the elevated temperatures required, by coating
the interior of the device, and the fabrication system. Commercial alkali dispensers,
such as SAES Getters Alkali Metal Dispensers (AMDs) and Alvatec Alvasources use
alkali compounds which are stable up to temperatures of 300-600◦C. Alvasources are
alkalis alloyed with ‘poor’ metals, such as bismuth, which form stable compounds with
higher sublimation temperatures than their constituent elements. They also result in far
less residual gas than AMDs, albeit at a higher cost.

The rate at which the Rb vapour pressure decays in an otherwise un-pumped vacuum cell
has been used to characterise the behaviour of rubidium as it is passively pumped away
by adsorption onto glass windows, where Arpornthip suggested an effective pumping rate
of 103 `/s/cm2. Assuming that this pumping rate is comparable to that attained using
our aluminosilicate glass, and that no pumping occurs as a result of silicon exposure, we
would expect an effective pumping speed for rubidium of 4.5×103 `/s for Rb inside the
device science chambers. Given our active volume of 4.5× 10−4 `, we can expect a very
rapid dissipation of rubidium vapour to below the background gas level when excitation
(thermal, optical or otherwise) is deactivated.

The most common technique used for direct injection of alkali metals into a vacuum
chamber for cold atoms experiments is the use of an oven as a dispenser (in a brief
meta-analysis of 10 recent papers in the field, 6 directly mention the use of an oven
while 2 others had similar systems integrated directly into the science chamber and the
remaining 2 simply referred to ambient background vapour loading). Typically these
ovens are an environment separated from the main science chamber of the system, which
dispense alkali metals by thermally desorbing them from a source and allowing them to
undergo ballistic transport to the desired destination. Often these hot dispensers are
surrounded by a cold shroud which acts as an integrated cold finger or sorption pump
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designed to reduce the pressure of background gas. In our devices, selective heating
and cooling of a particular chip region is difficult but it is possible that some facets of
the device may be maintained at different temperatures by the use of thermoelectric
cells. Once a dispenser is activated and has saturated a small side chamber, a wall of
that chamber (acting as a glass-insulated thermal feedthrough like the ones produced in
chapter 5) could be temperature-stabilised to provide a particular atomic flux either into
or out of the science region. A distant relative of the Knudsen oven, our devices include
such a system with the “throttled” 100× 100µm channel between the side chambers and
the science chamber.

3.5.1 Resistive Alkali Metal Dispensers

Resistive alkali metal dispensers work by simple ohmic heating of a compound which,
upon thermal breakdown, releases a vapour. An example of a commonly-available com-
mercial dispenser is the SAES Getters Alkali Metal Dispenser (AMD) range. In cold
atoms experiments using rubidium, the dispensers rely on ohmic heating of an element
of rubidium chromate (Rb2CrO4), sintered from a powder mixed with a reducing agent
(in the SAES case this compound is SAES St101: 84% zirconium and 16% aluminium).
This reducing agent acts as an irreversible getter, such that upon heating of the entire
assembly above its activation temperature the rubidium chromate breaks down, leaving
behind a Zr-Cr-Al structure which sorbs the released oxygen, and any other residual
gases contaminating the dispenser. This alleviates the potential damage done by the
presence of other impurities in the dispenser, as the extra gases should be pumped away
by the getter material faster than they are released. Therefore, even in a vacuum cell
the size of one of ours, the purity of the dispenser should not be a limiting factor.

In SAES’ publicity materials data is available for the performance of a Cs dispenser
element [183]. Aggregating this data we find a theoretical "base" emission rate at tem-
perature T = 0◦C of 5 pg per minute, increasing exponentially (base 10) with tempera-
ture, its rate constant being 0.01◦C−1. Assuming a Gaussian pulse of current heating a
pre-activated dispenser to a temperature of T = 300◦C would result in a gas evolution
rate peaking at around 5 ng per minute. If the pulse has a rise-time of 10 s, the heating
power required is 35W and for the recommended excitation current of 4.7A (applied
voltage of about 7V), this is easily achievable in a lab. Given the molar mass of Cs
as 132.90545 g/mol, we can estimate that this input power would lead to a total mass
transfer of 0.34 ng into the dispenser’s surroundings. In a 1.25 litre vacuum chamber in
thermal equilibrium with a lab at room temperature (25◦C), assuming a background gas
pressure of 1×10−10 mbar and a pumpdown time constant of 0.05 s−1, this release would
result in a peak partial pressure rate of rise of 5× 105 mbar.
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Figure 3.14: Rubidium partial pressure dynamics with a resistive AMD. A current
of 5.2A was applied for 2 minutes, reaching a pressure saturation of 2.2 × 10−8 mbar.
Once the dispenser was switched off, the pressure followed an exponential decay with

a 1/e time constant of 0.43 s−1. Data from [184].

By comparison, data obtained from a SAES getters rubidium dispenser is shown in
fig. 3.14, courtesy of Max Carey ([184]). This shows typical operation (after a curing-
in period) in a comparably-sized vacuum chamber, where the pressure saturates after
around 90 seconds. Once the dispenser current is stopped, the rubidium vapour cools
and re-adsorbs to chamber walls, and its pressure drops off exponentially with a 1/e

rate constant of 0.43 s−1. In order to effectively control the rubidium pressure inside the
device, an effective passive pumping system is also needed. Glass and metals have been
studied as pumping surfaces and binding energies close to 3eV and extremely high pum-
ping rates [178] of 103 łs−1cm−2. Studies looking at vapour cell coatings have highlighted
a significant curing time after filling, during which the vapour pressure stabilizes due to
strong chemisorption [185]. After the surface is saturated the adsorption energy drops
to ∼ 0.5 eV and is thus only weakly physisorbed. If we assume the µMOT produces a
10 second pulse of rubidium every minute, with a peak pressure of 10−8 mbar, which is
pumped away at 1 s−1, one would require a total of 1019 atoms (about 1mg) to last for
our 1000 day target.
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3.5.2 Laser-activated AMDs

One proposal for an atom source suitable for integration into an atom chip device is
the “pill” type dispenser available from SAES. These work on the same chemical prin-
ciple as the resistive dispensers, but have no electrical terminals for application of the
heating current, and these could instead be activated by localised laser heating [186].
One guaranteed way to improve the hermeticity of a vacuum chamber is to reduce the
number of discontinuities in its structure which would require sealing. In this sense the
use of a laser-activated alkali metal dispenser is preferable to an electrically-controlled
AMD (which requires electrical feedthroughs, also adding manufacturing complexity),
as optical access to the dispenser is already possible without any extra feedthroughs or
windows.

We establish a protocol, upon which we expand in later chapters, by which such a pill
is placed inside the device between the final two steps in the fabrication process- after
sealing one side and coating the interior with non-evaporable getters but prior to the
final sealing of the other side. Once the device is enclosed, an optical heating method is
used for “factory setup” or initial activation of the dispenser pill, emitting large amounts
of rubidium into the dispensing chamber and saturating the walls. Subsequently, after
this “coarse” release, other methods are employed to give “fine” control of the vapour
pressure control.

3.6 Alkali Metal Dynamics

Once the alkali under observation has been dispensed into the chamber, it is important
to ensure that we get the maximum possible interaction with the atomic species while
minimising waste and obstruction of optical access or shorting of electrical connections.
As has been mentioned already, one straightforward method of doing this is temperature
control, where the strong dependence of the vapour pressure of rubidium on its tempe-
rature works in our favour. Additionally, the conductance of vacuum channels can be
used to permanently permit or choke off flow between connected chambers within the
device. Combine this with fine control over sub-chamber volume and we are effectively
implementing differential pumping. A third mechanism at our disposal is light-induced
atomic desorption (LIAD), a non-thermal optical effect which has been shown to enhance
atom trap loading [187].

3.6.1 Chip Structure

The Southampton µMOT design includes several different regions for evolving an alkali-
metal vapour and distributing it appropriately through the whole system by differential
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Figure 3.15: The design of a first-generation µMOT chip’s silicon frame. A:
differentially-pumped buffer zone to reduce total leak rate, B: main science chamber, C:
conductance channels connecting to auxiliary chambers and D: auxiliary chambers for
atomic sourcing, spectroscopy and control. Inset: chamber topology showing the con-
nections created by the conductance channels, where C1 ≈ 17.4m/s and C2 ≈ 0.29m/s.
The science chamber has volume Vs = 4.5× 10−7 m3 and the auxiliary chambers each

have volume Va = 0.24× 10−7 m3

pumping. fig. 3.15 shows the basic framework around which the generation-1 µMOT
chips are built, including the differential pumping region discussed in section 3.4.6.

A 3D rendering of the frame design we are using is shown in fig. 3.15, with a structural di-
agram showing the conductivities between and volumes within the system. The auxiliary
chamber labelled D (the “source”) will contain a heat-activated AMD, while chamber E is
directly connected to both the source and to the science chamber via a low-conductance
channel etched into the silicon preform. This can be used for spectroscopic measure-
ments of the species sealed in the chip, which are useful for monitoring various process
variables during chip operation. For example, one can measure the path length difference
introduced between two arms of a Michelson interferometer by the presence of the gas
in the flow, relative to sea level STP [188]. By knowing the conductance between the
chambers, the pressure of the science chamber may then be calculated. Chamber F has
a larger-conductance aperture and contains a large concentration of NEGs [189]. The
NEGs in the Southampton IACs will consist mostly of Ti-Zr-V powder deposited inside
the chips before sealing. Due to the temperatures involved in the sealing process, the
NEG layer will be activated as soon as the chip is completed. With sufficient structural
measures in place, the getters will reduce the effect of any leaks by enough to improve
the chip lifetime by several orders of magnitude.
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3.6.2 Light Induced Atomic Desorption (LIAD)

A more flexible method of controlling the rubidium pressure and loading rate of a mag-
neto optical trap is by making use of light-induced atomic desorption (LIAD). This
technique is put to use in the UHV bonder in chapter 4, where a UV lamp "unsticks"
water vapour and hydrocarbons adsorbed to the chamber surfaces. It has been shown
that ultra-violet light may also be used to excite Rb away from silane surfaces [190]
and out of gaps in porous alumina [191], as well as to directly feed a potassium and a
rubidium MOT [192].

This technique involves the illumination of metal or glass surfaces with non-resonant
ultraviolet light (UV) in order to increase the desorption rate of physisorbed alkali atoms.
The exact mechanism by which this occurs is still under debate [193, 194, 191]. Once
the UV light is extinguished the desorption rate reduces so that atoms can return to the
surfaces, relieving saturation and allowing the total number of atoms in the device can
be reduced through recycling. Studies have shown an order of magnitude improvement
of MOT loading rates with this technique [195]. In chip-scale systems the surface area is
far too small for effective use of LIAD [196] but high surface area materials [197] might
mitigate this providing they can be degassed sufficiently prior to encapsulation.

3.6.3 Other Methods

An obvious and effective method to control the vapour is by simply reducing the tem-
perature of the µMOT. To get to 10−10 mbar partial pressure, rubidium must be cooled
to −30◦C. This can be accomplished by cooling the entire chip or with an integrated
cold finger, such as a micro-peltier device [198]. This method will avoid rubidium con-
densation on critical features such as the windows or reflectors, and also avoid water
accumulating on external surfaces. Many atom chips require gold films for reflective sur-
faces and conductors and it is known in the field that these may degrade over time when
exposed to a hot rubidium source. The phase diagram [199] between gold and rubidium
shows a stable alloy forms around 500◦C. Therefore, a heated gold surface can be used to
pump away excess rubidium. Work on this concept has been done in our group, inspired
by Squires who found a large pumping effect from an evaporable gold getter device [200].

In our case, a 200 nm gold film was pre-deposited onto a tungsten sheet (filament) which
was then joule heated to 600◦C while inside a vacuum chamber whose partial pressure of
rubidium was on the order of 2× 10−8 mbar (by the dispenser used to obtain fig. 3.14).
An increase in the filament current (heating the gold surface) did show an apparent
decrease in the rubidium vapour pressure, but blocking the spectroscopy probe beam
revealed that a significant background signal was being emitted from the gold-coated
filament. It is therefore difficult to conclude that the gold had a statistically significant
effect, and there may be merit in further analysis.
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Figure 3.16: A plot reproduced from [184] showing the reduction in optical signal
with increase of filament current. Pressure is in units of Θ = 1.3 × 10−8 mbar. The
spikes at t = 2900 s onwards show variation in background luminescence caused by the

gold-coated filament emitting near the probe wavelength.

3.7 Onboard Cold Atomic Physics

The final piece of the puzzle for creating a chip-based cold atom lab environment, is the
experimental apparatus itself. A recent review of the atom chip field highlighted several
methods of compactly generating the potential landscapes required for experiments [201].
Were a Bose-Einstein Condensate (BEC) to be realised on board a miniaturised vacuum
device, several techniques could be allow it to be used as the probe wavepacket in a
Michelson interferometer, as described in [202], or as a closed-loop interferometer, similar
to those discussed in section 2.2.2.

A very interesting proposal for an integrated ring trap, potentially compatible with our
desired fabrication techniques, has come out of Sussex [203]. The use of two connected
ring traps provides flexibility and common-mode noise rejection. The scale of each indi-
vidual trapping site is 200µm in diameter, with a vertical size of 50-100µm, so it would
be plausible to integrate several of these trapping sites into a µMOT silicon frame, and
the ring traps could be loaded from a larger trap in the science chamber. Deep reactive
ion etching (see chapter 5) can create recesses of the appropriate size [204], and selective
doping of the silicon would be a straightforward way of creating an inductive track and
then an enclosed trapping potential [205].
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(a) (b)

Figure 3.17: An a) exploded and b) assembled 3D rendering of the µMOT design,
using flat PCB coils to generate magneto-optic trapping fields, anodically-bonded glass

windows, pill dispenser and Peltiers (TECs) for temperature control.

3.8 Proposed Design

The first-generation proposed design for a µMOT is necessarily somewhat simplified
in order to minimise the amount of R&D necessary to produce a minimally-working
magneto-optical trapping platform. In the short term, where die-scale fabrication is
targeted (but with a view to future wafer-level work), we conceive of a structure fabri-
cated with a mechanically-machined silicon frame, capped on the top and bottom with
anodically-bonded glass UHV seals, referred to as windows. The silicon frame design
should include a “moat” buffer volume in order to increase vacuum lifetime and passive
pumping capability should be provided by non-evaporable getters internally sputtered on
the chamber walls and windows (with suitable regions masked to ensure optical access).
Alkali metals for cooling should be present within the device, but safely encapsulated
away during manufacture, only to be later released on dispenser activation. The distri-
bution of alkali metal in the chamber should be controllable, in order that a high density
may be maintained in auxiliary chambers for spectroscopy purposes, while a relatively
low density vapour may be admitted to the science chamber for direct loading of a MOT.
The MOT itself may be produced by 6 near-resonant beams on 3 optical axes passing
close to the axis of solenoid field coils in anti-helmholtz configuration, printed on circuit
board (PCB) attached to the outside of the device. The beams may be brought to bear
by fibre output couplers outside the device and retro-reflected by mirrors. A 3D rende-
ring of the design concept is shown in fig. 3.17. The mechanics of anodic bonding under
ultra-high vacuum and the first results showing the presence of Rb vapour in our cells
take centre stage in chapter 4 and chapter 6.

The level of progress presented in this document is the culmination of about 5 years of
combined effort of the group. At the stage we are at now, we already have some viable
vacuum cells which may have encapsulated the correct environment. We can expect their
lifetime to be sub-optimal, but as iterations progress we also expect to further optimise
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them to converge on the expectations outlined in the next chapter. Some devices have
been characterised as vapour cells, indicating the presence of sufficient rubidium and the
probable good vacuum conditions inside the device. The next experimental steps involve
the devising of new methods to try and determine the internal pressure of sealed devices,
and (in concert with this effort) to try and obtain a cold atom sample within one of
them. It is likely that, given a device sealed to sufficient vacuum pressure (achievable
within the next few months) a cold atom sample could be realised immediately.
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Chapter 4

The UHV Die Bonder

As discussed in chapter 3, the processes involved most directly in sealing the ultra high
vacuum cavities on the integrated atom chips are anodic and eutectic bonding. Both of
these processes have been well-optimised by the semiconductor industry for use in atmos-
phere and low vacuum encapsulation, and are sometimes described as “low-temperature”
techniques [206]. Nevertheless, they still require temperatures considered “high” com-
pared to ideal conditions for ultra-high vacuum. For anodic bonding, typical processes
occur at 300-400◦C [124], while bonding between gold and silicon occurs at the Au-Si
eutectic temperature (363± 3◦C) [207]. Additionally, anodic bonding requires the appli-
cation of an intense electric field at the interface to be bonded, in the range of 750-2000V.
Combined, these conditions prove quite the challenge when coupled with the necessity
of clean, ultra-high vacuum requirements, and have placed considerable constraints on
the apparatus needed to seal the chips. Significant time and effort has gone into the
design and construction of a vacuum bonding device capable of overcoming these hurd-
les, and this chapter will discuss its development, along with analysis of its vacuum and
fabrication characteristics.

Although commercial vacuum bonding systems are available, it was initially thought to
be faster, cheaper and simpler to construct one of our own, since there exists consi-
derable vacuum chamber design expertise within the group. Of particular note is the
AML company [amlWebsite], which produce a device which was ultimately acquired
for use on this project. The design of their system is fairly robust, and lends itself well
to mass fabrication of vacuum encapsulated MEMs devices, but due to its low capacity
for bakeout times and temperatures (as discussed later) plus the limitations of standard
pumps supplied, it is less suitable for rapid production of ultra-high vacuum prototypes.
Other groups exploring anodic bonding for ultra-high vacuum applications include Col-
dQuanta, whouse the method for sealing their own compact cold atoms systems, while
preferring to use active instead of passive pumping [208].

71
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Figure 4.1: A cartoon of the surface chemistry occurring before and during an anodic
bond. The dashed molecular bonds in the first image are links to other parts of the
network, not shown for clarity in the second and third images. Exciting the network
modifier (sodium in this case) close to its activation energy Uq and applying a strong
electric field leaves oxygen bonds “dangling” next to the silicon surface. This sketch

does not attempt to show the correct scaling of stoichiometry or bond angles.

4.1 Anodic Bonding: Theory

Anodic bonding is a technique which was first patented in 1968 [164] and has been used
in many applications, but recently as a method of electrically insulating and vacuum
encapsulating devices fabricated in the MEMs industry [209], as well as having appli-
cations in making small vacuum cells for atomic frequency standards[210], vapour cells
[181] and vacuum pumps [33]. The principle of anodic bonding has been shown to apply
to a number of different materials, which have been bonded directly to sodium-based
glasses. Some key results were bonding between glass and aluminium [211], and (for our
application) glass and silicon, but other materials have also been bonded by this method.

4.1.1 Ionic Mobility

Most commercial glasses contain alkali metals which can act as charge carriers, contribu-
ting to their electrical conductivity, and the glasses used in this study predominantly use
sodium (Na) as the alkali. Heating the pair to be bonded improves the ionic conductivity
of the glass, so that when it is subjected to a high electric field, a large Na+ ion current
may flow to the negative electrode, according to the Nernst-Planck diffusion equation
[212]:
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Figure 4.2: An equivalent circuit treating the depletion layer as a polar capacitor and
the bulk of the glass as a resistive element. ρ: glass resistivity, L: total thickness of
glass, A: overlap area between bonding pair, ε: dielectric constant of glass, p0: initial
concentration of mobile charge, q: the charge associated with each carrier, Q: the

transferred charge moved out of the depletion layer

∂c(z, t)

∂t
= ∇ ·

(
−DNa(T )∇c(z, t) +DNa(T )

ZNae

kBT
∇U

)
(4.1)

Where c(z, t) describes the concentration of Na at a point along an axis normal to
the bonding interface, DNa(T ) is the self-diffusion coefficient for sodium in the glass in
question, ZNa is the valency of the transported species (ZNa = 1 for sodium) and U

defines the potential difference across the bonding region at a temperature T . All other
parameters hold their usual values. At a temperature where alkali metals present in the
glass are mobile enough to drift under the influence of an electric field (for sodium in
Pyrex, for example, the drift activation energy has been found to be 0.97±0.14 eV/mol,
calculated from a series of measurements during bonding at 250V [213]) the pair is
brought into “ultimate contact”. Migration creates an ionic depletion layer near the glass-
silicon interface (where electrostatic forces pull the two wafers into intimate contact), and
surface silicon forms siloxane bonds at the remaining ionic oxygen sites. The ultimate
size of the depletion layer for a given glass is dependent on both the temperature and
electric field gradient used.

This bond is so strong that it is considered “permanent”; the strength of the bond is
greater than the tear resistance of Si, and so the materials bonded will crack before the
bond itself does [214]. Albaugh formalised a model describing the current dynamics of
the anodic bonding system: treating the glass as a fixed resistor, the depletion layer as
a polar capacitor, and applying circuit analysis laws [215].

Under these circumstances, ionic current flows according to the equivalent circuit diagram
in fig. 4.2, where the bonding voltage is modelled as a current-limited power supply, the
bulk of the glass is represented as a simple ohmic resistor and the depletion layer at
the interface as a capacitor (fig. 4.2). The vastly increased conductivity of the silicon
compared to the glass allows it to be simply modelled as a wire to ground.
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The resistivity of a sample of material containing charge carriers whose activation energy
is Uq depends on the temperature T of that sample, the initial charge concentration, nq
and a constant prefactor dependent on geometry and other factors, leading to [216]

ρ ∝ 1

nq
e

(
Uq

kBT
) (4.2)

The resistance of a given sample of glass therefore includes a steep temperature depen-
dence, and the resistance of the depletion region increases as the concentration of charge
carriers drops off. The charge transferred during bonding is directly related to the extent
of the reaction [217] or, in other words, the strength and overall quality of the bond [214,
213]. This quantity seems to be empirically derived, as literature quotes an estimate of
4mC/cm2. For an area of 0.05 cm2, equivalent to the entire area of one µMOT glass
window, the equivalent charge transfer for good bonding should be 0.08C.

The final result showed that the transient current through the bonding pair can be
written

I

I0
= sech2 (ζt) (4.3)

where ζ = V/R
√
εA3pV , given R as the effective resistance of the glass and ε its per-

mittivity, A the electrode area and p the concentration of mobile charges.

Figure 4.3 shows simulated current measurements- the high voltage is switched on at
t = 0, and the current rises to its peak value after one time unit, where it briefly remains
constant (Ohmic behaviour). It then drops sigmoidally, tending towards zero as alkali
atoms are depleted. These results were calculated by numerical solution of the Nernst-
Planck model with a fourth-order Runge-Kutte method, and show a good match to the
hyperbolic secant squared function proposed by Albaugh. The same model was also
used to calculate the position of a depletion layer boundary for various different bonding
temperatures, which for 350◦C is found to have a half-width of 1±0.2µm. Experimental
depletion layer thicknesses for bonding under similar conditions reveal results in the 0.5
to 1.5µm range, which is consistent with this prediction [218].

Canonically, the bond is considered complete when the bonding current drops to 10%
of its maximum value. Setting I/I0 = 0.1, we can use eq. (4.3) to find the time a bond
takes to complete
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(a)

(b)

Figure 4.3: Numerical solutions to the Nernst-Planck model giving a) ionic flux de-
parting a pyrex block through a boundary at 5µm away from the bonding interface as
a function of time (shown in red is a sech2 fit with realistic parameters) and b) the
charge carrier concentration as a function of distance, demonstrating the evolution of

a depletion layer.
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10 = cosh2(ζt1/10)

ζt1/10 = a cosh(
√

10)

t1/10 ≈
1.81845

ζ

Therefore for bonds taking between 30 seconds and 10 minutes, we can expect values of
ζ = 0.061 to 0.003 s−1 upon making numerical fits to bonding current data experimentally
obtained.

4.1.2 Bond Quality and Coverage

The quality of the anodic bond achieved depends strongly on the quality of the surfaces
present at the interface, although nowhere near as sensitively as that of other bonding
techniques [219]. The presence of the electrostatic force encourages the slightly softened
glass to elastically deform, and several works have used bonding partners of varying
surface roughness quality. Surface roughnesses of 20 nm [220], 15 nm [221], 14 nm [209],
1.5 nm [222], 1 nm [223] have all been reported to produce successful bonds with yields up
to 99.7% on 4” wafers. Smoothness of the bonding surfaces is essential, as any scratches
or asperities larger than approx 20 nm may locally inhibit bonding, resulting in leaks
and internal contamination. The previously mentioned studies also specified a flatness
of better than (order of magnitude) 10µm and these parameters define the tolerance for
surface polish and dust particle contamination in the bonding environment. The silicon
frames we use, and the glass windows they are sealed with, are prepared after machining
with polishing down to optical flatness (to 5 nm RMS roughness) and must be kept as
dust-free as possible, since one or two dust particles could compromise the device seal.

Based on a derivation found in [224], it is suggested that the diameter, x, of a void
depends on the combined elastic modulus of the silicon and glass, K (calculated at
6×1010 Pa for aluminosilicate glass and silicon), the particle diameter, d, and the surface
energy (γ, assumed to be that of a pure silicon surface, 0.1 J/m2)

x =

√
8K2d4

3π2γ2
− d2 (4.4)

According to this calculation, a particle approximately 0.14±0.05µm in diameter would
create a void large enough to disrupt the sealing ring.

The overall coverage of bonding (defined as the fraction or percentage of the total inter-
face area within which bonding has occurred) can be visually assessed, either during the
process if a point cathode contacting the wafer in only one place is used, or after the fact
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Figure 4.4: Images of bonded wafers of different contact quality, reproduced from
[225]. Note thevisible fringes present in the voids of subfigure a.

if using a plate cathode. When bonding in air, it is usual to use a point electrode with
a moderate pressure applied at the point of contact near the centre of the wafer. This
causes initial contact of the two wafers in a predictable place, where bonding begins. A
“front” of bonding propagates from this point outwards, so any gases otherwise trapped
between the wafers are expelled to the sides and do not form bubbles. Before bonding
begins the small air gap between two wafers nominally in contact creates interference
fringes (coloured Newton’s rings under white light). In regions where bonding has com-
pleted, however, intimate contact between wafers eliminates the air gaps, leaving a flat
grey surface, less reflective than the initial samples. A nice demonstration of the optical
properties of bonded pairs with different contact qualities is found in fig. 4.4, repro-
duced from [225], where optical fringing can clearly be seen in void regions on wafers
with incomplete bonding. When a plate electrode is used, the bonding front is diffi-
cult to observe directly during in process, but still provides valuable information about
completeness of the surface coverage after the fact.

For the most part, the material composing the cathode is not of great importance, except
that it must have a high electrical conductivity, and that for most applications it should
not contain ions which may leach out into the glass under influence of the electric field.
What is essential for a plate cathode is a flat, smooth, clean surface, otherwise any large
asperities (> 10µm) may behave as miniature point electrodes, and a concentration of
high ionic flux may occur in these regions, adversely affecting the glass properties.

4.1.3 Surface Processes

The mechanism by which the surfaces at the interface achieve intimate contact is funda-
mentally electrostatic and depends on an attractive force per unit area which for ideal
conductors can be written as
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P =
1

2
ε0E

2
x (4.5)

where Ex is the local electric field present in the air gap between the wafer surfaces and
ε0 is the free space electrical permittivity. Of course for the case where silicon is bonded
to aluminosilicate glass at an elevated temperature, only the silicon is such a conductor,
with its conductivity depending on the dopant density (see fig. 5.1). For our application,
the resistivity of the silicon is negligible compared to that of the glass, so it is neglected
in this calculation where Anthony [Anthony1983] eventually obtains

P = Vdεrρp (4.6)

given the relative electrical permittivity of the glass (of thickness t) in question εr. For
bonding parameters similar to those used for calculating the Albaugh model shown in
section 4.1.1, the absolute value of the applied voltage, VD, might be 400V and the
density of available charge ρp in Pyrex, for example, is quoted by Wallis as 208Ccm−3

[226]. For glass with a relative permittivity of 5.1 an electrostatic pressure of 0.42MPa
may be developed to press the wafers into close, intimate contact.

In terms of the actual surface chemistry of the anodic bonding reaction, there are two
competing models of bond formation which are not entirely contradictory, but which
rely on subtly different base mechanisms to explain how the bond occurs [124]. One
model, proposed by Baumann, and Schmidt. Common to both models are the following
initial conditions- at sites within the bulk glass where sodium and oxygen are bound
together, the following reaction occurs with electrical excitation at temperatures above
the diffusion activation energy

Na2O→ 2Na+ + O− (4.7)

Additionally, if there is any water adsorbed on the bonding surfaces it decomposes

H2O→ H+ + OH− (4.8)

and hydrogen from this process diffuses into the glass, acting as a catalyst in the further
dissociation of Na2O, which then recombines into sodium hydroxide

2Na2O + 2H2O→ 2NaOH (4.9)

and on the bonded surfaces, clamped together by the 0.42 Pa pressure, ≡ Si−OH +

HO− Si ≡→≡ Si−O− Si + H2O where the ≡ indicates that three of the Si bonds are
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occupied by neighbouring Si atoms within either wafer. The end result of this procedure
is that siloxane bonds between the silicon and glass are formed

Si(OH)4 → SiO2 + 2H2O (4.10)

where the released water is again cracked, contributing to further hydration and dehy-
dration cycles of silicon structures at the bonding interface, producing byproducts of
hydrogen and oxygen into the surroundings. In this synthesised model of anodic bon-
ding, water is an essential component and so it is expected that anodic bonding under
UHV conditions may take longer and transfer less total charge than under atmosphere.

4.2 System Requirements

Combining all of the properties required of the starting vacuum in a µMOT cell, and the
typical conditions needed to achieve good anodic bonding, we have ended up with the
following requirements on the UHV bonder:

• Vacuum pump down to below 10−7 mbar in a reasonable time frame (less than a
few days),

• with a residual gas distribution low in noble gases

• with separable bonding platens to allow for degassing and outgassing of bonding
samples prior to sealing

• Stable heating of platens to temperatures up to 500◦C

• Application of potential differences up to 1.5 kV (at several mA) across the bond
interface

• Capacity to analyse residual gases present during and after bonding

• Good lateral alignment (to better than 0.5mm) of bonding samples

The remainder of this chapter is dedicated to describing the methods by which we attempt
to achieve the performance here listed.

4.3 Version Information

The evolution of the systems in use began with the construction of an “air bonder” with
no vacuum apparatus encapsulating it. Subsequent iterations achieved increased bonding
temperature and better control over the applied voltage, as well as improvements to the
anti-contamination systems built around the devices.
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Bonder
version

Maximum
platen
tempe-
rature
(◦C)

Vacuum
base
pressure
(mbar)

Maximum
bonding
potential
(kV)

Current
Limit
(mA)

Desorption
lamp

Residual
gas analy-
ser

Laminar
flow

Humidity
regulation

Air bon-
der (0.1)

400 1× 103 2 62 No No Yes No

UHV
bonder
version
1.0

350 1× 10−7 2 62 No No No No

UHV
bonder
version
1.1

700 7× 10−8 2 62 Yes Yes Yes Yes

UHV
bonder
version
1.2

700 3× 10−8 1.5 2 Yes Yes Yes Yes

AML
bonder

560 6× 10−7 2.5 3 No No Yes No

Table 4.1: The equipment of each iteration of the integrated atom chip bonding
system

4.4 Preliminary Tests: Bonding in Air

Initial work with anodically bonding glass and silicon in our labs was carried out under
ambient conditions in an attempt to optimise the process for our chosen materials prior to
establishment of the UHV bonder apparatus. In fig. 4.5(a) is a 3D cut-away rendering of
the setup initially used for these tests. Within the electrically- and thermally-insulating
enclosure (yellow PVC, brown Tufnol and grey polycarbonate) is the mounting system
upon which bonding took place. Threaded into three aluminium feet (bolted to the Tuf-
nol base for stability) are legs supporting a standard DN100CF vacuum flange. Mounted
on this flange is a steel heat-spreading platen, electro-polished to provide a flat surface
for bonding. The heater was powered from mains voltage (240VAC at 50Hz), regula-
ted by a Eurotherm 2216e PID controller, which maintained the process temperature
to within 0.5◦C around the set-point based on measurements from a K-type thermo-
couple embedded in the heater. Temperature data was recorded by a PC with a direct
serial port connection to the Eurotherm control module, and current and potential diffe-
rence data was recorded on the same PC via the analog-to-digital converter (ADC) and
FTDI serial-to-USB adapter present on a ChipKIT Uno32 prototyping board. Further
details of this control system can be found in chapter A. All work with the air bonder
took place under a vertical laminar flow hood system, designed to minimise particulate
contamination in the work area, equivalent to a class 100 clean room.

The bonding voltage was provided by an external high-voltage power supply connected
to a safe high voltage (SHV) connector, broken out inside the apparatus and with the
core conductor (biased negative relative to ground) connected to a point or plate elec-
trode, depending on the setup for the required process. The earth shroud is fixed to
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(a) (b)

Figure 4.5: Figure (a) is a cut-away rendering of the original ambient-environment
anodic bonding setup. The red wire at the top provides electrical contact from the
negative electrode to the power supply, while the black and green wires earth the
chassis. The blue wire provides power to the internal heater, whose return path is
not seen here. The white wire indicates the location of an internal thermocouple for
temperature sensing. A sketched diagram in figure (b) shows a cross-section through

the bonding platform.

the DN100CF flange to provide a ground for the silicon bonding partner. In order to
anodically bond using this apparatus, the procedure was essentially the following:

1. Clean and dry the sample pair to be bonded and stack them, silicon first, on
the steel heat-spreader. The sample cleaning process is the same for all bonding
apparatus, and is outlined in section 4.4.1.

2. Place the electrode gantry on its supports, locking it in place, and bring the elec-
trode into contact with the glass.

3. Set the required bonding temperature and allow the system to equilibrate. fig. 4.6
shows the heater’s response to a change in setpoint from room temperature to
350◦C.

4. At temperature, apply the required bonding voltage.

5. After the bond has finished, ramp the heater to room temperature at a rate ap-
propriate for the glass used.

Current data measured through the ChipKIT Uno32 was detected directly from the “cur-
rent sense” terminal on a custom-made high voltage power supply capable of supplying
potentials in the range of 0 to -2000V relative to ground, but without any current-
limiting. In order to be able to make use of the full dynamic range of the device it was
necessary to amplify the current sense signal so that it matched the reference voltage of
the ADC, the details of which can be found in chapter A.
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Figure 4.6: A typical heating ramp given a step impulse changing the set point from
room temperature to 350◦C at t = 0, calculated from 4 separate ramps with identical
starting conditions. The orange region shows uncertainty due to variation between
each run and the blue region shows temperatures suitable for anodic bonding, which is

reached within 9 minutes.

4.4.1 Glass Species Assessment

Preliminary tests of the air bonder used a variety of different glass types, starting with
highly bondable glasses: soda-lime glass, Schott Zerodur, Corning 7740 Pyrex and Schott
Borofloat 33, which, while they have plenty of drawbacks for the µMOT application
(chapter 3), provide good baseline testing materials. Plots of bonding current as a
function of time for each glass are shown in fig. 4.7, where each bond was carried out
twice: once with a “point”-style electrode, and once with a “plate” electrode. The point
electrode used was a stainless steel rod, threaded for ease of adjustment of its vertical
position and polished to a sharp tip (diameter d < 250µm). The plate, on the other hand,
was manufactured from a cylinder of solid aluminium, polished to a few micron surface
flatness on the side contacting the samples and with a diameter measuring d = 30mm,
large enough to completely cover the bonding pair but small enough that the extra
overhang does not incur electrical arcing between the bonding electrodes. Notable in
each instance is the largely increased bonding current and decreased time taken when
using a plate electrode. This is only to be expected, as the larger contact area facilitates
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a larger current flow by effectively reducing the series resistance in the equivalent circuit
as in fig. 4.2.

The parameters for a good bond were established based on results found in the literature,
where a typical setup might use a temperature T = 350◦C and an electrical potential
U = 650V. Each glass sample mentioned in this section had an area of approximately
100-200mm2 and a thickness of 2mm, and was bonded to a 1mm thick fragment of
silicon of a matching size and shape. Bonding was carried out following a strict cleaning
process of both the glass and silicon piece, starting with a deionised (DI) water rinse and
pure, dry nitrogen blow dry. The process of rinsing and blow drying is then repeated
three further times, first with acetone, then with isopropyl alcohol (IPA) and finally once
more with DI water [227, 228, 189]. Immediately this process is completed, the bonding
pair is brought into contact to prevent any further dust deposition at the bond interface.
The pair is then clamped in the bonder and heating begins.

The glass which is least suitable for our application, but the most bondable due to
its appreciable sodium content is soda-lime glass, and bonding samples for this were
fabricated from microscope slides, scored and snapped into roughly square pieces. The
current decay curve is plotted in fig. 4.7(a). Soda-lime glass exhibited a very high peak
current density, indicating a large charge transfer and a strong bond. The bond also
reached completion very quickly, with the current density detected dropping to less than
10% of its maximum value after 136 seconds of bonding time. This is characterised
by a sech2 fit whose argumental fitting parameter ζ = 1.46 s−1. On the other hand,
its coefficient of thermal expansion is significantly mismatched with that of silicon and
so even the slowest of cooling processes results in shattering of the bonded glass due to
thermal stress. This shattering was observed in every sample bonded using the soda-lime
glass.

Schott Zerodur was the next glass tested, which is famed for its high tensile strength,
low He permeability and low absolute thermal expansion across the entire temperature
range necessary. There is also a high concentration of alkalis available in Zerodur resulting
again in a large charge transfer, but a much slower decay. Here ζ = 0.66 s−1, a much
slower bonding process, where the current density detected dropped below 10% of its
maximum value after 370s, as shown in fig. 4.7(b). Again, the bond achieved was clean
and uniform and due to the thermo-mechanical properties of the glass the bonded pair
remained intact throughout the cooling process. However, because of the inadequate
vacuum properties of Zerodur, it will not be used for vacuum bonding of vapour cells or
µMOT devices.

Next two very similar glasses, both scientific borosilicates with coefficients of thermal
expansion well-matched to silicon around 200◦C, and deviating by only 7 × 10−7◦C−1

at most [169]: Corning 7740 (Pyrex) (fig. 4.7(c)) and Schott Borofloat 33 (fig. 4.7(d)).
At first glance the two glasses behaved very similarly under bonding conditions, with
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(a) Soda-lime glass, Qpoint = 0.45C,
Qplate > 0.21C

(b) Zerodur, Qpoint = 0.42C, Qplate >
0.62C

(c) Corning 7740, Qpoint = 0.07C, Qplate =
0.20C

(d) Schott Borofloat 33, Qpoint = 0.06C,
Qplate = 0.11C

(e) Generic aluminosilicate, Qpoint = 0.06C, Qplate = 0.18C

Figure 4.7: A comparison of different bonding current curves for the bondable glasses
under test, using both a needle “point” electrode and a flat “plate” electrode.
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the current decaying to 10% within 1 minute in both cases. In fact, the Pyrex reached
this criterion within 34 s, while the Borofloat settled after 56 s. The fitting parameters
in this case are somewhat misleading, due to a significant amount of current noise in
the Pyrex data (which in turn is due to small dust particles which impeded the bonding
wave and resulted in the formation of voids at the interface), but they do indicate a
significant increase in the rate of current decay: ζ7740 = 12.7 s−1 and ζBF33 = 7.9 s−1.
This figure is to be expected; it is not for nothing that Pyrex 7740 and Borofloat 33 are
often selected for anodic bonding in MEMS devices. Their properties are well-suited to
industrial processes, and they are highly bondable, but as with Zerodur, they do not
perform adequately as an ultra-high vacuum barrier material for a passive device and so
must ultimately be discarded.

Finally, the bondability of a generic aluminosilicate glass was checked, with the result
plotted in fig. 4.7(e). With the same bonding conditions used for other glasses a much
smaller current density was observed, peaking at only one tenth the maximum, but the
discharge fit parameter ζ = 7.5 s−1 was comparable to that of Pyrex and Borofloat even
though the current did not decay to below 10% of its maximum value, even after 20
minutes, the bonds did finally cover the entirety of the bonding area. This is expected,
since the sodium content of the aluminosilicate is lower than that of other specialised
glasses [124], but the result verified that aluminosilicate was suitable for anodic bonding
using the equipment available in the Integrated Atom Chip lab. A summary of all the
glass types assessed is shown in fig. 4.8.

Further testing of this glass’s behaviour under anodic bonding verified the intuitive in-
dications in the literature that higher voltages and higher temperatures lead to larger
bonding currents and higher overall charge transfer, resulting in higher-quality bonds.
Three examples are shown in fig. 4.10, during which the bond temperature was ramped
from 300 to 350◦C (blue curve), at the same rate for each sample. The only parameter
which was varied between the three runs was the applied voltage, at 0.5, 1 and 2 kV.
The plot shows that using a higher bonding voltage increases the total current flow in
the system as expected, but also that for voltages higher than 1 kV the increase in the
rate at which current initially rises does not increase (note the exact match between the
1 kV and 2 kV curves up to t = 42 seconds). Similarly, the higher the maximum current,
usually the slower the decay back down to the 10% threshold value. Therefore, a higher
voltage may lead to a stronger bond but the same amount of die coverage in a given
time. The 2 kV curve exhibited significant current discharge around t = 1 minute, and
that experiment was terminated to prevent damage to the equipment, and to minimise
damage to the bonding pair. This large spike appears to correspond to the two large
increases in current in the other two curves, which occur at a temperature between 337
and 346◦C, corresponding to an activation energy UNa = 5.22 ± 2 eV, as compared to
the literature value for glasses of similar composition: UNa = 4.5 ± 0.5 eV [216]. These
results are consistent with low-sodium glass, even though our result has a large margin
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Figure 4.8: An overview of the bonding properties of each glass considered. The
recorded bonding data each used a plate electrode and were carried out at 350◦C and

650V.

of uncertainty due to a low number of data points. A photograph of a typical test bond
is shown in fig. 4.9.

In summary, aluminosilicate glass can be bonded with similar bond strengths to other
“bonding glasses”, given the correct experimental parameters- in this case temperatures
exceeding 341 ± 3◦C and voltages in between 1 and 2 kV. The aluminosilicate is most
attractive for its vacuum and optical properties, but given its bondability and high
toughness, it is an ideal candidate for µMOT optical windows.

4.4.2 Design Requirements

The temperature ranges in question are somewhat high by cold atom physics UHV stan-
dards, since they will result in continual outgassing of the electrode surface and of their
radiatively heated surroundings at an increased rate. These temperatures also increase
the permeability of steels typically used in vacuum construction, allowing the absorption
of residual gases into the electrodes. In principle, these gases should be ejected again
while the electrodes are at an elevated temperature, but any micro-cracks or fissures
in the structure could provide pockets of gas which would result in virtual leaks in the
chamber, reducing the overall rate of “Fick’s law” type diffusion. For this reason the
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Figure 4.9: A shard of aluminosilicate bonded to a silicon blank. None of the surface
exhibits obvious fringes, but there are some small non-bonded regions at the top, due

to tiny dust particles.

Figure 4.10: Three bonding curves for aluminosilicate undergoing the temperature
ramp indicated by the blue curve, with an uncertainty region of ±3◦C. The data show
a dramatically increased bonding current with increased voltage. The high voltage
supply was shut off after 1 minute of exposure to 2kV, when severe arcing occurred
in the system. The black dotted line shows the 10% mark which canonically indicates

bond completion.
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electrodes must be made from polished materials and include ventilation gaps to allow
for the escape of any gases which might build up. An additional consideration is the
ionisation of residual gases by the bonding electrodes themselves, which may enhance
and accelerate the outgassing process. This contribution to chamber and sample conta-
mination is more or less unavoidable, but it can be mitigated by a thorough cleaning of
all vacuum components prior to assembly, and a degassing run (holding the electrodes at
an elevated temperature for an extended period of time) prior to every single bond. In
order to achieve a clean, degassed and bonded pair, the initial heating of the two samples
must take place when they are not in contact.

4.4.3 Cleaning & Assembly of Vacuum Bonder Parts

Building a vacuum chamber relies on keeping all the constituent parts clean, as any
contamination will result in outgassing and impose a lower limit on the ultimate pres-
sure achievable in the bonding chamber (and in turn the emptiness of the final µMOT
environment) [229]. The cleaning process for all the parts involved in the bonder’s con-
struction uses a simple solvent clean procedure leading up to assembly, all of which took
place in a specially-prepared clean environment under a laminar flow hood.

The initial clean is agitation under de-ionised (DI) water and detergent (diluted ap-
proximately 100:1) in a high-capacity ultrasonic bath (20kHz) for 20 minutes at room
temperature. This step was then repeated again with clean DI water. Depending on the
part’s size, the next step varies. For a part with a characteristic length less than 5cm
(such as bolts, ceramic bushings and cabling), the part experiences a further ultrasonic
bathing in a small (Camlab C080T) bath under organic solvent followed by a wipe dry.
Two solvents are initially used; acetone and methanol in that order, followed by rinsing
with clean DI water and a pure nitrogen blow-dry. This sequence of solvents is determi-
ned by the way contaminants dissolve within them. Generally, we start with solvents in
which common contaminants such as machine grease have a high solubility. Unfortuna-
tely these solvents are also highly volatile and are more likely to leave undesired deposits,
which need to be removed with less volatile solvents further down the process chain.

All parts, including artefacts larger than 5 cm characteristic size, such as the chamber
itself and any pieces with a DN40-100 CF flange, were then “deep cleaned”, entailing
the use of clean-room grade low-particulate, microfibre cloth and cotton buds to clear
the part’s every surface and recess of contamination. Each cloth and cotton bud tip is
only used once to prevent cross-contamination between surfaces. All hand-cleaning and
assembly requires personal protective equipment, including gloves, to prevent contami-
nation by natural skin oils and to minimise any health risks associated with the solvents
in use during later steps. The same sequence of solvent was used as for the ultrasonic
clean (DI water, acetone, methanol, DI water again and nitrogen blow dry), and once
fully dry assembly of the parts began.
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(a) (b) (c)

Figure 4.11: The first iteration of the vacuum bonder a) during assembly, b) just
prior to being baked (note the Turbolab 80 pumping station below the oven) and c)

showing a close-up of one of the bonding platens prior to installation.

Excluding any parts intolerant of temperatures up to 150◦C (such as electronic control
systems or their plastic housings), the assembled bonder was translated to an oven for
preliminary commissioning, bakeout and pumpdown (fig. 4.11(b)). A Pfeiffer Vacuum
Turbolab-80 turbo-pumping station with integrated diaphragm backing pump was at-
tached via a 1 metre long corrugated stainless steel vacuum hose through a hole in the
oven wall. The pumpdown began by switching on the diaphragm pump and using it
to evacuate the chamber to a suitable pressure for the turbomolecular pump to start
( 20mbar) and then the bakeout was begun by setting the oven temperature to 150°C
and left to evacuate for eight days.

This general procedure applies to most alterations and modifications that were needed to
upgrade the system, and certainly the solvent cleaning procedure was used as specified
above for all additions to the chamber. In some cases, though, it was not possible
to bake out all parts fully assembled. For example, after the refitting of versions 1.1
and 1.2 of the bonder, it was not possible to bake the whole assembly under vacuum
without disassembling the interface to the glove box, which would have risked further
contamination of the whole system. Instead, an in-situ internal bake was carried out in
these cases, which involved using the heater blocks at a temperature exceeding 150◦C
for a time period of greater than 3 days.

4.5 Version 1.0

The properties of the first nominally complete iteration of the UHV bonding system
are summarised here, including details of the environmental control system, the vacuum
pumping methods used, and the specifics of the linear translator, heating and electrode
design.
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4.5.1 Environmental Control Subsystem

In order to maintain both maximum cleanliness of the vacuum bonding system (for
optimal pumpdown time) and the best possible surface quality of samples (for high-
yield bonding), the bonder was housed inside a Terra Universal Smart Glovebox (with
load-lock) manufactured in static-dissipative polyvinyl chloride (SDPVC). The system
includes a gas bottle access port which is used to feed a humidity regulator with dry
nitrogen from a pressurised canister. The humidity regulator, adjacent to the load-lock
chamber, is typically set 10%rH (according to literature review, commercial humidity
sensors are only reliable above 8% rH at the lowest [230]), and this value is checked with
a separate humidity sensor on the other side of the box. Both indicators agree to within
an average of 5 percentage points rH. Nitrogen pressure (above atmosphere) at the inlet
is kept below the safe limits specified by Terra Universal for the glove box (10-20 psi).
5-10 psi is sufficient pressure to bring the box to its humidity set point within 10-15
minutes, and an oxygen meter adjacent to the second humidity sensor is used to monitor
wet air displacement by the purge gas. At equilibrium, this meter typically shows oxygen
percentages between 5 and 10%. Dry nitrogen flow into the box serves a few purposes.
Firstly, the same source of nitrogen is used to vent the chamber to atmospheric pressure,
reducing the amount of atmospheric contaminants which can be deposited during the
process of introducing and removing samples. The slight excess of pressure in the glove
box also serves to help in excluding large particles of dust which may otherwise settle on
sample surfaces, or fall inside the vacuum chamber while it is open. Additionally, it is
essential that once the samples have been cleaned and prepared for the decontaminating
vacuum bake that they are kept in as dry an environment as possible, in order to minimise
bakeout time, to reduce initial load on the embedded NEGs, and to preserve the rubidium
dispenser pills from inhibitory (and potentially dangerous) degradation.

4.5.2 Vacuum Subsystem

The core of the bonding system is a Kimball Physics 6.0” spherical octagon vacuum
chamber [231]. This is a standard, commercially-available chamber with an internal
volume of 1.263l and machined in 316L stainless steel, a standard material for vacuum
chamber design and manufacture [232]. It has ten vacuum ports in total: eight DN40CF-
compatible 2.75” del-seal conflat flanges, and two DN100CF-compatible 6.00” del-seal
conflat flanges. The larger top and bottom flange positions are occupied by custom-
made attachments supporting the bonding apparatus itself, while the smaller flanges
around the circumference of the chamber are arranged as in fig. 4.12. Unless otherwise
marked, all valves attached directly to the chamber are Caburn MDC MAV-150-V all-
metal valves.

The attachment the 12-o’clock position 4.12 is an all-metal valve connecting the cham-
ber to a Varian Turbo-V 70LP turbomolecular pump, backed by a Varian SH-110 dry
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Figure 4.12: Schematic diagram of the vacuum bonder and its pumping and diagnostic
apparatus.

compressing (scroll) roughing pump. The latter is attached to the former via a DN40CF
to 25KF adapter and a 0.5m vacuum hose. The SH-110 is used as both a roughing pump
and a backing pump, reducing the pressure in the chamber to < 1mBar in a few minutes.

Through a T-piece above the turbopump connection is the ion gauge, an Oerlikon Ley-
bold Ionivac ITR90 combination Pirani and Bayard-Alpert hot filament ionisation gauge
[233]. Measurements are made using a Chipkit Uno32 board and a custom analog buffer
attached to the device’s serial output, calibrated according to the operations manual.
Also attached is a leak-valve used for connection to a dry nitrogen bottle. This is useful
for allowing inert gas into the chamber in order to purge and vent it after a bonding
process. The ion pump (Gamma Vacuum TiTan 45S) sits opposite three standard Kovar
viewports, the central window exposing the chamber to a lamp and flanked on either
side by two more windows at a 90° angle. These two provide an opportunity to mount
CCD cameras to assist in locating and aligning the electrodes during the approach to
the bonding process.

4.5.3 Linear Translation Subsystem

The linear translation subsystem was designed and built in close collaboration with
the Southampton physics mechanical workshop, drawing inspiration from commercially-
available “z-stage” designs. The translator relied upon the structure of the conflat flange
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(a) (b)

Figure 4.13: A CAD rendering of the first linear translation subsystem. First (a) an
overview of the system, (b) an annotated half-section view, EWB: edge-welded bellows,
B: bracing bracket, AR: alignment rod, TR: translation rod, DMD: distance-measuring

device, H: actuation handle

system fitted to the vacuum chamber for self-centring and alignment, with an edge-
welded bellows for vertical movement. For rigidity of alignment, the translator (shown
in fig. 4.13) is braced with a retaining bracket and with three aligning rods. Actuation
of the translator is achieved by means of a threaded rod, compressing or extending the
bellows as required. A digital readout of the platen position is provided by the electronic
distance-measuring device, a GemRed digital dial gauge. The maximum travel of this
first-generation translator is 8mm, limited by the internal vertical size of the vacuum
chamber but sufficient to separate the samples during bonding and allow evacuation of
the integrated atom chip features. Although a horizontal translation axis would serve to
reduce the number of particles possible remaining at the bonding interface (which would
fall off due to gravity), a vertical translation axis was chosen due to the need to include
loose components such as the alkali metal dispenser pills in the device design.

4.5.4 Electrode Subsystem

In order to both clamp the bonding samples in place during the process, and to make
good electrical contact, a great deal of thought went into the design of the bonder’s
electrodes. For its thermal and electrical properties, as well as ease of machining, copper
was used for the first generation of bonding platens. The first design requirement is for
a recess within the electrode suitable for a µMOT die. Generation-1 die designs are of
a total occupied area 20 × 25mm2, but in order to make room for expansion and to
allow for imperfect machining, a recess of area 26× 26mm2 was milled to accommodate
dies. The depth of this recess should uniformly be less than the thickness of the bonding
partner destined to sit within it, to prevent any chance of a short between the bonding
electrodes, which would shunt current around the bond. To hold the samples in place, a
mechanism was devised which made use of two perpendicular “clamping jaws”, fastened
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(a) (b)

(c)

Figure 4.14: CAD renderings of (a) the electrode subsytem and its integration into
(b) the linear translator and (c) an exploded close-up of the electrode assembly. The la-
belled parts of (a) are CJ: clamping jaws, TC: thermocouple terminal block connection,
HV: copper “ribbon” tag for high voltage connection, HF: insulated copper “finger” for
heater filament connection, EF: electrical feedthroughs on vacuum flange. The labelled
parts of (c) include a subset of (a) as well as IS: insulating standoff, TCI: thermocouple

insert and HE: heating element assembly.

to the platen surface by vented screws. A lateral clamping force in the plane of the
platen holds the top, suspended bonding partner against gravity, while also forcing the
sample into a corner of the recess, reliably locating it within the plane. By using the
same mechanism to force the sample on the lower platen into the mirror-image corner
opposite, then as long as the two platens are aligned, so should the bonding samples
be. A thick (10mm) piece of Shapal ceramic electrically isolates the electrodes from the
chamber chassis.
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Figure 4.15: Cutaway view of the electrode assembly and its translator when fitted
to the vacuum chamber. VC: vacuum chamber, TC: thermocouple terminal block,
HV: high voltage tag, HF: heater filament connection, CA: chamber adapter (reducing

nipple), LT: linear translator, EF: electrical feedthroughs

The connection of the electrodes to the high voltage system is achieved by means of a
copper foil tag. On each of the two platens, this tag is connected to a high-power electrical
feedthrough, consisting of a copper rod insulated with ceramic “fish-spine” beads. Outside
the vacuum chamber, one of these is connected directly to earth ground, and the other
is connected to the high voltage bonding power supply’s live line. Embedded in the
electrode is a heating system, discussed in section 4.5.5, and a K-type thermocouple for
temperature monitoring insulated by Shapal sleeving. The electrical connection between
this thermocouple and the thermocouple feedthrough on the vacuum flange are made
using a ceramic “terminal block” custom designed and manufactured for this purpose.
The K-type wires were also insulated with fish-spine ceramic beads to prevent contact
with the electrode potential, or with the chamber walls.

4.5.5 Heating Subsystem

The heating subsystem for the bonder is embedded within the bonding electrodes. Its de-
sign is based on a simple Joule heating filament, electrically insulated from the electrode
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surfaces by formed ceramic plates. Two different designs were considered for the hea-
ting filament pattern: an easily-manufactured “zig-zag” and a more complicated “spiral”
pattern. Ultimately, the choice of filament shape is informed by temperature uniformity
across the bonding area, and the reliability of temperature measurements (by K-type
thermocouple probe) which help to guarantee a uniform bond. COMSOL modelling of
Joule heating in the filament clarifies this matter, with fig. 4.16 showing the wire ge-
ometry and the potential difference applied for 9A of heating current. The expected
performance of the heater unit is shown when the zig-zag filament is carrying 9A of
current, fig. 4.16(a) showing the potential difference drop across the filament when the
electrode is not energised and fig. 4.16(b) showing the steady-state temperature distri-
bution across the platen as a whole. For anodic bonding, a small temperature difference
across the surface of the die is unimportant, since bonding can be performed to a similar
quality even with temperature variations of up to 50◦C across the interface. For eutectic
bonding on the other hand, if the temperature in any region does not reach the eutectic
temperature then that region will not bond at all, resulting in a high local leak rate,
especially important on the outer edges of the device. The modelling showed that for
an excitation current of 9A, the filament should reach temperatures of 388± 5◦C, with
the maximum temperature difference between the filament and its encapsulating platen
being 6±3◦C. This temperature variation is tolerable for anodic bonding, but may be
inhibitive where eutectic bonding is required.

4.5.6 Electronic Control and Software Package

The electronic control and sensing software package used to record data on the bonder’s
state remains a work in progress even at the time of writing, and has gone through many
iterations- gradually improving stability and user-friendliness while accommodating more
components and measurements. A summary of the properties of this subsystem is present
in chapter A, which explains how a chipKIT Uno32 is used as an interface board for a
complex LabVIEW program to interact with all elements of the bonder. The software
in particular had to be rewritten (in part or in full) for every new piece of equipment
added to the machine.

4.5.7 Vacuum Quality

The initial pumpdown and bake of the fully-assembled vacuum chamber took place over
two weeks during the spring of 2014. All components incapable of tolerating temperatures
over 150◦C (such as the ion gauge driver) were removed from the system and the entire
chamber was moved to the oven as shown in fig. 4.11(b). Also shown in fig. 4.11 are
an overview of the bonder’s state prior to baking, and a close-up of one of the newly-
fabricated bonding platens, ready to be installed. To the left is the high voltage “tag” used
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(a)

(b)

Figure 4.16: A schematic of the internal heating filament distribution. Colour scales
for (a) and (b) are potential difference in volts, and temperature distribution in ◦C

respectively.
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Figure 4.17: Pressure, temperature and humidity data during the UHV bond cham-
ber’s commissioning pumpdown. Features of note include the pink highlighted areas
of pseudo-periodic behaviour. Additionally, note that the oven was set to room tem-
perature in the morning of 25th Feb, roughly synchronously with starting ambient

measurement, while a loose flange was tightened on 28th.

to connect to the bonding power supply and to the front of the photo is one arm of the
heater connection. On the top-right is the ceramic terminal block used for communication
to the embedded thermocouple. Also visible in the photo is the strain-relieving zig-zag
pattern of the clamping jaws used to ensure both samples remain clamped in place against
vacuum and gravity.

The pumpdown curve of the system is shown in fig. 4.17, where data collection proceeded
after an initial pumping stage by a dry diaphragm pump, and after the initial spin-up
time of the turbomolecular pump had expired. The rise in pressure around zero time
corresponds to the temperature rise of the whole chamber due to the oven ramping up
to its bake temperature of 150◦C. The pink rectangles on the figure highlight regions of
“stepping” where the pressure in the chamber appears to change dramatically in a very
short period of time, before returning to a more stable level where the pumping rate
is relatively low. This would be explained by a vacuum connection being insufficiently
tight, and expanding and contracting along with the ambient conditions in the room.
Even though the vacuum chamber was enclosed within the heat bath of the oven, there
was an open aperture at the oven’s base, where the vacuum hose protruded in order to be
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connected to the pump. This air gap was enough to disrupt the stability of the chamber
temperature over long timescale by enough to increase and decrease the leak rate of a
loose connection.

From this we can surmise that some temperature variation within the room was con-
tributing to an unstable leak which was becoming stronger and weaker in response to
ambient conditions. To test this, a temperature and humidity sensor were positioned
in the lab and used to record conditions. Both temperature and humidity appeared to
vary in antiphase, where the maximum of temperature corresponded to a peak pumping
rate for the vacuum chamber (since a higher temperature would cause expansion of a
loose gasket and therefore the closing up of leak channels). The oven was set to decay to
room temperature and when a safe value (around 40◦C) had been reached, a methanol
leak test was used to find the loose flange and it was then tightened. An immediate
drop in the chamber pressure was observed, indicating that a major leak had been clo-
sed. Subsequent step changes in the pressure were also noticed, but they were much
smaller in size. The base pressure reached during this initial pumpdown was approxima-
tely 5 × 10−7 mbar with the chamber cooled to room temperature, which was adequate
to commence testing of anodic bonding under high (if not the very edge of ultra high)
vacuum conditions.

4.5.8 Bonding Achieved

The first version of the bonder was used to create some bonds between silicon “blanks”
(unpatterned, with no vacuum chamber features) and uncoated glass windows, all of
which matched the approximate dimensions of the µMOT cell design, with in-plane
dimensions of 20×25 mm2, and thicknesses of silicon and glass of 2mm each.

General Process

Early on, the process was still undergoing refinement. As there are differences in the
behaviour of anodic bonds under vacuum and under atmosphere [124], a number of
variations of bonding temperature and voltage were applied within the region of interest,
but the general procedure was similar to air bonding, as follows.

Starting with the chamber vented and the QCF flange open (all environmental controls
should be running), we replace the 100CF copper gasket with a fresh and clean one to
ensure a good seal every time. The same gasket may be re-used up to 3-5 times by
incrementally increasing the sealing torque, but for a reliable pumpdown a fresh gasket
must be used. The bonding partners should be inserted into their recesses in the platens,
and the clamping jaws are used to press them into matching corners, and tightened down
to prevent the samples shifting. With the lower sample firmly in place, the lower platen
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may be retracted into the chamber, monitoring the camera view until it reaches the end
of its channel. The top sample should be agitated gently to check that its clamping holds
against gravity before the top assembly is replaced on the extension tube and the QCF
flange clamped shut.

At this point the environmental controls can be switched off and the chamber’s nitrogen
admit valve can be closed in preparation for pumpdown. With the backing pump running,
the main chamber valve is opened, and the system is roughed down to as low pressure
as possible (usually around 0.1mbar). At the roughing pump’s ultimate pressure the
turbo pump may be switched on in soft-start mode, and will ramp up the turbine speed
until maximum pumping is achieved. After some time, the platen heaters are turned up
to degassing temperature (100− 300◦C) and the chamber pressure is monitored until it
approaches the ultra-high vacuum regime.

Once the chamber pressure is suitable, the platen temperatures are elevated to the bon-
ding region, and the samples are brought into touch by raising the lower platen. This
stage of the process is tricky, since it requires user judgement and careful observation
of the chamber monitor cameras to decide when adequate pressure has been applied,
without causing either of the bonding pieces to crack. Cracking a silicon piece in this
way releases large amounts of silicon and silica dust into the chamber, requiring a restart
of the bonding process as well as a thorough clean of the entire system. With pristine
samples in contact and stable at the bonding temperature, high voltage is applied (be-
tween 1-2 kV depending on the sample behaviour) and the current is monitored until it
decays to a suitable level.

With bonding nominally completed, the platens can be separated, when one of three
things will usually happen. In one case, the samples will separate cleanly, in which case
sufficient bonding has not occurred (uncommon if proper attention has been paid to
the bonding current). In the other two cases the samples adhere together, and either
the pair will be pulled down onto the lower platen, or they will remain hanging from
the top platen, depending on the relative strength of clamping between the two. This
behaviour is usually indicative of good bonding, but is sometimes a result of partial,
regional bonding.

After bonding, further heating of the pair can be carried out, or the heaters can be set
to room temperature and the chamber eventually vented, so that the samples may be
removed. Venting the system requires closing the main chamber valve, spinning down
the turbo-pump, beginning environmental control measures and then carefully opening
the nitrogen admit valve to bring the chamber up to atmospheric pressure. The QCF
flange is usually not removed until a) the chamber is between 1003 and 1033mbar of
dry nitrogen, and b) the glove box humidity is less than 15%. These measures keep the
camber clean and dry for future pumpdowns.
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Figure 4.18: Current data from a poor-quality anodic bond carried out in bonder 1.0

Results

A typical anodic bonding current decay curve established during the early stages of
process optimisation is shown in fig. 4.18. The chamber pressure was 3.7 × 10−6 mbar,
after a 2.5-hour pumpdown, and the bond was carried out at a platen temperature of
350◦C with an applied voltage of 1 kV. Unfortunately, the current calibration of this
run was later found to be incorrect, so the charge transfer value is unknown. In any
event, this bond was of very low quality compared to some others achieved since, but is
representative of the performance of version 1.0 of the bonder, which achieved a bonding
yield of approximately 20%. Along with some of the issues highlighted in section 4.5.9,
this unreliability led to the future developments of the bonder which were realised in
later versions.

Some better bonding results were achieved with other samples, many of which included
the presence of brown platelets on the upper surface of the glass (at the interface between
the glass and the cathode), and a photograph of a typical sample is shown in fig. 4.19.
The first image shows some features typical to imperfect anodic bonding, including the
characteristic Newton’s fringes present as a result of air gaps between the bonding part-
ners. This bond was carried out in an ambient chamber pressure of 3× 10−7 mbar at a
temperature of 320◦C and with an applied voltage of 1200V.

4.5.9 Flaws and Difficulties

One difficulty encountered was the bonding platen material. After the first few bonds
were accomplished, it was found that the copper electrodes were softening slightly at the
working temperature, and flakes of silicon were becoming embedded in the platen during
bonding. This resulted in damage to the bonding samples, and also disruption to the
flatness of the electrode surface.
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Figure 4.19: A typical sample bonded in version 1.0, with some clear defects.

Figure 4.20: Photographs of two samples bonded a) with poor cleaning, b) with better
cleaning and patterned electrode.

The platens were swapped for identically-designed units made from stainless steel, and
the softening problem was resolved, and in order to make sure good, even contact was
made between platen and glass, a graphite electrode insert (cleaned and baked prior
to insertion in the chamber). This insert was intended as a compressible layer with
good electrical and thermal conductivity which would automatically adjust for any tilt
misalignment by allowing the bonding samples to settle into a position where they are
in even initial contact across the interface. For the first few uses of this electrode, it did
indeed improve the overall quality of bonds, but as shown in fig. 4.20(a), after several uses,
brown platelets were initially developed on the upper glass surface directly in contact
with the electrode. One way of avoiding this contamination on optical surfaces is to
pattern the electrode, and simply cutting out a square region resulted in the pattern
shown in fig. 4.20(b), where bonding is just as complete but a large area is totally clear.

The existence of brown platelets on the surface of anodically bonded glass has been
reported in the literature, and is often attributed to sodium enrichment in the material
adjacent to the cathode. One of our glass samples (bonded after the switch to steel
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Figure 4.21: XPS data from the contaminated and clean sample, showing peaks as
labelled by Stuart Pearce

electrodes, but before the use of graphite) was sent for testing by X-ray Photo-electric
Spectroscopy (XPS), which was carried out by Stuart Pearce in the ECS school of the
university [234]. The results of two tests are plotted in fig. 4.21. The key result here
is that the sodium content is not appreciably greater in the platelet area, and in fact it
may appear to be lower. There is, however, a large increase in the presence of carbon,
indicating that the largest component in avoiding platelets is the cleanliness of the sample
and the electrode. In the design of our bonder, where samples are held against the
electrode surface, any residue of cleaning solvents may be insufficiently degassed during
preparation for bonding, and instead trapped in small voids. Throughout the project,
brown deposits may be seen on the results of bonding, but we note that regardless of
cleaning quality, the products of the AML bonder are consistently less contaminated.
This may be ascribed to the fact that the AML bonder has no mechanism for separating
die-scale chips prior to bonding, and so the glass simply sits loose on top of the silicon,
leaving plenty of opportunity for contaminants to bake off.

In this study, the most important process to establish is the internal cleanliness and the
vacuum sealing of devices, and since contamination of windows can be avoided with a
patterned electrode, the importance of removing contamination completely was lower.
In future, however, a more rigorous cleaning process, tougher plasma ashing of samples
prior to insertion in the bonder and possibly re-designing the platens with evacuation
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Figure 4.22: Photographs of two samples bonded a) with a graphite insert used several
times, b) with a fresh electrode which was cleaned and baked on a hot plate at 150◦C

for 1 hour prior to bonding.

(a) Conductivity data taken from [235] (b) Caclulated current through insulating ceramic

Figure 4.23: The electrical conductivity of MACOR as a function of temperature,
and its effect on leakage current in the bonding platen.

grooves might resolve this problem. In fig. 4.22 are results with an unbaked and baked
graphite insert electrode.

Another major concern with version 1.0 of the vacuum bonder was that the electrical
isolation of the heating filament from the bonding electrode bulk was insufficient. Du-
ring the bonding process, electrical breakdowns frequently occurred, resulting in leakage
current passing from the high voltage bonding electrode to the heating filament and
thermocouple and causing damage to the control electronics. Cross-coupling of the high
voltage into the temperature controller’s electronics disrupted the temperature stability
of the system as well as its serial communications with the PC. To explain this, we look
to the high-temperature properties of the MACOR insulation, plotted in fig. 4.23(a).
When this property is taken into account in a COMSOL model, the reason for the pro-
blem becomes clear. As fig. 4.23(b) shows the leakage current through the MACOR
insulation can reach the tens of mA scale, easily eclipsing the expected bonding current
(which should be in the range of hundreds of µA as found in section 4.4).
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Figure 4.24: A comparison of the electrical conductivities of MACOR and Shapal (a
generic aluminium nitride ceramic) as a function of temperature. The grey area is the

region within which bonding takes place.

To prevent this shorting from inhibiting the bonding process, it was first thought that
the solution was to switch from MACOR insulation to Shapal, a generic AlN composite
glass ceramic of similar thermal properties but a much greater electrical resistivity at the
necessary temperature range. A direct comparison of the two materials is provided in
fig. 4.24, with data for Shapal taken from an analysis of aluminium nitride ceramics [236].
In the region where bonding takes place (broadly from 150 to 450 ◦C), the conductivity of
aluminium nitrides is up to 4 orders of magnitude lower than that of MACOR, making it a
superior choice for electrical insulation. After replacing the insulation, the arcing problem
was reduced, but disruption to serial communications still occurred intermittently at
temperatures above 400◦C. Finally, it was supposed that the best way to prevent this
disruption completely was to use an isolated (floating) power supply to drive the heaters.
Since the implementation of this solution, the arcing problem was resolved.

4.6 Version 1.1

4.6.1 Solutions to Existing Issues

To reduce contamination at bonding interfaces, the glove box has been field-retrofitted
with a Terra Universal closed-loop recirculation system, which was fixed to its “roof”.
This system consists of a pair of inlet and outlet filters of ultra-low penetration air
(ULPA) standard. The company advertise these as providing 99.999% efficient filtration
of particles 0.12µm and larger. The most direct test as to whether this equipment is
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serving its purpose is to observe an improvement in bond quality after its installation, but
in order to provide some numerical corroboration a home-made dust particle detector was
constructed. Controlled by an Arduino Uno, this device used a Sharp GP2Y10 sensor to
report instantaneous particle concentration (counting particles greater in diameter than
0.5µm) in air and display the value on an LCD screen, and can be powered either by
batteries, a USB port or directly with a mains to DC adapter. If powered by USB, the
data are logged by a Python script for analysis. A comparison was made between the
air quality in the University of Southampton Physics & Astronomy Rapid Prototyping
Facility (“RPF”), a typical postgraduate researcher office (“PGR”), the lab in which the
glove box is situated (“Lab”), and in the glove box itself (“GB”) by taking one datapoint
per hour for six hours in each environment in each parameter.

Location O2 (±0.5%) rH (±0.25%) Dust density (±5µgm−3)
PGR 19 55 46
RPF 20 25 22
Lab 19 48 32
GB (gas and filtration off) 19 33 24
GB (gas and filtration on) 8 12 2

Table 4.2: Air quality data comparing experimental locations with a postgraduate
work area.

The aggregated data shown in section 4.6.1 indicate that there is indeed a strong re-
duction in dust particles thanks to the purge gas and filtration system. The reduction in
density when moving from the lab to the interior of the active glove box is equivalent to
approximately a 92% drop in particulate contamination, and results in a value which is
within the noise of the sensor. The improvement in bond quality after installation of the
filtration system can also be assessed. Initial bonds suffered from deposition of particles
sufficiently large to inhibit bonding at a surface density of 14.4 ± 0.3 cm−2 (averaged
over 6 bonding processes). With the filtration system in place, the number of voids with
diameter x̄ > 10µm dropped to 3 ± 1 cm−2 in the first bond attempted. Given the
dimensions of the atom chip frame’s available sealing surface of 1.5 cm2, we can therefore
expect a void count of 4± 1x̄>10 µm on the sealing ring if no further measures are taken.
Bearing in mind the requirements on surface flatness imposed in section 4.1, this number
of particles is likely to compromise any attempt to seal vacuum devices, it is necessary
to make a visual inspection of samples and to give them a thorough solvent wipe prior
to insertion in the vacuum chamber.

4.6.2 Alterations to the Vacuum System

In order to accommodate the new shapal insulators for the heating subsystem (intro-
duced in an attempt to resolve the electrical problems identified in section 4.5.9), it
was necessary to remove the electrode blocks from the chamber and disassemble them.
At this point an opportunity was taken to implement a number of design changes to
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Figure 4.25: The updated layout of the vacuum chamber including the residual gas
analyser and UV desorbing lamp

improve the efficiency and user-friendliness of the system as a whole. Some of these
changes were simple alterations the the platen design, such as moving the position of
the thermocouple plug so that the probe sat abutted directly onto the heater system’s
ceramic insulation and so that the leads extend vertically down from the block instead
of coming out sideways. This had the advantage of removing the need for the ceramic
terminal block, which reduced the number of points of failure in the system and also gave
a more accurate measurement of heater filament temperature. More significant changes
involved the introduction of entirely new vacuum components, namely: a quadrupole
mass spectrometer (QMS) for detailed and quantitative vacuum analysis as well as an
ultra-violet desorption lamp which accelerates pumpdown and improves vacuum quality.

Residual Gas Analysis

Added to the system in version 1.1 was a QMS in the form of an SRS100 Residual
Gas Analyser (RGA) [237]. The purpose of this addition was initially twofold: first to
help in characterisation of any real or virtual leaks in the bonder, and second to allow
analysis of the partial pressures of relevant species present in the chamber before, during
and immediately after bonding a device. Quadrupole Mass Spectrometry is the practice
of measuring the partial pressures of residual gases by use of the charge/mass ratio of
different atomic species. Measurement is carried out in two stages: first, thermionic
emission of electrons from a hot cathode causes a portion of the gases present in the
chamber to be ionised before (second) being accelerated towards a detector by a strong
electric field. This detector usually takes the form of a Faraday cup: a metallic structure
designed to provide a return path for the ionic current. A measurement of this current
indicates the number of ions striking the cup surface in a given integration time, and
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under the assumption that residual gases are only singly ionised a given ion’s mass can
be determined simply by dividing the elementary electron charge by this ratio.

So far this description is similar to that of a Bayard-Alpert ionisation gauge, and mat-
hematical methods of calculating total gas pressure from this current are well-defined
[145]. The trick where QMS is concerned is the mass discrimination possible by the
introduction of a charge-mass ratio filter (this is the “quadrupole” part), operating on
the principle that an RF electromagnetic field, usually generated by rod-like electrodes,
causes the accelerated particles to describe a helical trajectory as they approach the de-
tector. The radius of the helix depends on the charge-to-mass ratio of the approaching
ion or, for a given ratio, a combination of the DC level of the electrodes (U) and the RF
amplitude and angular frequency (V and ω). If the radius of the particle’s trajectory is
greater than the radius of a circle connecting the centres of each rod (r0), then it will
collide with any one of these rods, or the surrounding vacuum chamber walls, and in
either case will not arrive to be sensed at the detector. On the other hand any ion whose
position, r, in the x− y plane (where the perpendicular z axis points in the direction of
the detector) does not undergo large oscillations will pass the filter and be detected.

Our RGA was installed on one of the side ports of the chamber, with its ionisation
cage between 3 and 8cm from the bonding platens radially, and centred in the system
vertically. This position should provide the most accurate possible measurement of the
vacuum conditions at the actual device being bonded, and allows for the monitoring
of important species. The presence of a large amount of oxygen (indicated by a large
signal on the channel corresponding to 18 atomic mass units) in the vacuum chamber,
in addition to a rapid increase in its partial pressure, is an indicator of anodic bonding,
and provides an extra measurement to verify bonding progress and quality. Similarly,
many other properties of the bonder may be diagnosed by paying attention to certain
vacuum conditions. For example:

• Nitrogen (28 amu) dominant: high chance of vacuum leak- the tightness of the
QCF access flange should be checked

• Water (18 amu) dominant, with surrounding fragments: water vapour contamina-
tion in chamber, possibly a result of insufficient nitrogen in the glove box

• Argon (40 amu) increasing during sample heating: likely due to outgassing of sam-
ple NEGs, sputtered under argon

• CO2 (44 amu) high or rising: high concentration of contaminants in the chamber,
possibly due to improper cleaning of samples resulting in hydrocarbon residue

• Rubidium (85 amu) visible above the noise: device’s alkali metal dispenser is acti-
vating
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Figure 4.26: A typical RGA spectrum showing a low-quality vacuum during pump-
down. The total pressure is P ' 2 × 10−7 mbar, and significant peaks at 18, 28, and
44 amu indicate both hydrocarbon contamination and an atmospheric leak, problems
which can be solved by checking all sealed connections and a thorough bake of the

system.

In its default configuration, the RGA is sensitive in the pressure range 10−4 to 10−9 mbar
and should not be turned on at pressures above this range in order to prevent damage.
It is, however, equipped with a channel electron multiplier (CEM) which increases its
sensitivity and allows it to record pressures between 10−6 and 10−12 mbar. This means
that if the measurements of any atomic species in its mass range (1-100 amu) are below
the noise threshold, we can place an upper bound on its partial pressure within the
bonder.

An example is shown in fig. 4.26- a typical output from the RGA during a vacuum
pumpdown. The total pressure of the chamber under these conditions is approximately
2 × 10−7 mbar, with a high partial pressure of nitrogen indicating an atmospheric leak.
The second-highest partial pressure is that of molecular hydrogen which, together with
the peaks at 14, 32 and 44 amu (atomic carbon, water vapour and CO2) indicate organics,
water and other solvents as chamber contaminants. Further evidence can be gleaned from
time-domain information such as the plot of some important peak heights as a function
of time shown in fig. 4.27.

The drop in all species at approximately time t = 70min is a result of turning off the UV
lamp (see next section) simultaneously with turning on dry nitrogen gas flow through
the glove box. Later, at t = 75min, the glove box gas flow was turned off, and the
box itself was opened to the ambient room atmosphere. This coincides with a spike in
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Figure 4.27: The time-dependence of the heights of selected peaks from fig. 4.26.
Note the behaviour of oxygen between t = 70 and 75min, characteristic of a top flange

leak.

oxygen, increasing from 8× 10−10 to 1.5× 10−9 mbar in the space of 1 minute. At this
time the gas flow was re-admitted, and the oxygen partial pressure dropped off again.
This behaviour is consistent with a leak admitting room air into the chamber, whose
oxygen concentration is suppressed by the dry nitrogen flow, and the fact that opening
the glove box altered the composition of gases in the chamber indicates that the culprit
is the QCF access flange, as it is the only one inside the glove box.

The course of action to take to resolve these issues would be to tighten the access flange,
observing the partial pressures to see that the oxygen and nitrogen fractions drop. This
can be followed by a thorough heater block bake of the chamber, as well as a purge of
the vacuum system with dry nitrogen, in order to eliminate heavier contaminants. From
this example it should be clear how powerful the RGA can be as a diagnostic tool and
the ways in which we use ours to maintain ultra-high vacuum across a large mass range.

One symptom of the chamber’s vacuum conditioning which became apparent through
RGA analysis was its nitrogen pressure being consistently high compared to the water
vapour pressure, despite a good overall vacuum. Having checked every possible flange and
connection for leaks, a defect was eventually detected in one of the electrical feedthroughs
on the top flange. This is one piece of evidence that led to the decision to redesign the
top flange (section 4.7.1). After replacement of the flange, the nitrogen behaviour was
normal.

A notable feature of both the residual gas analysis system and the Bayard-Alpert io-
nisation gauge is the presence of a hot filament as an essential part of the apparatus,
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Figure 4.28: The emission spectrum of the RDB Technologies Mini-Z UV desorption
lamp, featuring peaks at 285 and 254 nm, as provided by Randy Dellwo [241].

providing thermionic electrons in each case. An inadvertent consequence of the necessary
use of these filaments is the potential for atmospheric gases and other contaminants to
adsorb on the filament surface, both in normal vacuum operation and when the chamber
is vented to nitrogen. All components which include such a filament can be bombarded
with electrons in a specific “degas” process to rid them of contaminating adsorbates. This
improves the component’s vacuum performance as well as decreasing the overall level of
contamination in the chamber, which in turn lowers the system’s base pressure.

UV desorption Lamp

In all vacuum systems, the presence of water in the chamber is a major concern, as water
molecules adsorb strongly to the inside walls, and take a long time to fully desorb, even
when baked above 100◦C [238, 239]. hen they do desorb, they often release bubbles of
“hitch-hiker” gases which were dissolved out of the air, into the water layer. In our case
this is especially important since the chamber is frequently opened to air, even though
it is kept under dry nitrogen.

It has been established in the literature [240] that an intense source of ultra-violet light
operating at 254 nm (70% emission) and 185 nm (30% emission) [241] (after findings
that absorption in H2O increases with shortening wavelength [242]) can enhance water
outgassing, thereby decreasing the total pumpdown time be eliminating water and its
absorbed passengers much more quickly. This technique was patented in 1987 [243] and
these days RDB Technologies produces a relatively inexpensive UHV-compatible UV
lamp [244, 245] which is readily integrated into CF-flange systems.
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Figure 4.29: A comparison of two pumpdowns, one without ("dark") and one with
the UV desorption lamp. The two pumpdowns were started from identical conditions,
at room temperature. Data is plotted from points in time after the turbo-pump speed

has started to stabilise.

Version 1.1 of the UHV bonder was fitted with such a lamp, the RDB Technologies
Mini-Z, which is specified to emit 350µW/cm2 of 185 nm light at 6 cm away from the
end of its emission tube. This lamp is switched on along with the roughing pump as
a routine part of the pumpdown process. The optical emission spectrum of this lamp
in the UV and short visible range is shown in fig. 4.28, where peaks in the UVC band
which excite water desorption are labelled. The peaks at 185 nm (or more correctly,
184.94994 nm [246]) and 254 nm (strictly, 253.6 nm [247]) are recognised strong emissions
of singly-ionised mercury, an element commonly used as a reference for UV wavelengths.
The transmission spectrum for the Corning Kovar 7056 windows used in the vacuum
chamber’s viewports cuts off to 50% transmission at 283 nm [248], so the dangerous UVC
band (100-280 nm) should be completely suppressed. Nevertheless, reflective shutters (3D
printed ABS plastic caps internally coated with aluminium foil) are used to cover the
chamber’s viewports when the UV lamp is in use, to ensure the safety of the user who
may be at risk from long-term exposure.

In fig. 4.29 we see two pumpdown curves for the UHV bonding system. One labelled
curve shows the vacuum pressure under the influence of the UV desorption lamp, and
one a control pumpdown curve in the “dark” chamber. The pressure decays more quickly
overall in the case with the desorption lamp running, reaching 1 × 10−6 mbar 2.4 ± 1

minutes earlier than the dark chamber. The ultimate pressure achieved after 1 hour is
a little higher in the case of UV exposure ((6 ± 1) × 10−7 mbar compared to the dark
pressure (5 ± 1) × 10−7 mbar), predominantly because of increased desorption on short
timescales releasing water faster than the pumping rate of the attached vacuum system.
Over long timescales this has been observed to settle as the chamber walls dry down.
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Figure 4.30: A photograph of the plasma acting to clean the chamber and samples,
displaying the distinctive purple glow of a N2 plasma.

4.6.3 Plasma Cleaning I

While exploring the electrical faults experienced in section 4.5.9, the chamber was flushed
with nitrogen with the electrodes at an elevated temperature, a procedure used periodi-
cally to clean contaminants from the chamber walls. In order to try and track down the
source of the faults being experienced the bonding platens were set to a temperature of
200◦C, the high voltage supply was set to 100V and the chamber pressure was brought
up to the mbar range. Multimeter probes were used on the thermocouple, heater and
data connections to see if they were pulled up by the high voltage supply. Although this
measurement did not reveal much of interest, with the chamber at a pressure of 50mbar
there was a bright purple glow witnessed in the vacuum chamber, similar to that shown
in fig. 4.30, a photo taken under similar conditions but at a later time. After some trial
and error, the best conditions for striking a consistent plasma within the chamber were
found to be with a platen voltage of 300V and a process gas pressure of 4mbar. With
these settings, a discharge current of 1.5-2mA would flow, implying a total dissipated
power of 0.45-0.6W. Considering that within the uhv bonder we are only interested in
cleaning the surface area of two µMOT chips, this comes out to a power per active area of
1.2mW/mm2. By contrast, a 100W commercial RF plasma asher working on a 100mm
wafer would provide 12.7mW/mm2.

This discovery was a good opportunity to analyse the effect of sample cleanliness on bond
quality, so four untreated Si samples, simply cleaved from a wafer directly, underwent
different cleaning regimens before being bonded to pieces of glass cut from a wafer in
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Figure 4.31: A histogram of voids present in bonded samples prepared with different
cleaning regimens. “Low power” plasma was intermittent, averaging 0.2W while “high

power” plasma was continuous and averaged 0.6W dissipated.

a commercial semiconductor dicing machine. In the first instance, no cleaning was car-
ried out, and the native dust, scratch marks and environmental contaminants remained
present on the surface. The other three sample pairs underwent the solvent cleaning
process described in section 4.4.1, and two of these were exposed to different levels of
plasma cleaning, one at 0.2W and one at 0.6W for 30 minutes. After each bond, the
samples were photographed, and a graphical analysis of the number of voids present at
the bonding interface was carried out using the “particle counting” sub-routine of the
commonly-used image processing software ImageJ. Specifically, the Fiji distribution was
used [249] to produce histograms of the number and size of voids present, which were
evident as circular regions of a higher 8-bit grey value. The results of this analysis are
shown in fig. 4.31, histograms of void frequency as a function of size for each cleaning
process. A clear trend is evident: at the level we are working, the tougher the cleaning
the better the bond.

4.6.4 Bonding Achieved

A number of successful anodic bonds were produced by version 1.1 of the UHV bonder,
almost exclusively using 2mm thick aluminosilicate pieces of the standard µMOT size
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Figure 4.32: Successive bonds of comparable samples, bonded under similar conditi-
ons (350◦C and 1kV) but pre-baked at different temperatures. The peak current and
total charge transfer was much greater at the highest temperature (300◦C, baked for

17 hours before bonding). Dashed lines indicate the 10% current marks.

(20×25mm) and matching silicon “blanks”. These tests perambulated in the process
variable space, and we ended up converging on a bonding temperature of 350◦C and an
initial bonding voltage of 1 kV. One important finding as a result of bonds carried out in
this version was the dependence of bond quality on sample bakeout temperature.

Three single-sided glass-silicon blank bonds were carried out under almost identical
conditions- they were all exposed to plasma treatment at the same deposited energy
(approximately 1.8W for 30 minutes, or 3.24 kJ) and gas composition (with the same
dry nitrogen canister used to provide process gas for each plasma). The bonds were
carried out at the same temperature of 350◦C, under an applied voltage of 1 kV, with
a total background pressure of 5± 2× 10−7 mbar, pumped out with the UV desorption
lamp running to improve the degassing rate.

Prior to bonding, each pair of samples was degassed by heating the platens to an elevated
temperature for 19± 1 hours. The only varied parameter was the temperature at which
baking was carried out- in the three cases 150, 200 and 300◦C, which are traced in
fig. 4.32. All three bonds achieved greater than 95% adhesion coverage, but the charge
transferred during each bond was not equal. The two samples baked at 150 and 200◦C
had similar charge transfer characteristics, differing by 0.02C. The estimated uncertainty
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on charge transfer calculation is also 0.02C, so this variation is within the noise of these
measurements. The charge transferred for the higher temperature bake was greater by
almost a factor of 3, at 0.29C. Further data should be taken to be sure that this effect
is solely due to the bake and not due to some neglected other parameters, but for now
the mechanism mediating the effect is still under discussion.

One explanation is that at intermediate temperatures, the charge carrier concentration
within the glass can reach a global equilibrium as alkali metals migrate naturally (without
the influence of the electric field). This effect would result in a more uniform bonding
across the surface, but not necessarily a larger charge transfer. Another explanation is
that at these temperatures the surface chemistry at the interface changes significantly
under ultra-high vacuum, and between 200 and 300◦C some passivating contaminant is
degraded. It is possible that the elevated temperature is more effective in driving off
compounds such as water which would otherwise cause small bubbles and defects that
inhibit many types of bonding [224].

Another observed effect, which was detected in our system thanks to the RGA, is the
release of molecular oxygen during the anodic bonding process- a phenomenon recorded
in the literature [250]. Monitoring several important channels on the mass spectrometer
during the bonds plotted in fig. 4.32 showed that the increase in oxygen pressure in the
chamber during bonding is much greater in magnitude than the increase in other gases.

Studying fig. 4.33 also shows a significant increase in helium pressure, far more pronoun-
ced in the higher-temperature bakeout. The reason for this increase is unclear, but it
does indicate that noble gas outgassing is enhanced by the strong electric field. There
were also small bumps in other gases, with the most significant being hydrogen. This
can be attributed to molecular hydrogen and water, amongst other species, “cracking”
apart on the electrodes and contributing to a stronger RGA signal. On the whole, most
molecular species in the chamber increased by up to a factor of 2 or 3, while oxygen
pressure increased by more than an order of magnitude each time good bonding was
achieved.

Viewing the oxygen pressure and current curves together, as in fig. 4.34 where the oxygen
pressure is normalised to the base and peak pressure for each pumpdown, the correlation
between the two quantities can be seen. This is especially visible in the high-temperature
case, where the high voltage was switched off at t = 600 s, and the oxygen pressure follows
the current down. A similar drop is seen in the medium-temperature condition, where
the current was switched off around t = 400 s.

A detail view of these three oxygen curves is shown, in fig. 4.35. In each case, the peak
oxygen pressure is is achieved at different times, and with different pulse characteristics,
listed in table 4.3. The oxygen release both peaked and decayed more quickly, but the
total amount of gas produced remained approximately the same, based on numerical
integration of the data presented. Using the ideal gas law, we can estimate that the
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(a) (b)

(c)

Figure 4.33: RGA data during anodic bonding. High voltage switched on at a)
t = 1300 s, b) t = 4700 s, c) t = 800 s. The data are smoothed with an exponential

weighted moving average window with a size of 32.

Table 4.3: Information on the three bonding curves for which oxygen release is ana-
lysed in detail.

Charge Transfer (±0.02C) Peak Time (±1s) Peak FWHM (±1s) Area Enclosed (±0.5× 10−6mbar·s)
0.11 123 125 8× 10−6

0.08 74 115 8× 10−6

0.29 17 10-30 7× 10−6

total amount of oxygen released was on the order of 1012 molecules. Assuming that this
quantity is half the oxygen released, and an equal quantity is trapped within the devices,
the pumping power of the NEGs inside the devices should not be adversely affected.

One final observation is an overall trend in the relationship between peak oxygen emission
and peak current dissipation, plotted in fig. 4.35(c). A correlation was observed over
several bonds in version 1.1 (including the three already considered). A linear trend
is reasonable to assume, since the oxygen emission rate at any given time should be
directly proportional to the number of reactions occuring at the interface. Fitting a
straight line to the data, we find a constant of 1.01× 10−6 mbar for every mA per mm2

of bonding interface. There is the possibility of using this information in future as a
further characterisation method, which will improve the user’s ability to judge process
progress, and therefore increase bonding yield.
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(a) (b)

(c)

Figure 4.34: Current and oxygen partial pressure data during anodic bonding. Pres-
sure data is normalised in each case such that base pressure is 0 and peak pressure is

1.

An important process to establish is the bonding of two sides of the same die, so that
we can be sure that a silicon frame can be sealed on both the front and back. This was
ultimately achieved in version 1.1, requiring a slightly higher temperature (1: 350◦C, 2:
400◦C) and voltage (1: 1000V, 2: 1500V) on the second bond of the two. With the
parameters used here, no de-bonding of the first side was observed during bonding of the
second side. A photograph of both sides of a successful twin bond is shown in ??.

4.6.5 Remaining Flaws

In version 1.1, difficulties in alignment of the bonding pair persisted, including issues
with the parallelism of the electrodes. There are six degrees of freedom in the alignment
of the bonding system: translation in the x, y and z directions, where the x− y plane is
defined by the bonding interface, rotation about the axis through the centre of the QCF
flange, θ, and rotation about two axes parallel to the x and y directions (denoted α and
β).

Control of the z axis is coarse, and only defined to ±0.5mm, but this is tolerable since
it is straightforward to use the observation cameras to check that the samples are in
contact or not. The variables x and y are combined into a displacement s =

√
x2 + y2,
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(a) (b)

(c)

Figure 4.35: Detail of the oxygen release during three bonds, a) absolute and b)
normalised as in fig. 4.34. The plot in c) shows an overall trend in oxygen released

during bonds.

Figure 4.36: The a) first and b) second side of a double-sided bond, with some non-
bonded areas attributable to dust particles due to insufficient cleaning.



Chapter 4 The UHV Die Bonder 119

Figure 4.37: The maximum permissible translational misalignment, ∆s and rotational
misalignment, ∆θ are determined by the location of the buffer zone. The centre of
rotation is the red cross in image c. With the buffer zone 1.5mm away from the edge

of the frame, ∆s = 1.5mm and ∆θ = 5◦.

whose error ∆s, represents the lateral offset between the bonding dies. The tolerance for
∆s depends on the parameters of the outer sealing ring on the frame to be bonded, and
for a standard frame design with a differential pumping buffer, the maximum acceptable
offset which still permits sealing is 1.5mm (in the absence of other misalignment).

Despite a design specification that the platens’ positions in the x − y plane should be
matched to the nearest 0.5mm, early tests of the bonder were consistently misaligned by
1.3±0.5mm, indicating a misalignment bad enough to significantly reduce device yield.
This offset is actually thought to be a result of a small combined rotation about α and
β, which could be induced as a result of a tilt of as little as 0.5◦, as well as slight thermal
expansion and shifting of components due to the reduction to UHV pressures.

At the QCF flange, this would correspond to a differential “biting” of the knife-edge
into the copper gasket by approximately 800µm. This kind of difference from one side
of the flange to the other is plausible, despite the QCF design prioritising clamping
uniformity. Additionally, the clamping jaw system is not guaranteed to maintain sample
flatness within the platen recesses, but is only designed to force the bonding partners
into a well-defined position in the x − y plane. The maximum misalignment angle this
clamping could introduce, at the limit where the sample is about to slip out of the recess,
is only 0.05mm, so this will have a much greater effect on the overall bond quality and
uniformity than it does on the bond alignment.

Control of rotation in θ is coarsely controlled by alignment of the QCF flange on tig-
htening of its clamping chain. The rotation is checked by way of the two alignment
cameras which observe the bonding pair from two viewpoints separated by 90◦. θ is a
very forgiving variable, and in the absence of any other misalignment effects, an error
∆θ of 5◦ can be tolerated will still maintaining bonding over some area of the sealing
ring. Generally, a repeatability of ∆θ < 1◦ is observed in bonded samples.
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In order to minimise error ∆s and allow for the possible correction of ∆α and ∆β, it was
decided to remove the Z-translation stage and replace it with an XYZαβ stage. At this
point, the opportunity was also taken to redesign the bonding platens to accommodate
a new laser alignment verification scheme.

4.7 Version 1.2

4.7.1 Changes To The Bonding System

When the simple translation system was replaced with multi-axis manipulator, several
other changes were made to the platens in order to improve the effectiveness of the
bonding system, and drawings of the new design are shown in fig. 4.38(a). To begin
with, we dispensed with the fiddly “terminal block” connection to the thermocouples,
instead opting to drill a seating hole up through the ceramic spacer and a blind hole
into the heater insulation. This decision provided two benefits of a more faithful heating
temperature measurement and easier system maintenance.

At the same time, in response to a large number of rapid failures of the heating filament
a new connection method was devised which, according to COMSOL modelling, reduced
the stress within the heater filaments to a tolerable level (fig. 4.38(b)). As revealed by
the modelling, the original design was inducing thermal stresses greater than the yield
strength of the material at the point in the wire where ceramic insulation stopped, and
this was indeed the point at which most failures occured in practice, at a rate of roughly
once a month. The new design obviated this by limiting the amount of exposed wire and
using a more uniform clamping method to make connections. Since these changes were
made only two filaments have failed, in different heater blocks each time, representing
a rate of one failure roughly every 3 months. Additionally, both failures so far have
occurred inside the heater block, likely as a result of inhomogeneous thermal contact
causing hotspots. It is thought that further development of the filament encapsulation
could improve this rate of failure further.

In order to assist in alignment, and to make air-side feedthrough conections more robust,
a custom-designed vacuum flange was commissioned for the top and bottom ends of the
bonder (one to support each platen). An annotated sketch of this flange appears in
fig. 4.39, showing the inclusion of a small viewport as well as integrated SHV and BNC
connectors. The viewport was included to allow the use of a vertical laser (or other
optical method) for platen alignment. The BNC connector is only in use on one of the
flanges, but is present on both in case of future expansion. On the top flange it provides
an interface for a force sensing washer (HBM PACEline CFW/20kN), installed between
the top platen support and the flange, which is yet to be calibrated but will ultimately
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(a)

(b)

Figure 4.38: a) Exploded view of the new platen design. HVC: high voltage con-
nection, HC: heater connection, CS: ceramic spacer, TCP: thermocouple plug, HI: hea-
ter insulation, CJ: clamping jaws. All parts were pre-cleaned according to section 4.4.3.
b) Stress within the heating filament under typical operating conditions. The black line

represents the nichrome yield stress.
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Figure 4.39: The new vacuum flange design, including air-side SHV and BNC con-
nectors, an optical viewport (VP) and the usual power feedthroughs (PFT) for heater

connections.

(a) (b) (c)

Figure 4.40: New platens and supports for a) the bottom and b) the top platens. BP:
bonding platen, HC: heater connector, VF: vacuum flange, FS: force sensor, S: spacer.

A photo of the lower platen installed in the manipulator is shown in c).

provide pressure information crucial to optimisation of eutectic bonding, and useful to
establish contact between anodically bonded samples.

In order to make robust connections between the new platens and the new flange, as
well as to accommodate the force washer and ensure mechanical stability, a new support
structure was also designed (shown in detail in fig. 4.40). The inclusion of the optical
path for an alignment laser was supported by pinholes drilled in the platens themselves,
off-axis, permitting the beam to pass only when the platens were both rotationally and
laterally aligned. In order to align these pinholes with the centre of the optical viewport
on each arm, a three-pronged rotatable “spacer” module was included in the design of
this support, nominally a “set and forget” feature, where rotation of the platen relative
to the flanges could be fixed, and then fine rotational adjustments may later be made by
simply rotating the top flange before clamping.

Lateral alignment control was provided by the new manipulator: a McAllister Technical
Services MB1500 with a 15 cm edge-welded bellows z travel and x−y travel of ±12.5mm,
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(a) (b)

Figure 4.41: Alterations to the vacuum system for version 1.2, including a) the re-
moval of the ion pump system to make room for b) the new XYZ stage, representative

image from [251].

with a 12.5µm resolution. The manipulator also includes the capacity for tilt adjustment
around two perpendicular axes in the x − y plane, although at present a method for
reliably adjusting this to account for sample misalignment in the platens has not been
devised.

Finally, the high voltage supply was replaced with a GenVolt 71030 which has a maximum
output current limit of 3mA. This supply had a better-regulated output and the current
limit was expected to further inhibit any undesired electrical discharge between internal
components. This supply is positive-biased, while the old one was negative-biased. For
convenience, the orientation of glass on top and silicon on bottom was maintained but
the electrical connections were reversed in order to keep the electric field orientation
correct. As a result, the high voltage terminal ended up outside the glove box and the
ground terminal inside, so a protective plastic sheath was 3D-printed in ABS and used
to cover the bottom vacuum flange.

4.7.2 Initial Realignment Procedure

To characterise and correct for misalignment between bonding samples, an optical and
iterative method was devised. This method involved two blank bonding samples, one
placed in each platen. The silicon placed in heater 2 was topped with a small ( 5mm
diameter) piece of xylene/hydrocarbon polymer composite pressure-sensitive adhesive
such that upon contact between the adhesive and the glass surface, the silicon and glass
are bound together while maintaining their in-plane orientations. Upon removing heater
1 from the system and inspecting the relative alignments, the sequence of moves necessary
to attain alignment accurate to the nearest 0.5mm should be recovered.

The first step in the process, after introducing the prepared sample, was to rotate heater
one “by eye” until the sides of the silicon and glass were as close to parallel as possible.
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Figure 4.42: A step-by-step diagram of the alignment process. The blue cross marks
the approximate centre of rotation for the first step. The distances moved were A:

2.63mm, B: 4.90mm, C: 1.5mm, D: 0.5mm

This was achieved in one shot to a precision of approximately 0.3◦. At this point a
photograph was taken, and with the use of the GNU Image Manipulation Program (also
used to estimate the preceding error in rotation) a precise measurement was taken of the
translation required to centre the platens horizontally. As in fig. 4.42 this translation
was found to be 2.6± 0.5mm in the positive direction along the orange axis, and 4.9±
0.05mm along the pink axis. Having carried out this motion, the adhesive test and
image processing was used again to determine an overshoot along the orange axis of
1.5±0.8mm, which was corrected. During a subsequent attempted bonding test, the glass
sample fell from heater 1’s clamps, which were not sufficiently tightened, and landed in a
position consistent with good alignment along the pink axis (where the criterion is a visual
indistinguishability of the boundaries of glass, silicon and platen recess, looking vertically
down the stack), but with a 0.5 ± 0.2mm misalignment on the orange axis. While
this degree of error is tolerable for the vacuum cell devices, this offset was nevertheless
corrected by a translation, such that the translational error is now estimated at ±0.2mm,
which has been verified by analysis of bonded dies.

Once this process was complete, the only remaining uncertainty in alignment is that
of rotation, which can be determined by the user as the chamber is being prepared for
pumpdown. This depends on the repeatability of replacing in the correct orientation the
flange to which heater 1 is attached. To assist in this, a mark was inked on the outside of
the flange at step 2 of the process in fig. 4.42, and additionally the pointing laser described
in section 4.7.2 is switched on. Given that this beam must pass through the 1mm pinhole
of the top platen, positioned at 38mm diameter from the centre of rotation, if the beam-
spot of this laser is observed on a screen above the top viewport with no fringing and
maximised intensity, then the top heater is rotationally aligned to a minimum repeatable
precision of 0.8◦, which is well within the 5circ tolerance of the system. A subsequent
attempt at bonding a simple blank silicon/glass stack showed rotational alignment error
of 0.07◦, and a lateral alignment error of 370µm in one direction, and 380µm along the
other axis, both values being given ±50µm.
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(a) (b)

Figure 4.43: A camera view into the vacuum chamber during plasma cleaning of two
bonding samples and, b) an optical emission spectrum of a typical plasma. Also plotted
is the emission spectrum of an air plasma at atmospheric pressure as found by [252].

4.7.3 Plasma Cleaning II

As in version 1.1 of the UHV bonder, it is possible to strike a DC glow plasma within
the bonding chamber. With the bonding platens separated at any distance up to 5mm,
and the pressure stable in the range 4± 2mbar (achieved by opening the chamber to the
roughing pump alone, which results in a pumpdown to a base pressure in this range),
the plasma strikes above a potential difference between the platens of 300± 20V. Under
these conditions, the current discharged is 2.8mA meaning that the power dissipated in
the plasma is 0.8W.

An image of the plasma, showing the discharge volume wrapping around the cathode, is
reproduced in fig. 4.43(a), and the properties of this plasma was partially analysed by
optical spectrometry. An Ocean Optics USB4000-VIS-NIR-ES [253] fibre spectrometer
was mounted to a vacant optical viewport and a plasma was ignited in the bonding
chamber. The spectrometer’s range only includes wavelengths between 343 and 1041 nm,
so no properties of the plasma in the UV or near infrared regime could be recorded, but
an optical spectrum was obtained which has many features in common with known air
plasma emission lines [252]. Both of these spectra are plotted in fig. 4.43(b), and identified
are some of the emission bands the two spectra have in common. The most obvious
similarities are in the nitrogen emission bands, including part of the nitrogen “second
positive system” in the near ultraviolet (labeled C-B in the figure) and almost the entirety
of the “first positive system” (labeled B-A). According to [254], “the designation negative
and positive groups (or bands) refer to the occurrence of these bands in the negative glow
or the positive column, respectively, of an electric discharge. The positive groups are due
to the neutral molecule, the negative groups to the singly positively charged molecular
ion.” The nomenclature of “first” or “second” system refers to a vibrational energy level
transition of lower or higher energy, respectively [255, 256].
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Figure 4.44: A background reference spectrum where the only active component in
the chamber was the ITR-90 ionisation gauge. Spectral lines X3 and X4 are labeled.

There are discrepancies between the two curves, notably the differing intensity ratios
between transition bands of each plot. While the N2 C-B (0-1) and (0-2) groups are close
to the relative intensity reported in [252], other lines such as those in the (0-3) group are
much more intense, indicating that the N3

2C level has a much higher population in our
plasma. By contrast, the intensities recorded for the entire first positive group are much
lower than expected, indicating that the N2 B state is under-populated. It is surmised
that this is a result of the lower pressure in our plasma (4 ± 2mbar in this particular
case) compared to that of Machala et al, whose system was operating under atmosphere.
The lack of buffer gases to sympathetically cool the plasma could result in excitation
being distributed over higher energy states.

There are also three significant peak groups as yet unidentified, and these are labelled
X1, X2 and X3 in fig. 4.43(b). A survey of spectral databases (namely NIST’s Atomic
Spectra Database [257] and NASA’s Virtual Planetary Laboratory [258])suggests several
sources of these peaks, which occur at 427.15±0.05 nm, 470.4±0.3 nm and 831±1 nm
respectively, indicates a few possible culprits. Near X1 there are several candidate tran-
sitions, including singly-ionised chromium, singly-ionised vanadium and four very strong
lines in singly- and doubly-ionised iron. There are fairly reasonable explanations for
finding any of these elements in the plasma in low quantities, as chromium and iron are
major components of both the nichrome wire (used for the internal heating filaments)
and the stainless steel platens, while vanadium is largely present in the getters deposited
on the devices being cleaned during this plasma run. A similar story is told by X2, which
also has two strong singly-ionic iron lines as well as a weaker ionic vanadium line. Accor-
ding to the data used in [258] there is also a water line at 470 nm, so it is possible that
this peak represents water vapour which had not been fully pumped out of the system
by the time the plasma was ignited. The feature at X3 is unlikely to be of import in
analysing the plasma, as it is still present in a background spectrum taken without the
plasma discharging (reproduced in fig. 4.44). The origin of X3 and of the other line in
that figure, X4 (at 670±1 nm) is currently unknown.
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Figure 4.45: The current characteristics of two test bonds as a function of time. Data
and sech2 fit are shown for the first (black) and second (red) sides of the triple-die
stack. The inset images show the state of each bond after the entire stack was done.

4.7.4 Bonding Achieved

The first bonds carried out with version 1.2 of the UHV die bonder involved uncoated
aluminosilicate glass and single-crystal silicon blank dies, unpatterned. These were two
tests intended to verify that the new control system was working as intended, and that
bonding was possible under the new internal conditions. The new alignment system was
not properly calibrated before these tests, so in each case alignment was carried out “by
eye”, where angular alignment deviated from expectations by 10 ± 0.2◦. As a result,
it was supposed that the bonding geometries were misaligned in-plane by a rotation of
approximately 10◦, coupled with a translation of some scale on the order of millimetres.
Photos of the bonds (shown in fig. 4.45, along with the bonding current data for each
side) clearly show this misalignment, but also show many imperfections at the bond
interface along with the characteristic brown spotting of sodium platelets accumulated
at the glass surface. These imperfections are characteristic of an incomplete cleaning
process in the first case, and a uniform, blocking electrode in the second. In between the
refit of the chamber electrodes and the test bond, patterned graphite was not placed on
the platen, which contributed significantly to sodium contamination on the glass.

4.7.4.1 Refit Testing

After several bonding runs using graphite electrodes at higher temperatures (between
380 and 530◦), grey deposits were found on glass surfaces not covered by the silicon
frame. These deposits were surmised to be carbon, as at these temperatures there was
a marked increase in the partial pressure of species with an atomic mass of 44 amu,
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(a) (b)

Figure 4.46: Current data from die bonds using a) tungsten electrode and b) tungsten
and tantalum electrodes, with sech2 fits.

(a) (b)

Figure 4.47: Data (a) and image (b) from bond using UHV bonder 1.2 and tantalum
electrode. Large platelet formations result from a combination of high bonding current

and poor electrode flatness. Note the near-perfect alignment of the bonded pair.

usually associated with carbon dioxide. This is actually consistent with the behaviour
of commercial pyrolitic graphite, which is rated with a “heat resistance” parameter of
400◦ [259]. It is likely, then, that these higher temperatures were causing a thermal
breakdown of the electrode material, supplemented by a strong electric field forcing
emitted carbon particles to migrate to the glass surface in a kind of field-assisted CVD.
Replacing the carbon sheets with polished tungsten foil eliminated this problem, and
also improved the quality of anodic bonding by providing a flatter electrode surface, and
a truer “plate” contact. This, combined with the lower resistivity of tungsten, resulted
in a much increased charge transfer for subsequent bonds and a higher device yield. The
bonding data for the first run using tungsten is shown in fig. 4.46(a).

The bond quality was further improved by switching to a tantalum foil electrode, with
data from a one-sided three-step bond shown in fig. 4.47, and compared to the previ-
ous data using tungsten in fig. 4.46(b). Again though, there is little evidence that the
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electrode material should be credited with the improvement. On the contrary, the tan-
talum electrode was again flatter and smoother, with a a better surface polish than the
tungsten, ensuring better surface contact, better current uniformity and therefore better
bonding.

The charge transfer achieved with the tungsten foil on this bond is calculated as 0.02C,
while that achieved with the tantalum is 0.09vC. The calculated time constant for each
bond was also very different, with the tungsten foil achieving a drop to 10% after 54 s,
and the tantalum achieving it after 4 minutes and 20 seconds. Although the bond took
longer with tantalum, it is not yet confirmed that this is not some sample-specific effect
due to surface roughness, and in any event the bonding time is less than 5 minutes, which
is considered reasonable for our process. The factor of 4.5 increase in charge transfer
implies a commensurate increase in bond quality and certainly there were no visible voids
at the bond interface.

4.7.4.2 NEG Degassing & Device Fabrication

During bonding to seal some of the devices analysed in chapter 6, it was of interest to
monitor the outgassing of the non-evaporable getters deposited on the interior surface
of the device. These were a Ti-Zr-V mixture deposited by RF sputtering [260] in the
University of Southampton ORC clean rooms, after the first side of the devices had
been sealed. One glass die was bonded onto each frame in the UHV bonder, and then
the bonding interface and a circular optical window were masked off with low-residue
adhesive-backed aluminium foil before the whole chip was put in the sputterer. 275±5 nm
of material was deposited, the mask was removed and the sputtered chip was then re-
inserted in the UHV bonder for bakeout and final sealing. As previously discussed, a
major concern with sputtering is the embedment of the process gas within the deposited
layers. In our case the process gas was argon,which is not pumped by NEGs and so a
large concentration would increase the starting pressure inside our devices.

Baking out the samples is therefore an especially important step when sputtered NEG
coatings are being used, and the data plotted in fig. 4.48(a) show the result of a one-hour
heating being carried out at the bonding temperature (after two days at 200◦C). As
expected, there is a large spike in argon (not usually seen if the sample is non-sputtered)
which soon drops off to the noise level of the RGA, as well as a smaller release of molecular
oxygen. Additionally, there is a very large increase in pressure of species with a mass
of 44 amu, usually associated with CO2, larger even than the release of argon. This is
a very unusual occurence for our chamber, but has reliably occurred every time getter-
coated samples have been degassed. It is possible that it is a due to some decomposing
hydrocarbons left over from the low-residue aluminium-backed adhesive. On this occasion
the bake was not extended to purge all CO2 from the chamber, since CO2 is one of the
species that NEGs can pump relatively efficiently. For production, however, the presence
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(a) (b) (c)

Figure 4.48: a) The final stage in degassing of a NEG-coated device, with a large
release of species with masses of 44 amu (usually interpreted as CO2) and 40 (Ar),
as well as a small “burp” of 32 (O2), b) a direct comparison of oxygen pressure (red)
to current flow (blue) during bonding and c) behaviour of chamber partial pressures

during getter activation

of the gas will reduce the overall getter lifetime, and so this pressure should be allowed
to decay to a minimum before sealing the devices.

For completeness, current evolution during the bond (and the associated oxygen release)
is plotted in fig. 4.48(b). As part of the process used for this bond, the voltage was
turned up to 1 kV for the onset of bonding, and the current was allowed to decay off,
before the voltage was subsequently stepped up until reaching output saturation of the
power supply. After bonding was deemed to be complete, the current was turned back on
and observed to be more or less flat, decaying very little. At this point it was supposed
that bonding had been completed, but closer inspection of the oxygen pressure in post-
procesing implies that some reaction was still occurring, and indeed when the sample
was taken out bonding had not fully completed. This unit ended up being designated
device E, which appeared to have sealed around its entire outer ring, but spectroscopy
and activation tests were negative (chapter 6). Nevertheless, this was another valid test
of the oxygen release as a measure of bonding taking place and so worthwhile data to
take.

Finally, the sample was elevated to 500◦C and held there for 1 hour to try and activate
the internal getters. The CO2 pressure rose, which is likely due to contaminants in the
chamber decomposing, and the level of argon in the chamber became significantly greater
than the detector’s noise floor, another possible indicator of leaks in the device being
bonded.

4.8 Comparison to the AML Bonder

Late in the project, a commercial AML aligner wafer bonder was acquired by the group
which, as it turns out, was designed along many of the same philosophical lines as
our UHV bonder. The full details of the bonder are documented in the AML Aligner
Wafer Bonder User Manual [261], but in summary it is specified to pump down to the
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Figure 4.49: A comparison of pumpdown curves, normalised to bake temperature,
for the two bonding systems at the disposal of our group.

1 × 10−7 mbar region at room temperature, with bonding platens that are optically
heated up to temperatures of 520◦C and can apply bonding voltages up to 2 kV. It can
accommodate wafers up to 4” in diameter and has a motorised 5-axis wafer alignment
system. The whole machine is controlled from a LabVIEW user interface which allows
full control of all process variables.

4.8.1 Vacuum Quality

The quality of vacuum achieved in the AML machine is difficult to directly compare to
the UHV bonder (version 1.2), since it does not include a residual gas analyser, so only
the overall vacuum pressure may be compared. Since the AML bonder was installed in a
class 10000 clean room, we can expect the surrounding environment to be less free from
dust than the environment housing the UHV bonder. Additionally, it is not continually
purged with dry nitrogen while open, so the gas mixture present in the chamber at the
start of pumpdown is likely to be wetter and much more oxygen rich. Air in the clean
room is supposed to have the usual 23% oxygen [145] and with a relative humidity of 50%
(the set-point of the clean room humidity regulators), 1.6% H2O. These are much higher
than the measured values for the UHV bonder glove box, which is typically maintained
at 4-8% oxygen and 5-15% humidity with the chamber open. Combined with the lack
of a UV desorption lamp on the AML system, it is therefore likely that the distribution
of residual gases in the evacuated chamber contains a much higher partial pressure of
water, hydrogen and oxygen (which will contaminate and shorten the lifetime of the
µMOT devices) than the UHV bonder.



132 Chapter 4 The UHV Die Bonder

Pumpdown data (fig. 4.49) shows that the overall vacuum in the UHV bonder is superior
to that of the AML bonder. Since the temperature profiles of the bakeouts were not the
same, the two curves have been divided by the temperature data for each time point. This
is equivalent to rearranging the ideal gas law to provide a density of particles, instead of
an absolute pressure (PV = nkB

T ). By this measure, the UHV bonder overtook the AML
bonder after only 2.5 hours. On this occasion, the UHV bonder was baked for longer than
the AML bonder, so the final temperatures are not the same, with the AML machine
cooling to near room temperature and the UHV bonder remaining at 250◦C. Despite
the increased temperature of the UHV bonder, a superior final pressure was achieved
(PAML = 6.1×10−7 mbar, PUHV = 3.1×10−7 mbar), which continued to decrease as the
chamber was pumped out. Using the ideal gas law, we arrive at a conservative estimate
of the base pressure at equal temperatures of (1.8±0.6)×10−7 mbar, which is comparable
to the final value achieved in the UHV on this pumpdown of 1.1× 10−7 mbar.

One factor contributing to the relative weakness of the AML bonder’s ultimate pressure
is the choice of heating system used for the platens. In the UHV bonder we opted for
resistive heating filaments in the platens, mainly for reasons of cost and efficiency at the
expense of long-term stability. The AML bonder uses infra-red lamps to heat the platens,
but these lamps throw radiation into the chamber in such a way as to excessively heat the
walls. A long-term (more than a few hours) bake (above ' 100◦C) is discouraged by the
manufacturer since it risks overheating the chamber windows and thereby damaging both
the optical alignment system and compromising the vacuum integrity. Since our heating
is mostly confined to the platens (during very hot (200◦C), long (' 48 hr) bakes, external
chassis temperature sensors rarely rise more than 10 or 20◦C above room temperature.

Finally, then, we can assert with reasonable confidence that the UHV bonder can achieve
lower and better quality vacua, with greater speed than the AML bonder. This is in part
due to the AML bonder’s slower pump, but is also a function of its dirtier environment
and relative lack of self-cleaning mechanisms. Additionally, it should be considered
that the AML bonder encloses a larger volume than the UHV bonder’s core chamber,
accommodating 6” wafers on its platens. This is a clear advantage when it comes to mass
production, but hamstrings the use of the device for precision prototyping of ultra-high
vacuum devices like the µMOT.

4.9 Conclusions

The background theory explaining the mechanisms of anodic bonding were discussed,
including a discussion of the nature of the ionic currents in the glass, and the dependence
of their intensity on temperature. Some characteristics which may be used as figures of
merit for bond quality were also mentioned, and a brief analysis of the surface mechanics
at the interface during boning was carried out. Combining this information, we deduced
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some requirements for a bonding system capable of encapsulating the required vacuum
inside our devices: vacuum below 10−7 mbar with noble gases at an even lower partial
pressure, bonding platens that can be separated by a few centimetres and heated to well
above the bonding temperature. The platens must also be aligned to better than 0.5mm
and it must be possible to elevate the electrical potential difference between them to
around 1.5 kV.

Following this, we elaborated on some preliminary results for bonding of different kinds
of glasses under ambient (atmospheric) conditions, and briefly mentioned the favourable
properties of certain aluminosilicate glasses. With some good bonding parameters for
these glasses in mind, we began explaining the construction of the UHV anodic bonder
through 3 iterations. Finally, we ended up with a robust and versatile prototyping
system, meeting all the specifications and with the addition of features such as a UV
drydown lamp and an in-situ plasma cleaning process. The UHV bonder that was finally
produced compares favourably to a commercial alternative in terms of cost, base pressure
and maximum bakeout temperature.





Chapter 5

Microfabricated Feedthroughs

5.1 UHV Feedthroughs

In order for a vacuum chamber to be experimentally useful, it must be possible to com-
municate with its contents, and this communication may broadly be electrical, optical,
mechanical or thermal. Optical feedthroughs are usually referred to as viewports, while
electrical [262, 263] and thermal [264] feedthroughs typically take the form of metal rods
embedded in vacuum chamber flanges. Existing µMOT designs include optical access
over the entire planned trapping region, being based around at least one side of the de-
vice manufactured from a single solid piece of optical glass. In the case of grating-based
systems, however, optical access is more limited, and there may be some experimental
use-cases where it may be advantageous to limit apertures only to where they are neces-
sary. Additionally, the diffusion rate of atmospheric gases permeating through silicon is
much lower than all of the candidate glasses discussed in chapter 3, so it is always a good
idea to limit the surface area of optical glasses present in the system. To this end, designs
for small (characteristic size up to 5mm) optical viewports compatible with our existing
fabrication techniques are needed. Besides vacuum concerns, it is sometimes necessary
to provide access for off-axis imaging or optical pumping beams, as well as providing for
the possibility of bringing light through the device parallel to a planar surface. For these
applications, additional windows may be required.

Looking to the future, we expect to integrate atom chip designs [201] into the µMOT
devices, and with improvements in fabrication complexity and vacuum quality we open
the possibilities of using internal MEMs sensors (potentially useful in sensor fusion for
coarse measurements, which would allow partial subtraction of background noise) as
well as implementing internal ion traps which, while fundamentally interesting [265],
may also provide an opportunity for internal vacuum quality sensing [266]. All of these
designs would require electrical access to the interior of the chamber, suggesting a need for
electrical contacts. On shorter timescales, designs for thermal and electrical feedthroughs
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Figure 5.1: Resistivity of silicon as a function of donor concentration according to
[270].

are still desired for basic MOT systems, for the application of RF and DC electromagnetic
manipulation of trapping potentials and atomic internal states, as well as in spectroscopy
cells where a thermal feedthrough may provide more efficient elevation of vapour phase
atoms to appropriate absorption densities than heating an entire device does.

The existing technologies for macroscopic devices predominantly use the techniques of
brazing [267] and high-temperature soldering [268] which can be bulky, expensive and
not as suited to large-scale production as the equivalent semiconductor techniques. The
choice of silicon as a conductor is an informed one; the thermal conductivity of pure
silicon is 1.3Wcm−1 ◦C−1 at room temperature [269], while the electrical conductivity
of silicon can be tuned over a vast range. The conductivity of a doped semiconductor
depends on the number and mobility of available charge carriers, which can be increased
or reduced depending on the density of donors or acceptors [205]. Early reports such
as [270], for example, empirically showed the dependency of silicon’s conductivity as
a function of dopant density (fig. 5.1). This behaviour conveniently supplements its
vacuum- and microfabrication-friendly properties and makes it an ideal candidate for a
thermo/electrical conductor.

5.2 Glass Reflow Technique

The technique currently in use for the manufacture of µMOT-compatible vacuum feed-
throughs is a three-step process whose main sub-processes are: deep reactive ion etching
(DRIE), glass reflow treatment and polishing, shown in fig. 5.2. This process was desig-
ned to be compatible both with existing semiconductor and planar fabrication techniques,
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making it easily scalable for mass-production. The glass reflow method relies on the dif-
ference in electrical conductivity between silica glasses and pure (but occasionally doped)
silicon, and the structures created use the glass as an insulator separating conductive sili-
con “islands”. In the case of a typical aluminosilicate glass, the volume resistivity at 20◦C
is 4.1×1014 Ωcm at 500VDC [271]. Doped silicon on the other hand has a highly control-
lable conductivity, and may have resistivities between 1×10−3 and 100Ωcm [272]. Using
optical glasses has the added benefit of allowing the possibility of making windows with
this technique, simply by eliminating the central conductor. The process is superficially
similar to a known method of patterning dielectrics on conductors, called “damascening”
[273].

An overview of the process is shown in fig. 5.2. Broadly it involves five steps:

• Negative patterning of the conductive material (Si) with an etch resist

• Etching of the conductive material to the desired conductor length

• Evacuation of resulting cavities and anodic bonding to insulator/window material
(glass)

• Damascene reflow of molten glass into cavities

• Chemical-mechanical planarisation (polishing) away excess material to leave a sam-
ple with embedded conductors and windows

At which point the wafer carrying each die may be diced, or all the feedthrough pat-
terns may be attached to µMOT chambers simultaneously with wafer-to-wafer bonding
followed by dicing.

5.2.1 Deep Reactive Ion Etching (DRIE)

Deep reactive ion etching is itself a two-step cycled process, which relies on an ioni-
sed plasma directed at a substrate surface to ablate away material, which can result in
structures with a large aspect ratio (features can be very narrow, but also very deep,
with aspect ratio of 107 reported by [274]). DRIE, summarised in fig. 5.3 is inherently
a dry, anisotropic process, whose steps were formalised and patented by Robert Bosch
GmbH [204]. After cleaning the samples to be etched, they are introduced into a va-
cuum chamber, suitable for the generation of a sulfur hexafluoride (SF6) plasma. This
plasma isotropically etches away small (typically around 3µm) layer of substrate over
a period of a few seconds. Once that step is complete, the process gas is switched to
neutral octafluorocyclobutane (C4F8), which inhibits substrate etching and acting as a
semi-saturable mask on the sidewalls, but permitting etching in the vertical direction.
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Figure 5.2: The process used for fabrication of vacuum feedthroughs, starting with
a) patterning of a silicon wafer with a photoresist followed by b) selective DRIE to cut
shafts and channels. Then c) anodic bonding of glass to the patterned wafer under high-
vacuum and d,e) high-temperature (T ≈ 950◦C) reflowing of glass into the etched gaps
and f) polishing down both sides to leave a “damascene” silicon wafer with embedded

glass.
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Figure 5.3: The two-step cycle of the Bosch process, starting with a brief isotropic
etch with SF6 followed by passivating C4F8 deposition.

Figure 5.4: An example a)SEM and b) AFM image of DRIE sidewall roughness,
showing a mean surface roughness of 34nm, reproduced from [275]

Repeating this process many times produces a deep feature in the substrate, matching
the pattern initially made on the resist.

Due to the isotropic nature of each individual step, there is often “scalloping” of the etched
sidewalls, a usually-undesirable surface roughness which is determined by a combination
of the etching rate and the amount of passivation material deposited. Results found
by [275] showed a standard mean surface roughness of 34 nm but after optimising the
passivation rate they were able to reduce this roughness to 3.9 nm. It was unclear, a
priori, what effect this roughness has on the other steps in the process; while a rough
surface might inhibit the flow of molten glass, the increased friction between the two
surfaces may eventually result in better adhesion and a tighter vacuum seal.
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(a) Borosilicate glass viscosity as a function of tem-
perature, based on NIST SRM 717a

(b) Geometry within which glass flows, from top
to bottom. In this example, the “scallop” radius is
10µm, and the channel width and etch depth are
each 0.5mm. The axes are labelled in millimetres.

Figure 5.5: Glass viscosity and flow geometry

5.2.2 Glass Treatment

After patterning the bare substrate any residual resist was removed, the wafer was cleaned
and anodically bonded to an aluminosilicate glass wafer under low vacuum (pressures
descending to 10−4 mbar), resulting in a region of vacuum encapsulated between the
patterned substrate and the glass. By heating the glass to above its transition point, it
is caused to behave as a viscous fluid. For a borosilicate glass, the viscosity properties
match the Vogel-Fulcher-Tamman equation [276]:

log10(η(T )) = A+B/(T − T0) (5.1)

where T0 is a strain reference temperature, and T is the given sample temperature. A
and B are semi-empirical constants specific to the given sample. The NIST standard
reference material 717a for borosilicate glass (measured using techniques laid out in
ASTM965 [277]) includes measurements of these parameters as A = −2.5602Pa·s, B =

4852.2Pa·s/◦C and T0 = 192.462◦C. Taking these as typical values for the viscosity of
glasses above the transition point (within the validity range of the measurement of the
standard: 880 to 1550◦C), the viscosity as a function of temperature may be plotted
(fig. 5.5(a)), and also used to calculate flow rates under different conditions.

To gain some insight into the effects of various geometries, a simple two-dimensional
COMSOL model, using the laminar flow modelling module, was developed. The mo-
del geometry consisted of a rectangular domain with scalloped edges constructed of a
one-dimensional linear array of semi-circles, as in fig. 5.5(b). Borosilicate glass flows in
at the top straight boundary and out through the lower straight boundary, experien-
cing atmospheric pressure at the top and a variable pressure representing the evacuated
bonding environment. No-slip boundary conditions are applied on all side walls, and
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gravitational forces are neglected, due to the relative strengths of the pneumatic and
gravitational force (for a 1mm2 column of pyrex of thickness 2mm, above an aperture,
the weight of the whole column exerts a force of 4.46µN, while a pressure difference of
1 atm across the same area exerts a force of 200µN).

The parameters used to define the glass’s behaviour for the COMSOL model were its
density (ρ = 2230kg/m3, [278]) and the previously-shown viscosity function plotted in
fig. 5.5(a). First, for a scallop radius of 1µm, and a square etched trench of 500µm sides
the pressure at the inlet boundary was set to 1 atm and the outlet pressure was swept
between 1 atm and 0.4mbar. The flow temperature was initially set to 950◦C, and the
flow rate through the aperture was calculated and plotted in fig. 5.6(a).

As the gas pressure at the outlet tends to zero, the flow rate past the aperture converges
to 1.3 s−1, with negligible variation once the pressure has dropped below 1mbar. This
rate was determined as the average velocity of fluid at the outlet boundary, divided
by the cross-sectional width of that boundary. For example, if this 1.3 s−1 flow rate
were measured at the egress of an aperture 0.5mm wide, it would correspond to a fluid
velocity of 0.6 5mm·s−1. Nevertheless, as expected, the flow rate increases along with
the increase in the pressure difference between the inlet and outlet, showing that the
process is facilitated by bonding under vacuum, but after a certain limit the viscosity
of the glass overpowers the force of the air pressure. Logically, the next question might
be to what degree the viscosity of the glass affects the flow rate. Having set the outlet
pressure to 1mbar, the temperature was swept across the range of validity of the NIST
viscosity data, with the results being plotted in fig. 5.6(b).

Referring again to the “flow rate” calculation: if we then decided we wanted to reflow
a channel 0.5mm deep, it should take 0.77 s for the lower membrane of the glass to fill
the channel. Since in general the viscosity of borosilicates decreases monotonically with
the increase in temperature, there is no disadvantage to going to higher temperatures
beyond the chemical limitations of the specific glass used and the laboratory equipment
available- a conclusion borne out by the calculations performed, which show an increasing
flow rate throughout the considered range. An additional factor controlling flow rate is
the overall aperture width. Holding the temperature constant at 950◦C, the aperture
width was varied from 50 to 500µm. The calculated flow rate had a linear dependence
on the width of the aperture, which is correct for a two-dimensional model, and shows
that for a larger aperture, reflow should take less time. Therefore, larger features such
as windows should actually fill more quickly than smaller ones.

5.2.3 Polishing

The last stage of production is to polish away excess material, leaving only a slip of silicon
with the required embedded glass pattern. The remaining material has a thickness of
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(a)

(b)

(c)

Figure 5.6: Glass flow speed (normalised to aperture width) plotted as a function of
outlet pressure (a), glass temperature (b) and channel width (c).
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(a) (b)

Figure 5.7: The maximum temperature found in the insulating glass was calculated
as a function of feedthrough current for several values of conductor width, c and plotted
in (a). Important temperatures are marked in dashed lines. A diagram of the geometry

used is shown in (b).

hundreds of microns, depending on the achieved depth of DRIE, where a deeper etch into
the silicon wafer permits for better glass reflow filling and therefore less of a requirement
to polish down external surfaces, resulting in a quicker process with less waste. The
mechanisms of semiconductor polishing are well-documented since the patent publication
in 1977 [279], and typically make use of an aqueous composition of fine sized abrasive
particles (often composed in part of silicon dust precipitated directly from the work
piece), a soluble alkali metal base such as sodium carbonate and an oxidizing agent such
as sodium or potassium salt.

5.3 Calculated Electrical Properties

As well as the viscosity of the sealing and insulating glass, the electrical and thermal
properties of silicon inform the feedthrough design too. While many atom chip expe-
riments require high currents for the trapping stage (including the S-MOT [77]), many
require lower-power integrated wires for more precise manipulation. Experiments have
been devised using wires carrying 2-3A [280], and it is expected that DC currents in
integrated atom chips will not significantly exceed 5A. For initial designs of our devices,
interesting currents might be in the region of 0.5 to 2A. Forcing electrical leadthroughs
using doped silicon (with a resistivity on the order of 10−5 Ωm) to carry these kinds of
currents can lead to significant Joule heating.

In order to test proposed feedthrough designs a 2D COMSOL model was constructed,
whose geometry is shown in fig. 5.7(b). One group of domains comprises the feedthrough
plate, a piece of 2mm thick silicon penetrated by two conducting rods (resistivity ρ =

10−5 Ωm) insulated by silica glass. Between the feedthrough plate and an opposing glass
window are silicon vacuum chamber walls. Within the chamber and connecting the two
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feedthroughs is a gold wire 100µm thick, carrying current from a positive terminal to
ground.

An insulator thickness of 1mm was chosen to provide good electrical isolation, and the
conductor width c was swept from 0.75mm to 2.75mm for currents in the range 0 to
2A, and the results plotted in fig. 5.7(a). The ambient temperature was assumed to be
20◦C, with a heat transfer coefficient of 2W/m2/K from the device to its surroundings,
and the maximum temperature present in the insulator was calculated in the system’s
steady state. These results indicate that for a wide range of feedthrough dimensions,
currents up to a few amps may be tolerated with no risk to optical window quality or to
vacuum seal hermeticity, so this method of fabrication looks very promising for future
development of miniaturised vacuum feedthroughs.

5.4 Fabricated Feedthrough Dies

The first prototype feedthrough dies were designed to test various shapes and sizes of
window, thermal and electrical feedthrough. The first wafer to be created using this
process was a 4" work piece large enough to carry nine of these patterns, and the results
achieved are shown in fig. 5.9. As described above, the wafer was initially patterned
with a photoresist, and deep reactive-ion etched to depths from 480 to 920µm. The
distribution of etch depths depends on the width of etched features, as established in
the literature [281], but also depends on the position of features on the wafer due to an
uneven plasma intensity throughout the etching chamber, as in fig. 5.8. In Southampton’s
etcher, the depth of dies on an axis through the centre of the wafer was consistently less
than the depth of etched features on either side. Similarly, a positive correlation was
found between the area of etched features and the achieved depth, as expected.

The etched silicon wafer was then anodically bonded to a glass wafer using the AML
bonder (chapter 4), at an ambient pressure of 10−5mbar, bonding temperatures of 380
to 450◦C and a potential of 2 kV. Once the bonded wafer pair was diced, each die was
heated far above the melting point of pyrex (820◦C) and held at that temperature for
hundreds of minutes before being ramped down to room temperature. After the reflow,
the die was polished down to a thickness of 230µm.

In an attempt to optimise the process for glass reflow, eight combinations of temperature
and flow time were used, and images of each resulting reflow quality are shown in fig. 5.10.
At the two extremes: 900◦C/1 hr and 1000◦C/3 hr we have failures of the reflow process
to adequately fill and seal the die. In the case of the hotter, longer reflow process there
are visible bubbles, averaging 1.2 ± 0.1mm in diameter, in the corners of many of the
windows. It is suggested that these are bubbles of gases latterly absorbed into the glass
and silicon, which migrated to and diffused out of the internal surfaces of the die under a
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(a)

(b)

Figure 5.8: An example of data a) from the literature showing variation of etch depth
with feature width [281], and b) from our work showing variation due to feature area

and position on the wafer.
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Figure 5.9: Photographs of the various stages in the DRIE-reflow process, including
a) photoresist mask application, b) results of deep reactive ion etching- in this case to
a depth of 620±90µm, c) anodically bonded with pyrex and heat treated at 900◦C for

2 hours, d) the die from the subfigure c after polishing.

Figure 5.10: Table showing the results of the first glass reflow test into a patterened
silicon wafer

combination of high temperatures and the pressure gradient resulting from the vacuum
cavities within.

A numerical (COMSOL) calculation of gas permeation through silicon and glass indicates
that the corners of rectangular trenches are “hotspots” for diffusive flux through these
materials. This calculation is shown in fig. 5.11, where fig. 5.11(b) shows the total flux
magnitude in the steady state on a plane “slice” through a reflow cavity 2mm wide and
690µm deep, etched into a silicon piece bonded to an aluminosilicate cap. The actual
reflow mechanism is neglected in this scenario, but the relative concentrations on the
outside and inside of the structure match the parameters for atmospheric oxygen at STP
(8.84mol/m3) and at 10−4 mbar (8.84 × 10−7 mol/m3) as well as its diffusivity in each
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(a) (b)

Figure 5.11: Plots of steady state total diffusive flux magnitude for oxygen during
the reflow process. The vacuum cavity is held at a concentration of 8.84×10−7 mol/m3

and has dimensions 690× 2000µm.

material at 900◦C. We can see that there are large spikes in the total molecular flux of
around the sharp corners, which correspond to the bubbles visibly favouring the edges
and corners of the geometry, rather than the centre.

It is better to reduce the overall diffusion coefficients in the system, by lowering the
working temperature of the process, and reducing the amount of time for gas diffusion to
occur. An additional disadvantage to the 1000◦/3 hr combination is a visible reduction
in optical surface quality. Similar effects can be seen on the 900◦/2 hr and 950◦/3 hr
combinations, so this effect is unlikely to be due to the reflow temperature alone. It is
thought that this undesirable effect was due to the glass being cooled too quickly from
molten to solid, resulting in a large amount of stress being “frozen in” to the sample.

Regarding the shorter heating times, all of the samples baked for only 1 hr experienced
incomplete filling, regardless of temperature. The voids apparent in these samples (900−
1000◦C/1 hr) were much smaller than those characteristic of bubbling, and were not
found where corners were rounded off (for example in the circular window patterns, where
bubbles had been found in the 1000◦C/3 hr sample), which implies they are limited by
the surface tension and viscosity of the glass, rather than by outgassing or diffusion
processes. An appropriate balance is found in the 950−1000◦C/2 hr experiments, which
had the best reflow infilling and no bubbling at all.

5.5 Future Work

The patterning and reflow processes are more or less optimised and so the next phase
of testing is due to begin,concerning the following characteristics of a feed-through die:
vacuum tightness, its electrical properties and the optical transmission of the included
windows.
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In order to carry out tests of the die’s leak tightness, it is proposed to use three spe-
cial vacuum flanges, each separately attached to a spare port on the UHV bonder
(chapter 4). First, a simple DN40CF viewport, fabricated with aluminosilicate glass
as the optical medium, in which a hole will be bored, smaller than the standard die size
(25 × 25mm×300µm), and a silicon blank the standard die size anodically bonded in
place to seal it. Finally, the same procedure will be carried out with a second view-
port, but instead of a plain silicon blank, an etched and patterned feedthrough die will
be used. Each of these flanges will in turn be bolted to an all-metal valve mechanism,
which itself will be attached to the main bonder chamber. With the valve open and
the chamber otherwise empty, it will be pumped down to a base pressure in the region
of 10−8 mbar and a baseline residual gas spectrum gathered with the attached quadru-
pole mass spectrometer. With the chamber pressure stable, the valve will be closed for
a period of time, before being opened again, and a second RGA spectrum recorded.
Comparing each spectrum to the baseline will provide an indication of the leak rates
of each component, and carrying out the experiment once for each flange will allow the
separation of leaks due to the conflat connection and the glass itself from leaks due to
the anodic bond and due to the feedthrough seals. It is also necessary to experimentally
verify the feedthroughs’ electrical and optical properties, including their properties when
excited with RF signals.
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Characterisation: Atomic Physics
Experiments with µMOTs
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Chapter 6

Spectroscopic Analysis of Vacuum
Devices

At the time of writing, and since the UHV bonder achieved sufficient stability and process
consistency, six significant devices have been fabricated, which are labelled with the
letters A-F according to their order of creation. A photograph of the whole ensemble
of first generation devices is shown in fig. 6.1. The devices shown are at varying stages
of integration, all of them having in common at least one dispenser, and three of them
featuring internal NEG coatings. In characterising which of these devices will be the
most useful, as part of the general process of refining fabrication and constructing the
first basic µMOT system, various features and failures were identified which will inform
future design choices.

Activation and analysis of devices involved, first, a visual inspection to check for any non-
bonded regions around the periphery of the device, or around the “inner ring” seal, which
might have compromised the internal vacuum. Finding no such defects, the device was

Figure 6.1: The first 6 significant devices. A is shown fitted to a heating circuit with
TEC units at the bottom of the shot. The blob of hot glue at the top holds a K-type
thermocouple in contact with the silicon frame. B has visible rubidium deposition in
the left side chamber. C was the first sealed chip with NEGs deposited (dark film in
science chamber), but a discontinuity in the seal is exhibited at the top left. D has
visible rubidium deposition in the left and middle side chambers and two higher-power
TECs fitted to the science chamber. E has a large amount of deposited sodium on the
windows and oxide powder in the left side chamber, implying a failed seal. F has visible

rubidium deposition in the left and middle side chambers.
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A B C D E F
Bonder AML AML AML UHV UHV UHV

Estimated starting pressure (mbar) 5× 10−5 6× 10−6 1000 3× 10−7 1000 2× 10−8mbar
Frame thickness (mm) 2 2 2 4 4 4
Number of dispensers 1 1 1 1 2 2

NEGs No No Yes No Yes Yes
Cell curing Complete Partial None Partial None Partial

TECs 2× 0.4W None None 2× 0.8W None None
Spectrum observed SAS Doppler None Doppler None SAS

Table 6.1: Summary of the parameters of devices A-F.

installed in the activation setup described in section 6.1, where the dispensers were laser
heated while the side chamber closest to (or containing) the dispensers was monitored
by spectroscopy on the rubidium D2 line. Optical activation and heating of the AMDs
is identified as a straightforward method to produce alkali vapour in the absence of
reliably integrated vacuum feedthroughs, and it does have a precedent in the literature,
where Griffin et al have reported using a high power laser at 780 nm for fast switching
of rubidium dispensers to produce a vapour for direct loading of a MOT [186]. Upon
reliably observing an appropriate absorption spectrum in the side and science chambers,
the device was fitted with a mechanism of controlling its temperature, as a way of
controlling rubidium pressure in the science chamber. Two of our devices, A and D,
have so far been fitted with Peltier modules (thermoelectric cells) as a way to rapidly
heat and cool the silicon frame, at total powers up to 1.6W. Putting more than one
TEC on a device also opens up the possibility of heating at one side and cooling at the
other, essentially creating a rubidium oven and a cold finger, so selectively re-adsorbing
material away from windows and other sensitive parts.

A brief summary of test findings is presented in chapter 6. Devices A-C had their
final sealing carried out in the AML bonder while the UHV bonder was undergoing
maintenance. Devices D-F were sealed in the UHV bonder, and so were generally able to
reach better initial estimated pressures. The final three devices also used thicker silicon
frames (4mm instead of 2mm) in order to provide a larger in-vacuum cooling beam
overlap region and to decrease interaction between the active species and the chamber
walls. The larger frames featured two small recesses in the left-hand side chamber,
to better control the dispenser position after fabrication, which made the process of
activation easier.

This chapter will discuss only a few selected results from one of these devices, as many of
them were very recently fabricated at the time of writing. Of particular interest is device
A, for its vapour manipulation results and so this device has been selected for detailed
analysis.
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(a) (b)

Figure 6.2: a) Numerical results from [53] showing the results of an optical pumping
calculating the atomic absorption profile for the rubidium D2 line, superimposed on
peaks showing the positions of hyperfine features and a Gaussian Doppler profile. b) A

diagram showing “lamb dip” hole burning and crossover creation.

6.1 Saturated Absorption Spectroscopy Setup

Absorption spectroscopy, used to ascertain the energy of spectral lines, is limited when
applied to gaseous samples by the doppler-broadening, which occurs as a result of the
atoms’ thermal velocity with respect to the interrogation beam. The distribution of
atomic velocities is transferred to the optical spectrum, and so any lines narrower than
the characteristic width of the Doppler profile become much less well-resolved. In the
case of the rubidium 85 D2 line, this is observed as the F = 1, 2 to F ′ = {1...4} hyperfine
transitions on the 5S1/2 →5 P3/2 cycle become smeared together into one much larger
absorption feature, as shown in fig. 6.2(a). The subtraction of this Doppler profile is
a technique which has been well-established by spectroscopists, and a common method
of doing so is via saturated absorption spectroscopy (SAS), described well in [282] and
others. Briefly, SAS relies on a pump-probe method where a strong, resonant pump beam
excites the (assumed 2-level) atomic sample before a counter-propagating probe beam
returns along the same path to the detector. Where pump and probe overlap, atoms
moving only in the plane perpendicular to the optical axis will not be doppler-detuned
from resonance and so these atoms will be “bleached”, allowing the probe beam to pass
when it is resonant with sub-doppler spectral features.

The optical setup used to initially activate and analyse the µMOT devices is repre-
sented by fig. 6.3, which is broadly divided into three parts: heating, tuning and
spectroscopy.

The simplest subsystem is the heating laser, a 980 nm fibre-coupled diode laser manu-
factured by Laser Components, with a specified maximum power of 10.1W. To assist in
aiming, there is also a colinear emission at 650 nm. At the output of the fibre is a colli-
mator with a 11mm focal length, producing a Gaussian beam which is then steered down
onto the dispenser pill, passing through a focusing lens which reduces the beam spot size
to less than the diameter of the pill (1.5mm). Matching these sizes as closely as possible
concentrates the deposited energy onto the dispenser and improves the efficiency of the
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Figure 6.3: A diagram of the full activation and analysis setup. PC: computer,
CRO: oscilloscope, ECDL: external cavity diode laser, P: polarising beam splitter, RC:
reference cell, VA: variable attenuator, OF: optical filter (780±10] nm), FO: focusing

optics.

operation. The beam profile was measured close to the focal length after the focusing
lens by means of a moving knife-edge method [283], and the Gaussian full-width was
found to be 0.4±0.1mm. The heating laser control system comprised a diode tempera-
ture controller (Thorlabs TCM1000T 3W TEC Controller) and a laser diver (PicoLAS
LDP-CW 18-05), which provide the option of computer control and monitoring of the
heating power from a simple LabVIEW program. This apparatus is discussed in greater
detail in chapter B.

The tuning subsystem uses an external-cavity diode laser (ECDL) as a light source,
whose general structure and mode of operation is well-described in the literature, no-
tably [284] and [285]. The specifics of the implementations used in Southampton are
discussed at length by [53], but in brief the advantages of the external cavity configura-
tion are improved stability and a wide tuning range. Broadly, coarse tuning is achieved
by temperature and current control, with a precise wavelength selected by the angle of
a feedback grating. A piezo-electric crystal affixed to the grating allows precise control
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of its angle, and exciting this crystal with an electrical triangle wave signal allows for a
rapid sweep of the selected wavelength. This is essentially a long time-scale frequency
modulation which can ramp across the few GHz needed to cover the rubidium cooling
and repump transitions. The beam from the ECDL then passes through two polari-
sing beam-splitter cubes (PBS), the first of which diverts approximately 10% of optical
power to a diagnostic saturated absorption system with a natural abundance mixture
rubidium vapour cell. This diagnostic shows the tuning of the laser relative to the im-
portant absorption features thanks to a photodiode whose output may be monitored on
an oscilloscope. The second PBS admits some light to other experiments occupying the
same optical bench, and the remainder is reflected into a beam-steering apparatus that
couples it into a polarisation-maintaining fibre.

The output coupler of this fibre is considered the start of the spectroscopy path, where
light is split approximately 50:50 by a PBS and used in two SAS setups. Half the beam is
sent through another rubidium reference cell and the other half passes through one of the
µMOT devices. During initial activation of the devices the spectroscopic probe usually
interrogates the chamber containing the dispensers, if possible. Where the dispensers are
held in recesses blocking the optical path, the probe beam is instead used on the next
nearest directly-connected chamber.

6.2 Reference Data

A typical experimental SAS plot is shown in fig. 6.4. This is the absorption spectrum of
a Triad Technologies TT-RB-75-P rubidium wavelength reference cell, taken using the
saturation spectroscopy setup shown in fig. 6.3. The cell is listed as having a nitrogen
buffer gas background pressure of 20Torr (approximately 26mbar)The labelled hyperfine
peaks correspond to different F level transitions, as in table table 6.2, where the detunings
are listed from the centre of the F = 3 → F ′ = 4 peak, which is used as the rubidium
cooling transition in cold atoms experiments. The detunings are calculated by Matt
Himsworth according to an optical pumping model, as established in [53].

The grey curve in fig. 6.4 was computed with the help of the ElecSus fitting algorithm
[286]. The parameters displayed on the plot are B, the ambient magnetic field (due to
the Earth), the cell temperature T , the cell length L and additional broadening δ. The
total detuning Γ is an artefact of nonlinearity in the laser scan, and simply results in a
fixed offset of the 85RbF = 3 → F ′ = 4 peak. The only free parameters during the fit
were the cell temperature and the additional broadening, with the rest determined by
experimental conditions, and the calculated temperature of the vapour was consistent
with conditions with the lab. The “additonal broadening” may be a result of buffer gases
present in the cell, as described in [181]. Seltzer et al [287] used a coefficient of 19MHz
per mbar for nitrogen colliding with Cs. Assuming that a similar value may be used
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Figure 6.4: A reference SAS spectrum obtained from a 75mm vapour cell at a tem-
perature of 19± 3◦C. The listed parameters are for a fit by the ElecSus program.

Table 6.2: Rubidium transitions in fig. 6.4. Crossover peaks are labelled with an ’X’.
Peak Transition Detuning (MHz) Wavelength (nm)
a 85RbF = 3→ F ′ = 4 0 780.244
b 85RbF = 3→ F ′ = 3/4 X -60.32
c 85RbF = 3→ F ′ = 2/4 X -92.02
d 85RbF = 3→ F ′ = 3 -120.64
e 85RbF = 3→ F ′ = 2/3 X -153.34
f 85RbF = 3→ F ′ = 2 -184.04
g 87RbF = 2→ F ′ = 3 -1126.49 780.247
h 87RbF = 2→ F ′ = 2/3 X -1259.81
i 87RbF = 2→ F ′ = 1/3 X -1338.28
j 87RbF = 2→ F ′ = 2 -1393.14
k 87RbF = 2→ F ′ = 1/2 X -1471.61
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Figure 6.5: A photograph of device A long after activation, with mounted PCB, TECs
and a heatsink shown at the bottom of the shot. The dispenser pill sits in the middle
side chamber and a purple film is present in that chamber and in the science chamber,

visible where anti-reflection coating is present on the glass.

for Rb, the broadening of 499± 2MHz in the reference spectrum would be equivalent to
26±0.7mbar of back-filled N2, which is consistent with the manufacturer’s specifications.
Similar results were found by Rotondaro et al for noble gas collisional broadening, giving
14 ± 4MHz/mbar [288]. This method might seem hopeful for calculating residual gas
pressures within sealed µMOT devices, but assuming a linear relationship the equivalent
broadening for the desired maximum background pressure of 10−8 mbar would be 0.19Hz,
which is difficult to measure with our current equipment. Nevertheless, any broadening
that is detected would indicate a chamber which is not at UHV, and so the lack of
it will place an upper bound on internal device pressure. A more promising analytical
technique would be to directly measure shifts in the fitted peaks, as recorded in [288], but
this requires a better calibration of the laser scan range than has so far been established.

6.3 Device A

The first notably successful anodically-bonded µMOT chip, designated “A”, was bonded
in the AML bonder, but was not thoroughly cleaned and degassed in advance, with an
estimated starting pressure of 5×10−5 mbar. The bonds on both sides of the device were
achieved at 380◦C with the application of 1.5 kV. The dispenser was activated with a
five-minute exposure to 2W of optical power from the heating laser, with an absorption
feature visible on the oscilloscope screen after approximately 60 seconds. This feature was
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Figure 6.6: Spectrograms of the rubidium reference cell (top) and of device A
(bottom) where the colour scale represents absorption. The solid black lines are the
centres of gaussian fits to each time slice, and the dashed lines show the estimated

full-width of the peaks.

in the same position in the laser scan as a feature in the reference cell spectrum, identified
as the Doppler-broadened 85Rb peak. The time-domain behaviour during activation is
shown in fig. 6.6, which represents absorption depth (normalised to the maximum value
of the reference absorption) across the laser scan range and as a function of time. For
every individual time slice, a gaussian fit approximates the lineshape, and tracks the
position of the peak, as well as its width.

A time-axis slice through this dataset (fig. 6.7) reveals the qualitative behaviour of the
rubidium pressure (by the absorption depth proxy). During the five-minute dispenser
heating, absorption increases linearly with a constant gradient of 0.39% per second. This
implies that the rubidium pressure did not approach saturation, and allows a straightfor-
ward calibration between heating time and rubidium gas evolution. After 300 seconds,
when the light was switched off a decay, presumed to be exponential, occurs as the emit-
ted gas cools and re-adsorbs to the chamber walls. The time constant of a curve fitted
to this decay was 18.1 s−1, indicating a pressure half-time of 12 s, allowing a reasonable
amount of time for MOT experiments to be carried out within.

Shortly after activation a non-uniform silvery coating, and a more uniform purple one,
were noticed on the device’s internal windows. The purple layer only appears in areas of
the glass covered by anti-reflection (AR) coating, and this device was not so thoroughly
degassed during fabrication as some of the others were, only spending an hour at bonding
temperature prior to being sealed. It is therefore thought that the presence of hydrogen,
water, solvents and other contamination may interfere with the behaviour of the AR
coating resulting in the purple tinge. On the other hand, this feature does not seem to
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Figure 6.7: Time-axis slice of fig. 6.6, following the amplitude of the peak identified
in that figure by the solid line.

appreciably inhibit the transmission of light at 780 nm, so it is ignored insofar as the
spectroscopy is concerned.

The silvery coating on the other hand, is supposed to be evaporated rubidium, deposited
preferentially on parts of the cell which were closer to the bulk of the optical mount in
which it was held for activation (effectively a heatsink). As suggested in section 3.6,
the existence of a temperature gradient across the cell may be useful for clearing optical
windows of deposited metal but also for recycling material around the chamber depending
on where it is needed. Four photographs are shown in fig. 6.8 which document a crude
implementation of this idea. In fig. 6.8(a) the arrangement of chip A on a hot plate is
shown, with a large heatsink providing a “cold finger” effect at one end of the chip, the
other end insulated against convective cooling by a ceramic tile. The three remaining
subfigures show the progression of deposition, first into a concentrated, thick layer and
then into tightly condensed droplets as the temperature gradient forces the metal closer
to the cold end of the device. The difference in temperature between the two ends of
the device under test is estimated to be 80± 10◦C, as ascertained by use of an infrared
thermometer, indicating a temperature gradient of 3.2◦C/mm.

A refinement of this experiment involved the attachment of two small, low-power (approx
2× 2mm2, 0.2W each) Peltier coolers adjacent to the source and sink chambers. These
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(a) (b) (c) (d)

Figure 6.8: Evidence of temperature gradient-sensitive deposition: a) experimental
setup with hot plate at 100◦C and heatsink close to room temperature, and internal
coating b) before, c) during and d) after process. In photos b), c) and d), the cold end

is at the bottom of shot.

are the TEC units that may be seen at the bottom of fig. 6.5, and connections to them
are made via a custom printed circuit board, while they are thermally ballasted by a
small, polished aluminium block just out of shot. Ultimately the idea is to attempt to
reproduce the macroscopic results on a smaller scale, and with a smaller temperature
gradient (closer to 0.5◦C/mm), but this has not yet been realised. What has been
achieved by this method, though, is fine control of the rubidium absorption depth (and
hence the rubidium vapour pressure) by simple heating of the chip.

The current to the peltiers was controlled at four values between 0.6 and 1.2A, and
once the temperature (measured by a K-type thermocouple in direct contact with the
silicon frame) at a given current was stable a Doppler-broadened absorption spectrum
was recorded, and fitted with the ElecSus algorithm. In fig. 6.9 are individual plots
reproduced along with an overlayed comparison, where a doppler-broadened absorption
spectrum was taken at four different chip frame temperatures. The temperatures were
calculated from absorption depth through the 2mm thickness of the vacuum-bonded
cell, and reported with uncertainties of ±1◦C and they lie very close to the measured
frame temperatures (which are recorded with uncertainties of ±3◦C). The additional
broadening is assumed to behave the same as in the case of the reference cell described
in section 6.2, where broadening is approximately 19MHz per mbar of buffer gas and
over all four measurements has an average value of 70± 10MHz. Bearing in mind that
this only accounts for one buffer species instead of an air mix, and that other sources
of broadening noise may be present, the upper bound on background gas pressure is
estimated to be 3.7 ± 0.6mbar. This extra background pressure, if real, is likely to be
present as a result of the same contaminants causing the apparent changes to the anti-
reflection coating, but in order to verify this, further analysis of confirmed fully-sealed
cells is needed.
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(a) (b)

(c) (d)

(e)

Figure 6.9: Absorption data shown with ElecSus fits for given vapour temperatures.
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6.4 Conclusions

In summary, this chapter has focused on the spectroscopic methods commonly used
in analysis of atomic alkali metal vapours, which are also used for the stabilisation of
lasers in cold atomic physics experiments, and the application of these techniques to
one of the cells created in our UHV bonder. We have shown the optical setup used for
thermal activation of our alkali metal dispensers, as well as a schematic of the pump-
probe “saturated absorption” system used to assess the progress of this activation.

One cell in particular was analysed in detail, including the demonstration of a linear ramp
in optical absorption (and therefore the Rb vapour pressure) with constant, low-power
heating of a dispenser (after initial activation). We additionally showed that the decay
of this absorption as the chip cooled to room temperature took place over a reasonable
timescale to allow the loading of several magneto-optical traps. Alkali metal deposition
on windows was also controlled by use of temperature gradients in order to show that
we can ensure a certain clear aperture for optical access.

The next chapter builds on some of the ideas of absorption spectroscopy used here, while
also indicating a new mechanism for laser stabilisation which is applicable to the cells
that we have fabricated.



Chapter 7

µMOT Test Setup and AOM Laser
Locking

Towards the end of the project, a system was set up to try and obtain a sample of cold
atoms inside one of our µMOT devices. This system made use of the acute MOT concept
from section 2.1.4, and was only operating for a short time before this document was
completed. As a result, not all the potential difficulties with this setup were resolved,
and a cold atom sample has not yet been created. Nevertheless, this section is included
for completeness, and to give the reader a sense of things to come in the near future
as the project inches towards completion. There are two main parts to this chapter:
the first and most substantial part presenting information about a small, self-contained
frequency-locking scheme for magneto-optical trap laser systems, and the second part
briefly discussing the approach we are taking to the µMOT test setup.

7.1 AOM Lock Scheme

A highly stable laser system is necessary for a successful MOT to be achieved, but locking
systems often require complex RF electronics and processing to derive a suitable error
signal. The 85Rb cooling and repump transitions are on the order of 10s to 100s of MHz
wide, so the laser wavelength must be stabilised to better accuracy than this to ensure
reliable cooling. Several methods to achieve this are readily available, and some are easily
miniaturised, but the development of new methods always opens new opportunities.

A novel method was devised for frequency-stabilisation of an external-cavity diode laser
(ECDL) by FM spectroscopy. The new setup simplifies the optical and electronic ap-
paratus, using a purely optically-derived error signal. This scheme is immune to many
forms of environmental noise, as it relies on a balanced detection method with inherent
common-mode rejection. Relying solely on one extra optical element, and requiring only
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a little extra space to allow for beam separation, this method is a solid candidate to
reduce necessary infrastructure in a miniaturised, locked laser system.

Several schemes have been suggested to use AOMs to produce dispersion-shaped spectrosco-
pic features, all using a frequency shift between the various diffracted orders or multiple
AOMs to produce dispersion-like spectroscopy signals. Given the widths of the usual
cooling transitions for alkali metals, this frequency shift is inadequate- usually too large
to create a satisfactory error signal. Operating an AOMwith a modulated drive frequency
provides sidebands on the diffracted beam with bandwidths of a few tens of MHz, ma-
king AOMs an economic alternative to electro-optic modulators for laser stabilisation
systems.

Light passing through an acousto-optic modulator (AOM) experiences both a shift in
frequency and an angular deflection, where the angle of divergence between the zeroth
and first diffracted order is defined by

θ =
f0λ

vg
(7.1)

where f0 is the central frequency driving the AOM, λ is the wavelength of the incident
optical beam, and vg is the speed of an acoustic wave in the AOM crystal. For two
separate AOMs (both using a TeO2 crystal with vg = 4200m/s), one being driven at a
frequency of 60MHz and the other at 100MHz, each would deflect a beam at 780 nm by
0.64◦ and 1.06◦ respectively, resulting in an angular difference of 0.41◦ between the two.
By modulating the driving frequency of an AOM with a square wave, one can effectively
switch between two frequencies on the same crystal, and as long as those frequencies are
within the bandwidth of the AOM resonance the first-order beam will be further split
into two modulated sidebands with an eliminated carrier.

Each of the two sidebands is separated from the carrier by half the modulation frequency,
providing two spatially separated beams with a frequency shift which may be considerably
smaller than the width of the transition being examined. Measuring the relative signal
size of each sideband they may be compared on a differential amplifier and a deviation
from zero difference indicates the size and direction of a laser frequency drift away from
that transition. In fig. 7.1 we see two theoretical Gaussian absorption dips, separated in
frequency space by their half-width. The subtraction of these two signals is also shown,
which takes a characteristic “error signal” form. This signal can then be sent back into
a closed servo loop and thus the laser frequency is stabilised.

7.1.1 Experimental Setup

A test apparatus to show this principle in operation was arranged as in fig. 7.2. In the
first instance, the output from an arbitrary waveform generator (Keysight 33600A Series)
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Figure 7.1: Generation of an error signal shape from two absorption dips distinct in
frequency.

and 12V linear voltage regulator (LM340 series) were combined using a bias-T (Mini-
Circuits ZX-86-12G-S+) and supplied to the tuning pin of a voltage-controlled oscillator
(Mini-Circuits ZX-95-100-S+). The signal from the VCO passed through an RF amplifier
(Mini-Circuits TVA-11-422), whose output stage was connected to the AOM (Gooch &
Housego M080-2B/F-GH2) operating at a centre frequency of 80MHz. This provided the
central driving frequency for the crystal, as well as a modulating signal at the function
generator frequency. By modulating the tuning pin of the VCO, the frequency-shift is
defined by the amplitude of the modulation, not its frequency, making the modulation
control just a little simpler.

In a second instance, both outputs from a two-channel function generator (Rigol DG4162)
were summed at a Mini-Circuits ZAPD-2-252-N+ power splitter/combiner before being
fed directly to the AOM amplifier. Adding the two manually-shifted signals together had
a similar effect to using the modulated AOM, but without the noise introduced by the
VCO, at the expense of needing a dedicated two-channel signal generator.

The optical setup was arranged such that the AOM, aligned in the Bragg regime such
that only the first diffracted order is selected, lay in the beamline of a 780 nm external-
cavity diode laser (ECDL), identical to the one used in chapter 6, and controlled by
the same electronic subsystem. Before arriving at the AOM, light from this laser passed
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Figure 7.2: The experimental setup for proof-of-concept of the AOM lock. LDD: laser
diode driver, FG: function generator, PZTD: piezoelectric transducer driver, ECDL: ex-
ternal diode cavity laser, VCO: voltage-controlled oscillator, DC: direct current supply,
AOM: acousto-optic modulator, BC: collimation optics, λ/n: nth-wave plate, P: pola-
rising beam-cube, RC: rubidium cell, VA: variable attenuator, OF: optical filter, FO:
focusing optics, CRO: oscilloscope, QPD: quadrant photodiode. The detector output

is proportional to (A+ C)− (B +D).

through a 1:3 beam reducing telescope, to ensure the entire beam-profile passed uniformly
through the AOM aperture. With sideband modulation turned on, the light from the
AOM follows two diverging paths. In order to correct for this divergence, a collimating
optic was placed in the beam to make the two modulated sidebands parallel.

The parallel beams then pass through a saturated absorption spectroscopy setup, and the
returning probe beam is focused down onto a quadrant photodetector (QPD, Centronic
QD7-5t) whose outputs are summed and subtracted as

Vout = GABCD(GAC(VA + VC)−GBD(VB + VD) + V0) (7.2)

where GAC , GBD are the relative gains of each quadrant pair and V0 is the system’s
zero-offset. For identical detectors receiving the same intensity of light, V0 = 0 due to
common-mode rejection. The values for G are set by a pair of summing amplifiers, while
overall gain GABCD is set by a subsequent difference amplifier. The QPD sections are
individually biased, allowing for fine balance control of the signal, and the output of two
horizontal sections are subtracted using an instrumentation operational amplifier with
20 dB gain, before passing through a 8kHz lowpass filter, which cuts out the modulation
frequency.
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Figure 7.3: Beam profiles gathered using a CCD linescan camera 75mm after the
AOM. Labeled in black are the sideband orders: 0- undeviated ray, 1- 1st-order side-

band, 0′ and 1′- 2nd-order modulation.

7.1.2 Results

The beam profile passing through the 80MHz AOM system was deviated by square-wave
modulation of the AOM tuning pin with a peak-to-peak amplitude of 10V and a DC offset
voltage of 9.5V. According to the datasheet for the ZX95-100+, the tuning sensitivity of
the oscillator is 3.9MHz/V in this range, which drives the AOM at a central frequency
of 81MHz. With tuning pin modulation on, we are therefore effectively switching the
AOM’s driving frequency between 61.6 and 100.4MHz. Using eq. (7.1) the expected
angular deviation between the modulated sideband beams is found to be 0.41◦.

A Thorlabs LC1-USB CCD linescan camera was initially placed 150mm after the AOM
to provide an analysis of the output beam profile, as shown in fig. 7.3. With the AOM
switched completely off, one can see the undeviated ray centred at x = 11mm. With
the AOM switched on but without the sideband modulation, the first diffracted order
appears at x = 8.8mm. From the relative heights of the peaks, we can surmise that
85-93% of the optical power was being diverted into this order. With the AOM in two-
frequency operation, the first sideband splits into the 0′ and 1′ orders at 9.5± 0.25mm
and 8.3±0.25mm respectively, or a spatial separation of 1.2±0.25mm. This corresponds
to an angular deviation of 0.46 ± 0.9◦, which is consistent with the prediction made by
eq. (7.1). This setup produced the data shown in fig. 7.4, which was adequate to observe
an error signal, but which suffered from phase noise due to the VCO.

A much better-optimised error signal was obtained by separating the two sidebands with
clipping mirrors and using a different balanced photodetector (Thorlabs PDB210A/M)
with a higher gain instead of focusing each beam onto the quadrant photodetector.
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Figure 7.4: The filtered data with clearly-visible hyperfine features in the SAS
spectrum and the associated sideband-modulated error signal.

Figure 7.5: A schematic of the revised detection system using clipping mirrors to
divert the switched sidebands onto two separate detectors with subtracting electronics.

Additionally, in the switch to the dual-channel method, we substituted the VCO tuning-
pin modulation for direct synthesis of the two necessary frequency components.

Driving the AOM from the combined output of the function generator’s two channels,
running at 72 and 88MHz, the two beam spots were easily separated using clipping
mirrors as shown in fig. 7.5. The resulting signal is shown in fig. 7.6, with error signals
for each of the hyperfine features on the D2 line for rubidium-85 and -87, the largest
signal for a crossover resonance reaching an unamplified peak-to-peak size of 12mVp−p.

A well-resolved error signal was detected for frequency separations up to 20MHz, after
which point the shift between the two beams became comparable to the linewidth, and
the centre of the signals began to be distorted. Below around 6MHz, the beams were not
spatially distinct enough to allow for good subtraction on the QPD, and the signal-to-
noise ratio suffered. As the separation increased, so did the amplitude and sharpness of
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Figure 7.6: The derived error signal produced by the dual-synthesis method. Dis-
persion features can be seen for several hyperfine transitions of both 85Rb and 87Rb.
Note the scale on the y-axis showing a peak-to-peak height of the largest error signal

of 1.2V.

Figure 7.7: Error signals derived at different shifts between driving frequencies, sym-
metric about 80MHz. Vertical positions are displaced for clarity, and do not represent

a real DC offset in the data.

the error signals, and for symmetric frequency shifts between 14-20MHz (lower frequency
70-73MHz, upper frequency 87-90MHz), very good error signals were obtained. These
signals, optimised for balance at the 87Rb crossover peaks, are reproduced in fig. 7.7 where
a much broader error signal can be seen superimposed at higher modulation frequencies.
This is the system’s response to the Doppler broadened absorption and may either be
removed by background subtraction or used to determine the direction of drift in the
event of detuning error too large to be corrected to the hyperfine peaks alone.
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Figure 7.8: Absorption spectrum and error signals used in the time-domain analysis.
The vertical offsets of the signals are for clarity only, and the black line represents a
pseudo-linear fit to the locking region, with an approximate gradient of 0.42mV/MHz.

7.1.3 Locking Data

The signal plotted in fig. 7.6 was supplied as a process variable to a PID controller which
in turn fed back to the manipulated variables of external cavity length and laser diode
current for the Thorlabs ITC4001 being used to supply current to the ECDL. As a wide-
band reference, the signal from an adjacent dichroic atomic vapour laser lock (DAVLL
[60]) setup using the same laser was used. This provided an almost-linear reference which
allowed evaluation of the laser stability across the whole Doppler-broadened region of
the D2 line. The transition chosen to lock to was one of the crossovers next to the 85Rb

cooling transition, as it provided the largest and sharpest signal. An overview of the
spectra during a single laser sweep is shown in fig. 7.8, which includes a SAS spectrum
alongside the AOM and DAVLL error signals.

The horizontal scale was roughly linearly calibrated by comparison to known positions
of the hyperfine peaks and a straight line was fitted to the region of DAVLL error
signal which overlapped with the locking transition. Based on this we have calculated
that for this specific case the value of the DAVLL signal would increase or decrease by
approximately 0.42mV for every MHz of detuning in either direction, and can therefore
be used to calculate relative detuning drift in data taken over a long time scale, which
is plotted in fig. 7.9.

The drift of the ECDL system was measured over 2000 seconds (' 33 minutes) in both
free-running and locked modes of operation. The maximum drift in DAVLL signal in-
dicates a laser frequency drift on the order of 63 ± 2 kHz, which is comparable to the
stability of similar lasers tested in the literature [289]. In the pseudo-linear region of
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Figure 7.9: Data showing performance of the laser system across two separate 33-
minute runs, with the AOM system in free-running (FR) and locking (L) mode. The

final drifts are ∆fFR = 63± 2 kHz and ∆fL = −2± 1 kHz.

drift between t = 15min and t = 25min, the rate of drift is approximately 300 kHz per
hour. The data taken under active stabilisation drifts by a maximum of −2 ± 1 kHz
across the whole run. An approximately linear drift with a rate of 4 kHz per hour is
observed, meaning that stabilisation by this simple method improves the drift rate of the
controlled laser system by a factor of 75.

7.2 µMOT Test Setup

7.2.1 Acute MOT (And Others)

Although the long term goals of the µMOT was to integrate the G-MOT, the first
chambers used glass-silicon-glass structures for ease of fabrication. The glass was 2mm
thick and our available gratings were only 12mm in diameter. If placed at the back of the
chips, only 1-2mm of trapping volume would be in vacuum with only the very edge at
the magnetic zero point, so efficient trapping would be unlikely. The geometry of the cell
prevents beams from entering sideways and the depth of the cells prohibited the standard
six beam geometry. Ideally the MOT coils should be as close to the cell as possible to
reduce power consumption, but this means all of the beams would need to enter through
the axis of the coils. Theoretical analysis showed that the beam wavevectors would
be perpendicular to the magnetic vector, greatly reducing or completely removing any
Zeeman trapping along the radial direction and in fact, the beams created an anti-
trapping force. The experience with misaligned beams of the φ-MOT and, as previously
the λ −MOT (chapter 2), led us to the conclusion that the radially-directed trapping
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(a) (b)

Figure 7.10: Schematic of the trapping forces in acute MOT with a) aligned beams
and b) misaligned beams.

force was provided by an intensity variation creating a scattering force trap, and axial
trapping was achieved via the usual Zeeman trap. The acute trap requires the beams to
be misaligned slightly away ( half a beam width) from either side of the magnetic zero
to produce a 3D trap, as indicated in fig. 7.10.

The independence from the Zeeman effect of the radial trapping allows the possibility
to avoid anti-Helmholtz field coils altogether. The centre of the trap would be defined
by the detuning between the incident and return beams, in much the same manner as a
moving molasses but balanced by a linear magnetic gradient. This could reduce the power
required in the coils due to the cube law fall off in the magnetic field easily producing the
necessary ( 10G/cm) gradient. The trap may also be more efficient for two reasons: in
a standard MOT the quantization axis at the magnetic zero is undefined, firstly making
the processes at the centre of the trap difficult to model, and secondly leading to loss
of atoms via Majorana spin flips into non trapping states [290]. With a gradient field,
the quantization axis is well defined at all points removing the loss of atoms and also
preparing them into well defined states ready for further manipulation. We should also
note that, when using anti-Helmholtz coils in the acute MOT, the scattering force is
competing with the radial anti-trapping and so the net force is less by up to a factor of
10 (depending on beam power and alignment). With a linear gradient, the anti-trapping
is reduced leading to equal vertical and horizontal forces (again depending on alignment).
We should note that similar geometries can, and have been, shown with beams focused
via lens [291]. Although the system does not include misalignments, there is still a
separation between Zeeman trapping and scattering trapping. The misalignment should
result in a greater radial trapping force and so may be more efficient than the two beam
MOT.
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(a) (b)

(c)

Figure 7.11: Photographs of a) acute MOT under construction, b) a λ-MOT setup
under test and c) the context of the λ-MOT setup within our lab setup and next to the

S-MOT apparatus (section 2.1.3).

Shown in fig. 7.11 are three photographs of the state of some of the MOT geometries
currently under development in our lab. The acute MOT setup is under construction
on a pair of stacked breadboards designed such that the lower level accommodates the
atomics and readout package, while the top level will ultimately carry a stabilised laser
diode system. Another setup is attempting to recreate a λ-MOT structure with a gold-
coated backing providing the mirror for the reflected beams. The reason for the creation
of this additional setup is to try and speed up the process of obtaining cold atoms. While
simulations indicate that trapping in the acute MOT should be somewhat efficient, it
remains untested in practice and so introduces a further unknown. The λ-MOT is a
better-known quantity, and therefore a relatively safe backup option which should provide
results quickly. The final image in the set shows a comparison between the size scales of
the λ-MOT and S-MOT systems.

7.2.2 Anti-Helmholtz Coils & Heating

Since the vacuum chamber in use is so much smaller, commensurately smaller currents
may be used to drive magnetic field coils in order to generate the necessary 10G/cm
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(a) (b)

Figure 7.12: a) a photo of a trapping coil PCB and b) the results of a preliminary
test of its magnetic properties.

required for MOT trapping. This makes it easy to considerably miniaturise them and
to this end, we use coils printed on thin (1mm) circuit boards (PCB). A photograph
of one of these PCBs, designed by Matt Himsworth, is presented in fig. 7.12(a). The
properties of the coil, which is a flat Archimedian spiral with 10 turns on each side (20
total) were calculated according to an approximation assuming each turn of the spiral
can be modeled as a 1-turn solenoid of constant radius, each with a common centre.

Preliminary data testing the coils with a constant-current power supply and a laboratory
gaussmeter (limited to ±1200mG) sitting at the centre of the hole. The results plotted
in fig. 7.12(b) are in reasonable agreement with the predictions of the model, with an
apparent slight linear calibration offset. This difference in gradient may be a result of
shortcomings of the concentric solenoid model, combined with a small calibration error
if the gaussmeter was displaced slightly from the coil axis.

Nevertheless, we calculate that positioning two of these PCBs at a 10mm separation a
10G/cm field gradient would be developed for a current (through both coils) of around
900mA, requiring 1.8V to drive, which is a very low power requirement by cold atoms
standards. For the current range tested (up to 100mA) no appreciable temperature rise
of the PCB bulk was detected.

7.3 Conclusions

In conclusion, several new experimental setups were devised in order to stabilise ECDLs
and also to begin the process of trapping atoms in a µMOT.

A new locking scheme using a modulated AOM sideband has been developed from a
concept and applied directly to an established ECDL system, relying on a secondary
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modulation of the AOM tuning pin to provide second-order sidebands which could be
subtracted to obtain a laser frequency stabilisation signal. The error signal that was
obtained was appreciable in size, and sharp enough to allow stabilisation of the system
to the sort of levels necessary for cold atoms experiments. This stabilisation has been
used to considerably reduce long-term drift of the laser system, showing how it might be
applied to future experiments.

In an adjacent lab, the first steps have been taken in setting up the λ-MOT and acute
MOT test apparatus, with the critical magneto-optical alignment in place, and the re-
maining steps including optimisations of the systems at hand.
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Chapter 8

Conclusions & Outlook

8.1 General Conclusions

This thesis has explored several of the most important enabling technologies necessary
to move experiments that use ultracold atoms out of the laboratory and into a portable
system. Given the importance of cold atom sensing systems to the future of timekeeping,
navigation and geophysical surveying, to name but three applications, we prioritise the
fast (within a few years) production of such a compact device by focusing on techniques
already shown to be scalable and highly adaptable. Achieving this goal would repre-
sent a major stride forward in creating a mass-producible, robust cold atom system,
which is long looked-for in industrial sensing applications (a µMOT). It would also serve
to liberate lab-based fundamental experiments and providing cheaper options to show
quantum effects in teaching laboratories and even for outreach and public engagement
environments.

The early chapters of this work gave a broad introduction to the fields in which back-
ground knowledge is required to appreciate the scope of the “Integrated Atom Chips”
project. The origins of Doppler cooling in the optical scattering force, and the intro-
duction of trapping by a linear magnetic field provide arguments about the trap po-
pulations and temperatures which may be achieved, and the vacua required to realise
them. Several different magneto-optical trap geometries are available, with some of the
more compact ones appearing more favourable for implementation in a µMOT device.
While the φ-MOT and the acute MOT have their advantages in specific situations, and
may be useful for testing prototype devices, the most versatile and passive design is the
grating MOT. Other geometries are still under consideration, and methods of attaching
the grating to the device (such as eutectic bonding) are still under development. The
key point is that the most important subsystem to miniaturise is the vacuum chamber,
in which passivity and compactness are essential.
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A contributed review article which covers the basic principles of achieving ultra-high
vacuum, with a pure and low-pressure Rb background vapour was published and is
attached at the end of this document. A summary of some of its key points are that we can
machine small vacuum chambers from monolithic silicon wafers (compatible with other
microfabrication processes for easy integration of optical and electrical components) with
relative ease, including certain structural mechanisms which improve the passive vacuum
lifetime. These chambers can be sealed shut using existing semiconductor techniques
such as anodic and eutectic bonding, with very low leak rates. Internally, residual gases
and incident leaks or permeating contaminants may be continually pumped away by the
inclusion of non-evaporable getters, that simply require a one-off activation at medium
temperature once fabrication is completed. Assembled in the correct way, these small
cells provide an ideal low-power platform for cold atom trapping and it is shown that
such a device is feasible and would hold the required vacuum for a reasonable time.

We have applied anodic bonding, a highly hermetic and dry sealing method which is
popular in the MEMs industry, to much higher vacua than are commonly found in the
literature in order to seal early iterations of the µMOT device. The mechanism by which
anodic bonding occurs in our system depends on an electrostatically-assisted hydrolysis
reaction at the interface between optically-clean glass and silicon, which occurs faster at
higher temperatures and higher bias voltages. Initially, anodic bonding tests on various
different glasses were carried out, in order to check the suitability of parameters com-
monly found in literature for our process. In terms of the temperature limitations of the
process, we are particularly looking to keep the bonding temperature as low as possible
to minimise contamination of the internal passive pumping systems of the devices during
fabrication. During this process, we have checked the suitability of aluminosilicate glass
(important for its vacuum properties) as a process glass, and carried out some test bonds
in an ambient environment to verify this. The aluminosilicate chosen was a promising
candidate. While bonding was slower and less strong than with other glasses, the bond
quality was equally high, and so we can have good confidence about the hermiticity of
our seals.

In order to encapsulate atom chips in a high to ultra-high vacuum environment, a UHV
aligner die bonder was designed and built in our lab from scratch. In its final incar-
nation, this machine includes a 5-axis translation stage and alignment mechanism, as
well as the capacity for in-situ plasma cleaning of the chamber and its contents, which
is also thought to enhance bonding quality. A quadrupole mass spectrometer provides
residual gas analysis, allowing the operator to ensure that the distribution of gases in
the chamber is suitable for handling by non-evaporable getters (which pump away most
major atmospheric components except noble gases and carbon monoxide) once the chips
have been sealed shut. The system reaches the edge of the ultra-high vacuum regime
(10−8 mbar and below) in an overnight pumpdown, with noble gas partial pressures be-
low 10−9 mbar at time of bonding. This is exactly in the target starting pressure region
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needed for highly-versatile cold atomic physics platforms, and further development could
push the residual pressure down lower, opening up opportunities for ion traps and BECs
on board a chip-scale device.

The first steps were made in setting up an activation and testing process for fabricated
µMOT devices, which in the first generation have been shown to reliably perform as
miniature spectroscopy reference cells, with a rubidium vapour pressure simply control-
lable by optical heating, or by use of attached low-power miniature peltier devices. As
these techniques are refined, we will devise diagnostics that indicate what changes to take
forward with the next generation of devices, and will provide hints as to what changes
need to be made in order to realise on-board magneto-optical trapping.

Additionally, a new and simple method was also devised for stabilising and locking laser
emission around the rubidium cooling transition. This method was set up and tested, and
found to produce a very good signal which was used to stabilise an ECDL to within the
requirements of a cold atoms experiment on the timescale of hours, the kind of stability
needed for embedded sensing systems.

8.2 Future Work

While we have achieved many of the early project goals, there remains a lot of work still to
be done on developing the µMOT package into a robust source of cold atoms. Taking the
results of chapter 6, there remains interest in fully characterising the rubidium partial
pressure as a function of device temperature (derived from near-resonant absorption
depth) and in the possibility of using a spectroscopic signal as the process variable in
a closed-loop control system to maintain a consistent rubidium partial pressure. This
development would provide a drop-in, turnkey replacement for other, bulkier frequency
reference systems which is entirely tunable to the application, which may include laser
stabilisation, magnetometry or other fundamental science.

Further improvements to the UHV bonder, as well as process refinements, are under
consideration. The Varian turbopump is to be replaced with a Pfeiffer HiPace 80 system
which will allow faster pumpdowns, a higher compression ratio for noble gases, and closer
systems and software integration. The control software itself remains a work in progress
and although most of the bugs have now been worked out of it, there remain some minor
issues that can interrupt use of the bonder. Extra features that could be added include
real-time numerical differentiation of the bonding current data, which would be a useful
user aid as not only the instantaneous current but its rate of change are process variables
that provide information about bonding progress. Of high importance is the optimisation
of eutectic bonding, which would allow direct integration of MOT gratings onto µMOT
chips. Work is currently proceeding on the characterisation of this process on the AML
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bonder, while further fabrication of fully-transparent vapour cells continues in the UHV
machine.

There are some next logical steps in characterisation of the µMOT devices, and work
is currently progressing on generating the first cold atom ensemble on board some of
the produced devices, which will allow direct sensing of the residual gas pressure in the
devices and will help to characterise the sealing quality and the efficacy of the NEGs.
Promising spectroscopy results for 4 of the 6 devices fabricated so far have been detected,
but not all of them could be included in this work. A more robust characterisation of
the internal alkali metal vapour properties and the long-term chip behaviour is planned.

A 6-beam MOT setup similar in design to the “shoebox MOT” with 60◦ beams is being
constructed, as well as a similar system which makes use of some reflective gratings the
group has at our disposal. It is thought that with a grating molasses created greater
than 2 mm above the substrate surface, a MOT could even be realised if the grating chip
is simply attached to the back of the device, outside the vacuum system, and work on
this is currently developing.

Aside from cold atoms applications, there are also “hot” vapour-phase experiments for
which our devices may be useful. Providing a reliable, miniaturised frequency reference
which may be packaged on board laser diode butterfly packages (similar to work done by
[292]) would be a formidable step towards miniaturising even more of the necessary infra-
structure for portable atomic physics. There is also interest in applying our high-vacuum
bonding techniques to other materials, and using them to create miniature vacuum cells
with aluminium walls and aluminosilicate windows, as a source of cold nano-particles for
large-scale interferometry experiments using optical tweezers.

A possible timeline for further development could be as shown in fig. 8.1. With the
current stage of development of the UHV bonder, a reasonable time for pumping down
to the required vacuum for encapsulation is one day. A further day for the bonding
process itself, then coating the device with NEGs and inserting the dispenser could be
carried out immediately, with the second part of the bonding cycle taking one more
day. Therefore it is realistic to be able to carry out this process up to 7 or 8 times a
month. Once a device is completed, it can immediately be placed in the activation and
analysis setup where we a basic leak check and vapour characterisation takes only a few
hours. With a candidate device ready for installation in a MOT setup, preparation of
the auxiliary optics can be carried out in parallel to additional fabrication. With this
timeline in mind, it would be plausible to have several devices ready for test in an acute
MOT configuration within 3 or 4 months, at which point essential maintenance may
need to be carried out on the bonder. In the mean time, work will be continuing on
evaluation and development of feedthrough dies for inclusion in the final product. We
therefore have a best-case scenario timeframe of approximately 4 to 6 months before the
realisation of cold atoms on board one of our devices, in a process which can be iterated
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Figure 8.1: A probable trajectory for the project indicating timescales for completion
of key milestones over the next several months.

with bonding and activation parameters and other conditions varied in order to produce
the best possible vacuum devices for a cold atom cloud.

In summary, our work is pushing ever closer to a portable and mass-fabrication com-
patible cold atoms sensing system. Although in this report we have not detailed the
establishment of a cold atom trap on board a µMOT device, we have made great strides
in that direction, establishing the reliability of most of the important processes and our
capability of producing vapour-phase rubidium frequency references.
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Appendix A

Electrical Sensing And Control of
the UHV Bonder

Several electronic circuits were used to gather data on the anodic bonding processes
carried out during the project, and there were many pieces of companion software written
to allow real-time processing and plotting of the data. A full diagram of the final state
of the bonder control system is presented in fig. A.1.

A.1 Electronic Sensing

To receive data from the experiments described in chapter 4 two analog-to-digital con-
verter (ADC) boards were developed based on the ChipKIT Uno32 prototyping board.

A.1.1 Amplified Sensors

The output of the current sense terminal on the high voltage supply had a calibration of
52mA of bonding current per 1V of signal measured, but for die-scale bonding, bonding
currents are typically below 3mA (chapter 3) so the largest signal that could reasonably
be expected is approximately 57mV. Since the Uno32 has a 10-bit ADC resolution, there
are 1024 discrete voltage levels it can report with a reference voltage level of 3.3V, so
3mA of current would be detected as 18 bits, or only 1.8% of the maximum dynamic
range of the ADC. To make a bonding current of 3mA correspond to a 3.3V measurement
required a gain of 55, so a non-inverting operational amplifier circuit was devised to fulfil
these requirements.

The amplifier schematic is shown in fig. A.3. A Rf = 47kΩ resistor was used in a series
network with two 4.7kΩ resistors to create an amplifier whose gain was measured as
57. The signal obtained by this arrangement suffered from strong noise at 50Hz and

187



188 Appendix A Electrical Sensing And Control of the UHV Bonder

Figure A.1: A full schematic of the subsystems in the vacuum bonder control and
logging system. ADC: Analog-to-Digital Converter, 3504: Temperature Controller,
RGA: Residual Gas Analyser, CAM: Chamber Monitor Camera, Curr: Current Sense
Terminals, ITR90: Ion Gauge, Volt: Voltage Sense Terminals, Heat: Heater Filaments,
TCs: Thermocouples. Heavier arrows indicate serial communications while lighter ones
indicate direct electrical, optical or vacuum connections. Arrow directions indicate the

flow of data or control.

harmonics. Information about current flow will be close to DC compared to this, with
significant variation expected only on the scale of hundreds of mHz. In order to suppress
this noise a capacitive low-pass filter was added to the output stage of the amplifier,
with a chosen time constant of τ = 100ms, achieved by combining a 1.6kΩ resistor with
a parallel 10µF capacitor. The results are shown in fig. A.2, with the RMS noise on the
current signal reduced by a factor of 3.

A similar but inverting amplifier was also designed for the voltage sense channel, since
the output was calibrated such that -1V at the sense terminal corresponded to -100V at
the bonding platens (both negative, of course, due to the polarity of the bonding). In
order to bring this into compatibility with the 3.3V range of the chipkit, an inverting
unity-gain buffer was used with a resistive potential dividing stage on the output. All
of the circuitry used was built into a Digilent prototyping shield compatible with the
Uno32.
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Figure A.2: Characterisation of noise in the current sensing circuit, showing an RMS
noise level of 0.9µA before and 0.3µA after the addition of a low-pass capacitive filter

with a time-constant τ = 0.1s.

Figure A.3: The amplified system for sensing the electrical parameters during bon-
ding. HV: high voltage supply, grey connection: current data, red connection: voltage

data, CK: chipkit.

A.1.2 Passthrough Board

When the vacuum bonder switched over to the new GenVolt power supply unit with
a built-in amplifier circuit, the output range of the sense terminals also changed. The
supply current was limited to 0-2mA, and the output range was 0-2V, resulting in a
simple 1V/mA calibration. Since this is within the range of the chipkit reference, no
attenuation was needed, and the nominal maximum current measurement would reach
61% of the chipkit’s saturation bit depth. At this level, it is possible to get sufficient
resolution on the current without amplification, so a much simpler prototyping board
was prepared, which simply acted as a converter to connect the BNC outputs of the
bonding sensors to the analog input pins of the ADC.
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A.1.3 Eurotherm 3504

Temperature regulation was achieved by a Eurotherm 3504 dual-loop proportional inte-
gral derivative (PID- the basic theory of which is adequately explained in [293]) controller,
with one loop dedicated to the stabilisaton of each platen. Output from an independent
power supply (initially a generic bench unit, and eventually a floating fixed-voltage device
as in section 4.5.9) was connected to the switching poles of two relays, in turn connected
to the logic outputs of the PID loops. The relays are effectively pulse-width modulated
by the controller, depending on the size of the error signal resulting from the difference
between the temperature set point and the value read from the platen thermocouples at
each time step.

The controller includes an automated PID tuning algorithm, which is found to set very
adequate PID coefficients. The maximum ramp rate for a step impulse can be reduced
to increase the time between filament burnouts and to cut down on stresses inside the
chamber due to sudden thermal shocks. It also served to reduce the instantaneous platen
outgassing rate, allowing a more gradual evolution of residual gases. In our system, the
maximum ramp rate was set to 100◦C/min after a trial and error process.

A.2 Control and Logging Software

To control the vacuum bonder and to log its data output, two main approaches were
tried starting with a barebones but effective "Processing" program, and finishing with a
slightly more effective LabVIEW user interface.

The LabVIEW user interface went through several design iterations, the most recent of
which (version 0.9.81) was designed using a Master/Slave architecture which is desig-
ned to asynchronously communicate with 4 other pieces of hardware: the second ADC
described in section A.1, the Eurotherm 3504 temperature controller, the SRS100 RGA
and a camera which is placed appropriately to monitor the chamber through viewport
windows. An overview of the program structure is displayed in fig. A.4 and a typical
screenshot of the graphical user interface (GUI) is shown in fig. A.5. User interaction is
handled by the main loop, which initialises at the running of the top-level VI (virtual
instrument) in the software package and communicates with the others by firing notifiers
upon user interaction with front panel controls.

In parallel with this the camera loop initialises, which uses the IMAQdx library to com-
municate with a WATEC Supreme 902h2 CCD camera. The camera is triggered to take
a snapshot on every iteration of this loop, which is immediately displayed on the user
interface. The user has no direct control over the camera through the software, but can
save images through a right-click context menu. Another loop which commences imme-
diately upon running the program is the logging loop, which prepares a unique log file
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Figure A.4: Schematic overview of the LabVIEW interface architecture, showing each
of the possible states of each slave loop in response to a user interaction with the main

loop.

whose name is the time at which the program was initialised (in the format HHMMSS)
in a folder whose name is the current date (formatted YYYYmmDD). While the appro-
priate control on the front panel is toggled on, the logging loop writes a line to this file at
regular time intervals, specified by the user. This line is formatted as tab-separated data
where the first column is the time in seconds elapsed since the program was initialised
and the remaining columns contain either one of the program’s recorded variables or an
empty string, depending on which variables are selected on the front panel. The output
file is a standard text CSV file (with tab-separated columns) which can be opened by
any spreadsheet or notepad software, and is easily processed by python libraries such as
pandas.

The three other loops used in the architecture each handle communication with a different
piece of experimental hardware: the ADC, the temperature controller and the residual
gas analyser.

Using the LINX by Digilent/LabVIEW MakerHub driver kit, three analog pins on the
ChipKIT are read on each iteration of the ADC loop, and the corresponding values of
bonding voltage, current and vacuum chamber pressure are passed to the user interface
by serial communication. There is also capacity for expansion here with displays available
for the force sensor measurement and for an alignment photodiode sensor.

Using LabVIEW drivers provided by Eurotherm, the temperature controller loop is de-
signed to request to read one temperature from each of the two sensors attached to the
Eurotherm 3504 and pass these to the GUI by serial communication. Upon user in-
teraction with the temperature controls on the GUI, the software uses the same serial
line to write the desired temperature setpoints to the appropriate registry entry in the
controller.
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Figure A.5: A typical screenshot of the bond monitor software’s most recent version at
time of writing. The data shown are typical of a mid-stage, leaky pumpdown, with the
exception of the “Platen Voltage” indicator which was disconnected when the screenshot
was taken. In this image, the top bonding platen is also missing, having been removed

for cleaning.

Finally, Stanford Research Systems provide LabVIEW drivers for the RGA100 which
were used to construct the RGA loop, designed to connect to the RGA by serial commu-
nications. On initial connection, the RGA filament is switched on and, optionally, the
Channel Electron Multiplier (CEM). To protect the RGA from the possibility of damage,
the software will not allow the filament to be activated without data from the ADC, nor
will it allow activation of the CEM at indicated chamber pressures over 10−6mbar. Once
connected, the RGA is instructed to collect one histogram of the partial pressures pre-
sent in the chamber as frequently as possible (approximately once every 2 seconds). A
history of these histograms is kept and plotted, and the combination of these plots allows
both an instantaneous detailed snapshot of the background gases in the chamber, and
time-dependent information on the chamber’s evolution.

All of these loops are designed to terminate at the same time, on receiving a stop signal
from the main loop, after which the program’s front panel closes.
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Electrical Sensing And Control of
the Heating Laser

A semi-automated control system was devised for the relatively simple task of activating
and deactivating the heating laser, used for initial alkali metal dispenser activation and to
a certain degree, later thermal control in the µMOTs. As briefly mentioned in chapter 6,
there are three main electronic components integrating the butterfly-packaged heating
laser with the rest of the experiment.

Laser Diode Package

The heating laser is contained in a butterfly package and actually consists of two diodes,
both coupled into the same fibre pigtail. The visible beam is a 650nm laser (the “aiming”
laser), producing 2mW of optical power for a driving current of 24mA, which is perfectly
adequate for alignment purposes. The other diode is a 980nm laser whose output power
curve is shown in fig. B.1. The specified maximum power of this “heating” laser is
10.1W, operating at 12.3A. The laser package also includes a monitor photodiode which
is insensitive to the aiming laser, but whose calibration to aiming laser power was checked,
along with the heating laser’s threshold behaviour.

Wavelength and power stability are relatively unimportant here, as there is no resonant
behaviour involved, so there is no need for current stabilisation measures or linewidth
narrowing. On the other hand, there is a maximum safe operating temperature for
the diode package. For this reason, the package was mounted on a heatsink and its
internal thermoelectric cells and thermistor were used in conjunction with a temperature
controller to keep the laser in operation.
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Figure B.1: Power/current curve taken from the heating laser datasheet, and used
for output calibration.

Laser Driver

The laser is driven directly by a PicoLAS LDP-CW 18-05 constant current power supply
which can provide up to 18A to the diode. The driver has an “enable” pin whose level
determines the output current, and this pin is connected, via a low-pass filter, to an
Arduino micro-controller prototyping board.

Temperature Controller

A Thorlabs TCM1000T 3WTEC Controller was connected to the laser package’s onboard
TECs and thermistor, with the temperature setpoint set close to room temperature
(22± 3◦C) to prevent the device from overheating. This ensures stable operation as well
as preventing any possible damage to the device. The TCM1000T has relay outputs,
which open and close depending on the stability of temperature measurements, so that
if the process temperature is far away from the setpoint, or is rapidly changing, one of
these relays stays closed. When the temperature is settled within 2◦C of the setpoint,
the relay opens. This is used as a hardware interlock to prevent operation of the heating
laser under unsafe conditions.
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Figure B.2: Schematic of control electronics supplying the laser system, reproduced
from [294]. PSU: power supply unit, TEC: thermo-electric controller.

B.1 Integrated Control Box

All the above control systems were integrated into one box designed to drive the laser
and regulate its temperature, given a control signal either from a manual potentiometer,
or a smoothed PWM signal from a microcontroller. The circuit diagram of this control
box is shown in fig. B.2.

A LabVIEW script was developed to communicate with an arduino Pro Micro by serial
protocol, which in turn provides a PWM signal (capacitively smoothed) to pin 10 on
the laser driver (when control switch is thrown to “external” mode). This signal, varying
from 0-400mV, determines the constant current supplied to the laser in the range 0-6A.
The maximum optical output power is then in the vicinity of 8W. Analog pins A0 and A1
of the arduino are connected to pins 6 and 7 of the laser package (the anode and cathode
respectively of the built-in photodiode), permitting monitoring of the laser output power
in real time. The LabVIEW script includes the option to run a constant current through
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the heating laser diode for a fixed length of time. This allows for slow “pulsing” of test
device temperature and standardisation of energy deposited per heating run.
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The Feasibility of a Fully Miniaturized Magneto-Optical Trap for Portable
Ultracold Quantum Technology
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Experiments using laser cooled atoms and ions show real promise for practical applications in quantum-
enhanced metrology, timing, navigation, and sensing as well as exotic roles in quantum computing, networking
and simulation. The heart of many of these experiments has been translated to microfabricated platforms
known as atom chips whose construction readily lend themselves to integration with larger systems and future
mass production. To truly make the jump from laboratory demonstrations to practical, rugged devices, the
complex surrounding infrastructure (including vacuum systems, optics, and lasers) also needs to be miniatur-
ized and integrated. In this paper we explore the feasibility of applying this approach to the Magneto-Optical
Trap; incorporating the vacuum system, atom source and optical geometry into a permanently sealed micro-
litre system capable of maintaining 10−10 mbar for more than 1000 days of operation with passive pumping
alone. We demonstrate such an engineering challenge is achievable using recent advances in semiconductor
microfabrication techniques and materials.

PACS numbers: 07.07.Df, 37.10.Gh, 07.30.Kf,

I. ULTRACOLD QUANTUM TECHNOLOGY

Since the first demonstrations of atoms and ions at
sub-millikelvin temperatures in the mid-1980s, the field
of atomic physics has been revolutionized by laser cool-
ing and trapping as it provides researchers with a method
to probe some of the purest and sensitive quantum sys-
tems available. This field is still highly productive and
recently has put significant emphasis on the practical ap-
plications of this technology beyond the laboratory1,2. It
was evident very early on that ultracold matter would be
an indispensable tool in precise timing applications and a
recent demonstration3 has shown extremely low instabil-
ities at the 10−18 level. The wavelike nature of atoms as
they are cooled to lower temperatures can be used to form
atomic interferometers that outperform optical counter-
parts in measurements of accelerated reference frames4–7,
which are important for inertial guidance systems, but
can also provide sensitive measurements of mass, charge
and magnetic fields8–11. Greater sensitivity beyond the
classical limit is possible via squeezed12 and entangled
states13–15, which are also fundamental attributes for
quantum computing16,17, and long distance quantum
networking18. Ultracold matter has been used in the
emerging field of quantum simulation19 and is an indis-
pensable tool in determining fundamental constants20,
testing general relativity21 and defining measurement
standards22. Many researchers and industries believe
such tools will be a major part of the ‘second quantum
revolution’ in which the more ‘exotic’ properties of quan-
tum physics are applied for practical applications23,24.

The field of ultracold matter has reached a matu-

a)m.d.himsworth@soton.ac.uk

rity in both experimental methods and theoretical un-
derstanding allowing experiments to begin leaving the
laboratory25–27. These systems are bespoke, rarely take
up a volume less than a cubic metre and require a team of
experts to operate. The many applications that will ben-
efit most from ultracold quantum technology are likely
to require far smaller and more rugged devices which can
be mass-produced and do not require the user to under-
stand the internal operation in detail. One can already
see the opportunities made possible with the move to mi-
crofabricated atom and ion traps28–31, but these firmly
remain ‘chip-in-a-lab’ components rather than ‘lab-in-a-
chip’ systems.

The miniaturization we envisage is analogous to that
demonstrated by the recent development of commercially
available32 chip-scale atomic clocks (CSACs), which have
shrunk a traditionally bulky optical spectroscopic system
down to one smaller than a grain of rice33. Some work has
begun on miniaturizing the entire ultracold atom system,
most noteably the backpack-sized iSense Gravimeter34,
but to achieve the CSAC level of sophistication, size and
robustness in ultracold technology will require at least
another decade of development.

The trapping and cooling of hot vapour-phase atoms
or ions below millikelvin temperatures is the first stage
in all ultracold experiments, therefore the miniaturiza-
tion of the system known as the Magneto-Optical Trap35
(MOT) would be a significant step forward towards our
goal. Several academic and commercial research groups
have begun looking at the various ways the MOT can
be miniaturized using machined glass chambers36, coni-
cal retro-reflectors37,38, and etched multi-section silicon
and glass substrates39. Most of these demonstrations are
small-scale versions of standard MOTs, with only the last
device beginning to redesign the system from a microfab-
ricated and integrated approach.
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In this study we explore the feasibility of miniaturiz-
ing and integrating the ultra-high vacuum system, atom
source and MOT optics into a centimetre-scale device.
This will be achieved by using recent advances in materi-
als and techniques adapted from the semiconductor and
MEMS industries used in wafer-level mass production.
We will refer to the device as a ‘MicroMOT’ because the
internal volume is on the scale of micro-litres compared to
the typically litre-sized standard MOTs. The initial tar-
get operational lifetime is set at 1000 days, as this would
be at the lower end of a typical commercial service life
whilst still presenting a significant challenge. We also
aim to maintain an internal vacuum of 10−10 mbar under
normal atmospheric external conditions, and do so with
only passive pumping elements and thus no power. Our
objective is to focus on this as an engineering challenge
from which a mass-producible technology can be devel-
oped, thus avoiding bespoke systems which may only be
suitable for proof-of-concept purposes.

In Section II we describe a typical Magneto-Optical
Trap system, its construction, and how it can be minia-
turized. In Section III we discuss the source of vapour
phase atoms and how to control them. In Section IV
we explore solutions to provide pumping, prevent perme-
ation, limit leaks, and overcome outgassing. In Section
V we bring the above technologies together to design a
prototype Micro-MOT. In Section VI we discuss the as-
sumptions made in the study and highlight areas for fur-
ther research.

II. THE MAGNETO OPTICAL TRAP SYSTEM

Nearly all cold atom experiments begin with a Mag-
neto Optical Trap of which a typical design comprises an
Ultra-High Vacuum (UHV, <10−9 mbar) chamber with
internal volumes of around a litre with numerous optical
ports, atom sources, gauges and pumps attached. UHV
is obtained by thorough cleaning of the polished glass and
metal (typically stainless steel) components. The entire
system is assembled and evacuated using roughing and
turbomolecular pumps down to around 10−7 mbar. It is
then baked in the vicinity of 200◦C for several days whilst
being evacuated by ion and sublimation pumps and, once
cooled, will obtain vacua in the region of 10−10 mbar.
Obtaining vacua much beyond this, in the extreme high
vacuum (XHV) regime, can be very difficult and may re-
quire getters, cryogenic pumps, deeper cleaning regimes
and alternative chamber materials.

Once UHV is obtained, the MOT is formed of sev-
eral stabilized and finely-tuned laser beams that are
retro-reflected along each Cartesian axis intersecting at
the zero of a quadrupole magnetic field (see Figure
1). Vapour-phase atoms are released into the chamber,
cooled, trapped, and finally manipulated for their in-
tended task. Typically 107 atoms are trapped in a dense
cloud with diameters usually below 1mm and, for the
majority of experiments (excluding long freefall experi-

FIG. 1. The standard MOT geometry. The laser polariza-
tions are indicated in text and the magnetic field direction in
green arrows.

ments), the atoms rarely move more than a few millime-
tres away from this point. The past decade has seen the
emergence of atom chips which allows for manipulation
of atoms microns away from surfaces using high magnetic
field gradients, created by microfabricated wires40.

This raises the question to why such a large vacuum
system is required? The answer is that without resorting
to bespoke designs the pumps and gauges one can pur-
chase for UHV systems are very large, and regardless,
using current approaches the system is still difficult to
reduce below the size of a shoebox. Typically these are
far too bulky, expensive, and labour intensive to mass-
produce and so an alternative architecture and manu-
facturing approach is required, starting with the MOT
geometry.

For an integrated device the ‘standard’ geometry pre-
sented above is impractical due to the need for many
optical ports, complex alignment, large volumes, numer-
ous fragile optical elements and the difficulty in bring-
ing the atoms close to an atom chip surface. Sev-
eral alternative geometries have been proposed includ-
ing the mirror-MOT41, pyramid-MOT42,43, and tetra-
hedral MOT44. The latter two are attractive as they
need only a single incident beam, and both are suit-
able for microfabrication. Miniaturized pyramid MOTs,
however, suffer from low atom capture rates due to the
small volume in which the beams overlap45,46, significant
backscatter making the atoms difficult to detect47, and
the geometry making transfer of the atoms to magnetic
surface traps non-trivial. A recently demonstrated ver-
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FIG. 2. A grating MOT geometry.

sion of the tetrahedral-MOT using a planar grating as
a reflector (which we refer to as the ‘G-MOT’, see Fig-
ure 2) can capture a large number of atoms, has lower
backscatter48, and can be easily integrated with atom
chip structures49. Some disadvantages include the effect
of the grating on the wavefronts and polarizations of the
manipulation beams50, and added difficulty in situations
which require several widely-spaced wavelengths. Nev-
ertheless, the G-MOT appears to be the most suitable
geometry for microfabricated devices.

For most cold atom experiments, the practical starting
number of trapped atoms is on the order of Nt = 106,
with a lower limit51 around 104. The G-MOT charac-
teristics show that the beam overlap volume, Vt (cm3),
follows the scaling law of Nt = 4×107V 1.2

t , resulting in a
minimum practical volume of 0.045 cm3. This is equal to
a 0.65 cm diameter, uniformly illuminated, beam52 form-
ing a pyramidal volume. To ensure the correct num-
ber of atoms and to take into account the effects of
non-uniformly shaped beams, a pragmatic beam diam-
eter would be 1 cm. Experiments requiring degenerate
gases may require at least 108 atoms to ensure a stable
phase density for condensation and also improve detec-
tion. This would warrant much larger capture volumes
than described here.

We assume that the device would incorporate an atom
chip structure so that the atoms are trapped and manip-
ulated with magnetic fields close to the surface, there-
fore the dimensions of the device have little impact on
the measurement. Studies have shown that laser cooling
close to surfaces begins to show losses as the atom-surface
separation decreases below 1mm47,53. Thus, assuming a
typical MOT cloud with a diameter less than 1mm, a
lower limit on the vertical dimension would be 3mm.
We aim to explore this issue in another study, but point
out here that for a 1 cm diameter GMOT beam, ∼ 94%

of the overlap volume is contained within the first 3mm
from the grating surface. In other matterwave experi-
ments which manipulate the atoms during free fall, the
interaction time may be limited to several milliseconds
in a 3mm thick chamber. For example, if we assume our
trapped species is rubidium which has been cooled to the
Doppler limit of 146µK (r.m.s. speed of 20 cm s−1), and
the atoms have 1mm to travel before losses occur, then
the maximum interaction time is 5ms neglecting gravity.
Sub-Doppler cooling can increase this by a factor of 3 to
4, which may be acceptable in many situations. Optical
lattices can increase the interaction time of matterwave
interferometers without drastically increasing the dimen-
sions of the system54. These guided matter waves are a
promising technique which could aid miniaturization and
improve sensitivity.

III. ATOM SOURCE AND CONTROL

The atomic species to be cooled and trapped can be
sourced either from a hot vapour, or captured from an
atomic beam. The latter is usually produced from a
hot Knudsen oven, and requires additional cooling to ob-
tain a suitable capture efficiency in the MOT, usually
via a Zeeman slower55 or chirped cooling56. Our chip
based system will be far too small for such slowers as
they require tens of centimetres for adequate decelera-
tion, although they can be made smaller using bichro-
matic force techniques57. Loading from a background
vapour is a common method which results in reason-
ably fast loading rates, but requires a vapour pressure
greater than UHV, resulting in increased collisions and
decoherence during subsequent manipulation58. There-
fore the vapour pressure must be controllable on short
times scales, ideally within a second. A common method
to achieve this uses a MOT cooled in two dimensions
(2D-MOT) in one chamber separated from a 3D-MOT in
another via a narrow conductance channel59. The 2D-
MOT chamber may be kept at a high vapour pressure so
that it may load many atoms into a low velocity beam
directed into the higher vacuum 3D-MOT chamber. This
technique has been used in the ColdQuanta miniaturized
BEC system39. Such multichamber systems are likely to
be necessary for obtaining BECs which require a higher
level of vacuum, however in this study we aim solely to
produce a cold non-degenerate cloud of atoms, concen-
trating on loading a single MOT from a room tempera-
ture vapour, and to control it on short timescales.

Each laser cooled species has different chemical prop-
erties which bring different challenges. In this study we
look at rubidium as it is ubiquitous across the whole
scope of cold atom experiments, and poses the challenge
of a vapour pressure which is too high at room temper-
ature for efficient trapping. Species with lower vapour
pressure, such as strontium, could be easier to use as they
do not endanger the vacuum, but the high temperatures



4

needed to obtain a suitable background pressure results
in less efficient trap loading, and so may require the addi-
tional cooling mechanisms discussed above. Rubidium60

melts at 39◦C and at room temperature has a vapour
pressure of 5× 10−7 mbar. This results in significant col-
lisional rates with trapped atoms and also excessive flu-
orescence, making the detection of the cold atoms very
difficult. Moreover, the very small volumes inside the
chips, and the lack of active pumping, quickly results in
vapour saturation. A sufficient vapour pressure to load a
rubidium MOT is ∼ 10−8 mbar, but one must reduce this
by an order of magnitude for any decoherence-sensitive
measurements. Therefore, one must have a method to
carefully regulate the flow of rubidium into the MOT
chamber.

The past decade’s development of CSACs has provided
a range of methods to introduce alkali atoms into micro-
fabricated devices. These sources include pure metal61,62,
alkali compounds61, wax pellets63, alkali azides64, and
alkali-enriched glass65. Most are not suitable for UHV or
result in poorly controlled, or limited lifetime, sources.
Pure rubidium is not suitable unless it is sealed away
during fabrication as its high pressure vapour will ruin
vacuum at the elevated temperatures required for bak-
ing and bonding. Commercial alkali dispensers, such as
SAES Getters Alkali Metal Dispensers (AMDs) and Al-
vatec Alvasources are alkali compounds which are sta-
ble up to temperatures of 300-600◦C. AMDs are chro-
mates combined with a Zr-Al getter material held in a
nichrome dispenser66. Heating of the AMDs results in a
reduction reaction releasing pure rubidium and some ad-
ditional gases which are gettered away. Alvasources are
alkalis alloyed with ‘poor’ metals, such as bismuth, which
form stable compounds with higher sublimation temper-
atures than their constituent elements. They also result
in far less residual gas than AMDs67, albeit at a higher
cost. Both of these sources can be controlled with Joule
heating, but they can also be activated with a focused
laser68,69, removing the need for electrical feedthroughs
and reducing the heat transfer to the chip70.

Rubidium vapour will reach saturation very quickly
within micro-litre volumes, especially as the previously
mentioned sources may be difficult to control accurately,
so a system to pump away the vapour must be incor-
porated. Glass and metals are effective pumps for al-
kali atoms: surface studies have found binding ener-
gies around 3 eV and extremely high pumping rates58 of
103 l s−1cm−2. Studies looking at vapour cell coatings71
have highlighted a significant ‘curing time’ after filling,
during which the vapour pressure stabilizes due to strong
chemisorption72. After the surface is saturated the ad-
sorption energy drops to ∼ 0.5 eV and is thus only weakly
physisorbed. If we assume the MicroMOT produces a
10 second pulse of rubidium every minute, with a peak
pressure of 10−8mbar, which is pumped away at 1 l s−1,
one would require a total of 1019 atoms (about 1mg)
to last for our 1000 day target. A typical monolayer
is around 5 × 1014 cm−2, so one cannot rely on surface

pumping alone if it cannot be degassed regularly73. We
note that the limited surface area can be increased with
materials such as aerogel, porous silicon, zeolites, and
anodic alumina.

An obvious and effective method to control the vapour
is by simply reducing the temperature of the MicroMOT.
To get to 10−10 mbar one must cool rubidium to −30◦C.
This can be accomplished by cooling the entire chip or
with an integrated ‘cold finger’, such as a micro-peltier
device74. This latter method will avoid rubidium con-
densation on critical features such as the windows or re-
flectors, and also avoid water accumulating on external
surfaces. The pumping of alkali metals by getter films
has been reported to be negligible75,76, but little data is
available77, so may not be useful in its regulation. Many
atom chips require gold films for reflective surfaces and
conductors and it is known in the field that these may de-
grade over time when exposed to a hot rubidium source.
The phase diagram78 between gold and rubidium shows a
stable alloy forms around 500◦C. Therefore one can use
a heated gold surface to pump away excess rubidium.
Another method could utilize the rubidium/bismuth al-
loying effect mentioned earlier as a thermally controlled
pump, but one must be wary of the low melting point
of this metal (271◦C) during fabrication. Both alloying
methods work for all alkali metals but, as shown in Table
I, these occur at different temperatures.

A common method to quickly control the vapour pres-
sure whilst remaining at room temperature is Light In-
duced Atomic Desorption (LIAD)79. This technique in-
volves the illumination of metal or glass surfaces with
non-resonant ultraviolet light (UV) in order to increase
the desorption rate of physisorbed alkali atoms. The
exact mechanism by which this occurs is still under
debate80–82. Once the UV light is extinguished the des-
orption rate reduces so that atoms can return to the sur-
faces. This reloading of the atom sources means that
the total number of atoms in the device can be re-
duced through recycling. Studies have shown an order
of magnitude improvement of MOT loading rates with
this technique83,84, and it has been used to make BECs,
which are very sensitive to background gas collisions, in
a single chamber85. In chip-scale systems the surface
area is far too small for effective use of LIAD86 but, as
mentioned earlier, one can introduce high surface area
materials87,88 providing they can be degassed sufficiently
prior to encapsulation.

For any pumping mechanism the production of rubid-
ium from the source should be well controlled to ensure
consistent loading of the MOT and to prevent permanent
vapour saturation. If the source reactively produces hot
vapour at unpredictable rates, due to material or heating
inhomogeneities, then additional mechanisms are needed
to control the flow. Separating two chambers of differ-
ent pressures is a common challenge in UHV systems,
as discussed earlier in 2D/3D MOT loading, and can be
achieved by carefully limiting the gas conductance be-
tween them with a narrow channel. A channel 1mm long
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TABLE I. Gold and bismuth alkali alloys with 1:1 compo-
sitions for use as alkali pumping mechanisms. Many of the
phase diagrams exhibit several phases with additional alloys
forming above and below these temperatures and the reader
should refer to the original sources. The approximate values
are due to indistinct alloying temperatures.

Alkali Au-M alloy Bi-M alloy
metal (M) ◦C ◦C

Li89,90 ∼660 ∼400
Na91,92 372 444
K93,94 532 355
Rb78,95 498 376
Cs96,97 585 390

TABLE II. General characteristics of standard UHV MOT
systems, and those for the MicroMOT

Standard MicroMOT

Internal volume (l) >1 <10−3

Lifetime (days) indefinite 1000 (target)
Pump rate (l s−1) >20 <1
Leak rate (mbar l s−1) <10−11 <10−19(Ar)

<10−14(N2)
Outgassing rate
(mbar l s−1cm−2)

<10−11 <10−21(He)
<10−16(H2)

Permeation ratea (cm2s−1) <10−7 <10−17

a For helium using Equations 2 and 5.

with a cross-section of 100× 100µm, can maintain UHV
in the MicroMOT chamber at room temperature98 whilst
the source chamber is at saturation pressure, as long as
there is a pumping rate greater than 0.1 l s−1 in the laser
cooling chamber. Locally heating the source chamber by
100◦C will sufficiently increase the vapour pressure for
loading the MOT. The narrow aperture also leads to a
‘beaming effect’ which may aid the loading of the trap.

IV. UHV IN A CHIP

Table II highlights the various challenges in terms of
leak, permeation, and outgassing rates that must be tack-
led to realize sealed passive UHV chips, and compares
them to those required by typical UHV systems. Reach-
ing many of these values, especially those for noble gases,
may seem unachievable, however we have identified meth-
ods to do so by careful choice of materials, fabrication
processes and also structural features.

Vacuum encapsulation of microfabricated devices is a
large and mature industry and nearly all MEMS devices
require some level of hermetic sealing. The range of vac-
uum levels required ranges from 102 mbar in MEMS ac-
celerometers to 10−4 mbar in microbolometers99. Very
low vacua are also needed in field emission devices and
the lowest recorded encapsulated pressure the authors
have found in the literature (10−8 mbar)100 was achieved

FIG. 3. Techniques to encapsulate a vacuum by evacuation
before (a) and after (b) bonding.

using this technology. Maintaining UHV is also impor-
tant to photomultiplier tubes and we highlight the work
of Erjavec101 who have performed a similar study to this
one. Lower pressures in encapsulated micro-devices have
probably been achieved, but the means to measure them
do not exist as most gauges with capability down to UHV
have far greater internal volumes than the devices them-
selves. We are fortunate that the device we are aiming to
produce, by its very nature, is capable of measuring such
low pressures. It is commonly known in the atom trap-
ping field that the loading rate, γ (Hz), of an atom cloud
is linearly related to the background pressure, with an
approximate scaling of 2×10−8γmbar s, and Arpornthip
et al58 performed a systematic study of this gauging tech-
nique. It was found to vary little with systematic varia-
tions, such as cooling beam power and detuning, and had
a sensitivity range from 10−7 to below 10−9 mbar, limited
by cooled atom collisions within the trapped cloud. This
sensitivity range is slightly above the range of our target
pressure but will provide an adequate indication of the
internal environment. An improved sensitivity down to
10−12 mbar may be possible if the background rubidium
vapour can be quickly reduced after loading102 using the
techniques discussed in the previous section.

Two methods are commonly used to encapsulate low
pressures inside chips99: wafer to wafer bonding under
vacuum, or sealing of an evacuation tube after bonding
(as shown in Figure 3. The latter is simpler to construct
as the various chip layers do not need to be manipulated
and bonded under UHV. This method has been used in
the NIST atom chip system in which the evacuation tube
is constantly pumped by a miniature ion pump. How-
ever, efficient evacuation to UHV through a small aper-
ture is difficult and the sealing process is non-trivial on a
wafer-level scale in terms of complexity, uniformity and
time. We shall see that wafer-to-wafer bonding under
vacuum, whilst complicated to implement, allows one to
thoroughly degas and evacuate chips and also allows the
introduction of a novel structural scheme to drastically
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reduce leak rates discussed in Section IVC.

The choice of materials from which the micro-MOT
can be constructed is dependent on the sealing method
and the typical process environments. Suitable materials
for UHV have negligible vapour pressures, low outgassing
and permeability rates, and are mechanically strong and
machinable. Therefore metals such as stainless steel,
aluminium, titanium and copper are predominant. The
MicroMOT would require optical access for the cooling
beams and fluorescence detection and so the chip must
include an optically transparent section, such as a glass or
glass-ceramic wafer. Unfortunately there it a mismatch
in the coefficients of thermal expansion (CTE) between
glass and metal components which limit their baking,
bonding, and operating temperatures. The exceptions
are low expansion alloys such as Kovar and Invar, the
former being specifically developed for glass-metal seals.
Any remaining CTE mismatch can typically be allevi-
ated with specially shaped sealing edges103. Neverthe-
less, we find that the majority of metals104 do not have
the extremely low outgassing rates105,106 highlighted in
Table II, and their glass-metal seals103 may not be ade-
quately hermetic107, or are impractical to implement into
the microfabrication process (i.e. very high temperatures
for extended periods). Alternative bonding methods are
discussed in Section IVC.

The MicroMOTs are likely to incorporate atom chips
which commonly use silicon as a substrate due to its high
thermal conductivity and the vast array of available semi-
conductor processing techniques29. Coincidentally sili-
con, as we shall see in the following sections, is a very
suitable UHV material: it has extremely low permeation
and outgassing rates at room temperature, it has several
CTE-matched optical materials available, it is produced
with a high purity (to the 9N level), and can withstand
high temperatures necessary for baking and bonding.
The disadvantage of this material is its brittleness108, so
only small structures can be fabricated using specialized
techniques which is acceptable in our application, but
not for large scale vacuum systems. Several well studied
processes exist to clean silicon wafers and the lowest leak
rates we have found for sealing technologies have been
found for silicon-glass bonding (Section IVC). It is also
interesting to note that polysilicon coatings are commer-
cially available to reduce the outgassing rates of stainless
steel chambers109. Another advantage is that silicon is
completely non-magnetic, which is important for manip-
ulating atoms, and is a poor electrical conductor which
reduces the deleterious effect of eddy currents during fast
magnetic field switching110 - a common issue with MOTs.
Hence, in the following section we assume the chips are
predominantly constructed from silicon and glass, with
additional metal films for reflectors and getters.

A. Pumping

One cannot maintain a high vacuum without any form
of pumping because no seal is perfect, all materials out-
gas to some extent, and no material is impermeable to all
gases. However, by reducing the above effects as much as
possible one can sustain vacuum with minimal pumping,
especially in small volumes. As mentioned in the intro-
duction we would like to maintain UHV with no active
or cryogenic pumping as such systems increase the total
size, power requirements, and cost, not to mention the
time and money needed to develop chip scale analogues of
these devices. Passive pumping elements take the form of
getters which are metals, or alloys, that chemisorb typical
gases found in high vacuum, namely O2, CO, N2, and H2.
Getters generally come in two varieties111: Evaporable
getters are metals which are heated until their increased
vapour pressure causes them to deposit on surrounding
surfaces. This traps residual gases under the deposited
layers, but the new surface also acts as a pump to im-
pinging gases through chemisorption. Non-Evaporable
Getters (NEGs) also chemisorb gases onto their surface,
but in addition they absorb the reacted surface mate-
rial into the getter bulk during heating (known as acti-
vation). Both types keep pumping gases at room tem-
perature, albeit at a reduced rate, providing their sur-
faces are not saturated. NEGs activate at temperatures
ranging around 200-800◦C, depending on their compo-
sition, whereas evaporable getters need to be heated to
well above 700◦C. Therefore the choice of NEGs for our
MicroMOT is obvious, and is further validated by its
adoption in the MEMs vacuum encapsulation industry.

Non-evaporable getters are made of Group IV/V met-
als and alloys, such as Ti, Zr, V, Hf etc, and may also
include metals such as Al and Fe. These are elements
with high oxygen solubility, high diffusivity, and high en-
thalpy of adsorption for many gases found in vacuum112.
When exposed to air, the surface of the NEG quickly
passivates forming oxides, nitrides and carbides in an 2-
3 nm layer113. Heating the NEG in vacuum, known as
activation, causes these compounds to diffuse into the
bulk leaving a fresh metallic surface pump. Typical oxy-
gen solubilities for NEG compounds are on the order of
10%, so a 1µm thin film can undergo ∼100 reactivation
cycles after air exposure, however the pumping efficiency
begins to reduce after a few cycles114. This corresponds
to an approximate total capacity of 1012 molecules per
cubic centimetre. Recent in-situ studies of NEG acti-
vation with individual gases at temperatures above acti-
vation indicate far higher capacities of the order of 105

monolayers of carbon monoxide115 due to the increasingly
uniform oxygen concentration in the film with tempera-
ture. Hydrogen diffuses readily in the bulk, and so the
capacity is approximately two orders of magnitude higher
than surface pumped species at room temperature. Em-
brittlement of the film at very high hydrogen concen-
trations (above 1%) can result in delamination and so
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should be avoided116. When NEGs are deposited as thin
films they also act as outgassing barriers117, thus turning
gas sources into pumps and greatly reducing the ultimate
pressure. Noble gases and some hydrocarbons, such as
methane, are not pumped by NEGs at room tempera-
ture. Therefore the MicroMOT will need to be sealed
at UHV to ensure the majority of gases, especially the
nobles, are evacuated prior to encapsulation.

The bonding techniques discussed in Section IVC re-
quire temperatures up to 400◦C, which will lead to in-
creased outgassing (see Section IVD) and a reduction
of the NEG lifetime due to saturation. Moreover, re-
activation of the getter to rejuvenate its pumping rate
during the sealed devices’ lifetime will lead to increased
outgassing, permeation and possibly leakage. Therefore
it is prudent to use an NEG alloy with a very low activa-
tion temperature, and high pumping rate and capacity.
The beam lines of particle accelerators require XHV envi-
ronments, and their very large volume presents an issue
for efficient and uniform pumping. Several decades of
research at CERN have been devoted to finding NEGs
both which activate during the chamber baking proce-
dure (∼ 250◦C) and can also coat all internal surfaces118.
Their findings have shown that sputtered TiZrV alloys
of nearly equal ratios can be activated at 180◦C, and
using these coatings they have demonstrated the lowest
room temperature vacuum of 10−14 mbar119. The pump-
ing rate of NEG films depends on their surface area and
so the CERN team have also looked into the effects of
substrate and deposition parameters to increase pump-
ing rates and capacities120. Additional attractive proper-
ties of TiZrV NEG films are their high adhesion, thermal
and vibration stability, resilience to standard wafer clean-
ing processes, and commercial availability121. Table III
shows the typical pumping rates and capacities of TiZrV
NEG thin films whose values will be used in the follow-
ing sections. Not all gases are pumped equally and some
lead to reduced pumping speed of the NEG at high sur-
face coverage (for example, CO reduces the pumping rate
and capacity of H2 and N2) which are shown in Table III.
This effect must be accounted for when calculating the
lifetime of getter pumped devices. The unintentional in-
corporation of noble gases in sputtered films can result
in outgassing which may endanger the vacuum122,123 and
this will be discussed in Section IVD. As a result, al-
ternative methods, such as vacuum arc deposition113 or
e-beam evaporation, should be considered.

Most gases only chemisorb on the NEG surface and
show negligible pumping after a monolayer is formed.
Hydrogen is the exception as it diffuses throughout the
entire bulk of the getter and so only the thickness of the
film defines the capacity. There exists a thermal equi-
librium between the absorption and desorption of hydro-
gen from the NEG. This is dependent on the hydrogen
concentration124 and thus can be used to predict the
residual pressure in our devices. This value, known as
the disassociation pressure, follows Sieverts’ law and has

been measured for TiZrV films114. It was found to be
given by:

log10(PH2) = 2 log10(xH) + 14.324 − 8468

T
(1)

Where PH2
is in millibar, xH is the fraction of hydro-

gen in the film and T is the temperature in Kelvin. We
can see that for a very saturated film (xH = 0.01) the
pressure is negligible at room temperature (10−19 mbar)
and only endangers the vacuum at temperatures above
150◦C, at which point helium permeation through the
glass wafer becomes equally problematic, as we shall see
in Section IVB.

Earlier we dismissed evaporable getters on the basis
of high operating temperatures and vapour phase gases.
There is a new type of evaporable, or more specifically re-
active, getter being investigated which uses alkali atoms
as the gettering medium125–128. Early studies of alkali
metal dispensers showed that they improve the pumping
rate of the system76. Alkali and alkaline earth atoms will
react and bind strongly to the common residual gases
found at UHV and therefore our devices may experi-
ence an improvement of the vacuum during operation.
Experiments have shown that the pumping rate for car-
bon monoxide by lithium getter films is similar to TiZrV
NEGs but with a capacity over 104 times greater. This
would be very advantageous to remove outgassed species
during bonding which could otherwise saturate TiZrV
films. Most of the work on these reactive getters has fo-
cused on lithium due to its low vapour pressure and abil-
ity to form stable compounds with a number of gases. We
suspect rubidium will provide some gettering, but not to
the extent of lithium due to the former’s high vapour
pressure. For example, the disassociation pressure125
of LiH at 300K is 10−21 mbar whereas that of RbH is
10−7 mbar, only marginally less than rubidium vapour
pressure60,129. It is expected, however, that pumping
of oxygen and carbon monoxide will be more effective.
With its greater capacity and ability to pump additional
gases such as methane, which NEGs cannot, a lithium
getter could replace, or complement, the NEG in the Mi-
croMOT if the necessary vacuum cannot be pumped by
NEGs alone130.

TABLE III. Typical pumping rates, sticking factors and ca-
pacities of TiZrV NEGs at room temperature for a 1µm film.
The values in parentheses indicate the pumping rate after car-
bon monoxide saturation114. The capacities can be increased
by nearly an order of magnitude by heating the substrate
during deposition.

Gas Sticking Pumping Capacity
factor rate (l s−1cm−2) (cm−2)

H2 8× 10−3 0.35 (0.1) > 1016

N2 1.5× 10−2 0.17 (0.1) 1.5× 1014

CO 0.7 8 1015

In the following sections we assume:
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• An internal volume of 0.5 cm3.

• A surface area of 5 cm2.

• An NEG area of 1 cm2 with a thickness of 1µm.

B. Permeation

No material is absolutely impermeable to all gases, and
so it is inevitable that they will diffuse through the walls
of any chamber and finally desorb into the vacuum. We
shall address the issue of permeation before the effect
of outgassing and leaks as this is seen by many as the
limiting factor in achieving UHV in small, sealed, well-
degassed volumes. Permeation is complex and requires
several processes to become a vacuum risk: 1) The gas
molecules in the external environment impinge on the
outer surface of the chamber wall and physisorbed, 2)
they disassociate if the surface enthalpy is greater than
their bonds, 3) they are absorbed under the surface layer
and diffuse through the bulk along the concentration gra-
dient (Fick’s law), 4) the gas atoms must then overcome
any surface energy barriers, and 5) desorb from the sur-
face directly or recombine with other ions to desorb as a
molecule. These processes strongly depend on the type
of permeating gas and the chamber wall material. For
example, noble gases will permeate glasses, but not most
metals due to the latter’s more crystalline structure and
weak surface interaction. As noble gases are not pumped
by NEGs their permeation is of greatest importance and
we shall devote the majority of this section to them, how-
ever we will also discuss the effect of hydrogen as this is
the second fastest permeating gas (see Table V).

Surface effects, which will be discussed in Section IVD,
tend to reduce the permeation rate so the simple process
of bulk diffusion can be considered the limiting factor
of permeation. The amount of gas flowing diffusively
across a membrane of area A and thickness d between
two regions of pressure Pext and Pint is

dQ

dt
=
KA(Pext − Pint)

d
(2)

where K = DS is the permeation rate (cm2 s−1), D is
the diffusion constant (cm2 s−1) and S is the solubility
(cm3 (STP)/cm3). Both D and S typically follow an
Arrhenius-type temperature dependence and the former
is quoted in the literature as

D(T ) = D0 exp

(−ED

kBT

)
(3)

where ED is the diffusion energy, kB is the Boltzmann
constant and T is the temperature. The variation of S
can be much more complicated131, however over a lim-
ited range of temperatures the Arrhenius form is ade-
quate, and for most materials does not change apprecia-
bly compared toD with temperature. Values of diffusion,

solubility and permeability of the materials highlighted
in this study can be found compared to the common vac-
uum materials, stainless steel and Pyrex, in Table IV.
Equation 2 assumes the gas is already fully dissolved in
the membrane, which is not the case in thoroughly de-
gassed materials. Therefore there is a period of time be-
fore the gas will ‘break through’ to the evacuated volume,
and in materials with very low diffusion rates this can be
extremely long132. The pressure increase of a cavity of
volume V at a time t due to a gas permeating through a
degassed membrane is133:

Pc =
ADSPext

V d


t− d2

6D
− 2d2

π2D

∞∑

m=1

(−1)me
−m2π2Dt

d2

m2




(4)
Since the micro-MOT chambers will require at least

one optically transparent viewport the permeation of he-
lium through glass will be a significant issue. The amor-
phous network structure of glass forming oxides provide
channels for helium to diffuse. Not all glasses are alike
however, and the addition of ‘modifier’ molecules can
act to plug the holes in the network, resulting in very
low permeation rates134. We aim to seal glass to sili-
con and therefore must match CTEs to reduce stresses
and therefore increase yield. Pyrex is the most common
glass bonded to silicon due to their comparable CTEs
and its sodium content required for anodic bonding136
(see Section IVC). This borosilicate glass is so highly
permeable to helium that we should expect to lose UHV
several days after bonding (see Figure 4). Much work
was carried out in the 1960s and 1970s on the permeation
rates of gases through glass, and the results showed that
Alumino-Silicate (AS) glass, those with approximately
20% Al2O3 or more composition, had permeation rates

FIG. 4. The permeation rate of various 1mm optical wafers
exposed to atmospheric helium after initial evacuation to
10−10 mbar after complete degassing. We have calculated the
values using Equation 4 and used the data for Corning 1720
to define the properties of AS glass134,135.
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five orders of magnitude lower than Pyrex134,137. Figure
4 shows a comparison of the permeation rates of helium
through AS glass, Pyrex, fused silica, and Schott Zero-
dur glass-ceramic, calculated using Equation 4. This lat-
ter material is commonly used in UHV systems requiring
low permeation and its very low CTE makes it well suited
for bonding. We can also see that Corning 1720 series
AS glass is more than capable of maintaining vacuum
for our target time. Its CTE is well matched with sili-
con to which is can be anodically bonded, albeit at much
higher temperatures than Pyrex due to the low alkali
content138–140.

Other AS glasses are commercially available, but
too numerous to list here, and we mention that load-
borate and soda-lime glasses also have low permeabil-
ity characterisics. Silicon carbide141 has a very low
permeability142, can be bonded to silicon143, and have
been used for atom chips due to its transparency and high
thermal conductivity144. Sapphire and glass-ceramics
such as Spinel145 are likely to have extremely low per-
meation rates, but yet again are not well CTE matched.
Hard crystalline optical coatings may also reduce per-
meation. Graphene, amongst its many other attrac-
tive properties, has shown a permeability rate equal to
bulk Pyrex, yet requiring only a single monolayer146.
Unfortunately uniform coatings over large areas are as
yet unavailable, but graphene-oxide may be a suitable
alternative147.

Norton154 measured the permeation of other gases
through fused silica, as shown in Table V, and we can see
that, in general, larger molecules have lower permeation
rates but can depend on surface interactions and solubil-
ities (compare H2 and Ne). Hydrogen diffuses through
glass as a molecule131,152 and so, as shown in Table IV,
it will have a far lower permeation rate than helium.
Coupled with an order of magnitude lower atmospheric
partial pressure compared to helium, and the ability to
pump the gas with NEGs, hydrogen permeation can be
neglected. Very little data is available on the hydrogen
permeability through AS glass and so we have used a scal-
ing law by Souers et al150, the glass composition from
Altemose134, and the Pyrex solubility to calculate the
diffusivity constants in Table IV.

TABLE V. Permeation of different gases159,160 through fused
silica154.
Gas Relative permeation Van der Waals

rate at 700◦C radius, nm

He 1 0.133
H2 0.1 0.15
Ne 0.02 0.141
Ar <10−7 0.176

We now address the second material in our system:
silicon. Measurements of helium permeation through
silicon extrapolated from high temperatures show that,

like metals, silicon is practically impermeable to all no-
ble gases. Using measured values for solubility cite-
binns1993hydrogen,van1956permeation and typical at-
mospheric helium content, we should not expect to find
a single atom within a cubic centimetre of silicon. We
note that recent studies161,162 looking at the hermetic-
ity of glass frit encapsulation and other bonding meth-
ods have indicated that helium permeation through sil-
icon at room temperature may be more significant than
expected. However, more work is required to confirm
this against the large bulk of research into helium bub-
ble formation in silicon which agrees with the original
low permeation result163. Hydrogen, on the other hand,
is known to permeate silicon albeit predominantly in
atomic form at room temperature. This matter will be
discussed in great detail in Section IVD as the perme-
ation rate is related to outgassing. The results in Table
IV show that the permeation rate of hydrogen through
silicon at room temperature is negligible.

C. Leaking

No seal is perfect as the bonding of materials will in-
evitably lead to a route for gases to travel, via micro-
channels and defects, or merely a local variation in the
permeation rate. Standard UHV systems predominantly
use Conflat type seals which employ knife-edges to bite
into OHFC copper gaskets and join metal components
together, and ‘housekeeper’ type seals for glass-to-metal
interfaces. Commercial vacuum products quote leak rates
less than 10−11mbar l s−1 (STP), usually limited by the
resolution of the leak detector164. These types of seals
are not suitable for wafer-level fabrication of vacuum en-
capsulated micro-electronics and so several new methods
have been developed using chemically formed seals, or
simply relying on the attraction between perfectly flat
surfaces165. The small volume and long lifetime of many
microelectronic chips may preclude the use of internal
pumping mechanisms, meaning that the seals must have
extremely low leakage, more so than those demanded by
standard vacuum systems.

In Section IV we discussed the methods to encapsulate
microfabricated vacuum devices and here we shall explore
the details of suitable bonding methods and their quality.
We foresee the need for at least two bonding processes:
one to bond the ‘atom chip’ to the structure wafer (sili-
con to silicon, or gold to silicon), and another to bond the
glass capping wafer to the structure layer (glass to sili-
con). As many bonding technologies exist we will only
consider those which are well established, have demon-
strated leak rates below 10−13 mbar l s−1 (air), and do not
require temperatures above 400◦C so as to reduce out-
gassing, stress, and protect chip components. We have
not considered low temperature indium bonding which
although initially seems promising can result in noble gas
outgassing unless special measures are undertaken. Also,
it limits the activation of NEGs, may require several ad-
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TABLE IV. Bulk diffusivities and solubilities (at STP) of helium and hydrogen in silicon, Pyrex (Corning 7740), aluminosilicate
(Corning 1720), and stainless steel. We have also tabulated the permeation rates at 20◦C and 500◦C to compare values more
easily.

Silicon148,149 Aluminosilicate134,150,151 Pyrex131,134,150–153 Stainless steel154,155

Heliuma

D0 (cm2s−1) 5.2× 10−3 3.7× 10−4 4.6× 10−4 Impermeable154,158

ED (eV) -0.82 -0.52 -0.28 -
S0 (cm3 (STP) cm−3) 2.8× 10−4 0.0016 0.005 -
ES (eV) -0.77 - - -
K (cm2s−1) @ 20◦C 3.2× 10−34 6.8× 10−16 3.5× 10−11 -

@ 500◦C 4.8× 10−17 2.4× 10−10 3.4× 10−8 -

Hydrogenb c

D0 (cm2s−1) 9.7× 10−3 2.08× 10−7 K−1 1.4× 10−5 1.2× 10−2

ED (eV) -0.48 -0.67 -0.24 -0.56
S0 (cm3 (STP) cm−3) 90.4 0.038 0.038 0.3
ES (eV) -1.86 -0.12 -0.12 -0.11
K (cm2s−1) @ 20◦C 5.7× 10−40 6.1× 10−23 3.4× 10−16 1.0× 10−14

@ 500◦C 1.2× 10−15 4.3× 10−14 2.4× 10−12 1.4× 10−7

a We are unable to find helium solubility in silicon data other than van Wieringen et al148 which is somewhat unreliable due to the
limited measurement range. In the tabulated values we have used that data with the theoretical energy of solution149 to calculate the
prefactor. The diffusivity values are also theoretical but agree with experimental results148,156,157.

b We have assumed the same solubility for AS glass as for Pyrex due to the small variation found between glasses and the minimal
temperature variation152,153.

c Like helium, the commonly quoted values measured by van Wieringen et al148 are extrapolated from a narrow high temperature range
and can be assumed to indicate the highest diffusion rate (see Section IVD).

ditional films to improve surface wetting, and the leak
rate is not sufficiently low166.

Glass Frit

Glass frit bonding is a well established technique which
involves the deposition of a low melting point glass com-
pound between two materials. The glass is heated first to
outgas the organic binder compounds, and is then raised
to the glass transition temperature which melts and seals
the two surfaces upon cooling. The vacuum hermetic-
ity of this technique has been explored extensively by
Sparks et al167, but no absolute leaks rates have been
quoted. We believe glass frit bonding to have a leak
rate below 10−15 mbar l s−1 by considering the lifetime,
internal volume, and pressure inferred by the integrated
resonator’s Q-factor168. However, the pressure measured
(∼ 10−3 mbar) is at the limit of the gauging technique
and one does not know the residual pressure immediately
after bonding. Possible issues may include insufficient
degassing of the organic binder materials, limitations on
pre-baking temperatures, incompatible CTEs (although
they can be engineered to match the application) and
the need for additional materials. Of the four bonding
methods presented here, glass frit has the least sensitiv-
ity to surface quality and can be used to seal electrical
feedthroughs.

Eutectic Bonding

A eutectic alloy is one where the melting point of the
constituent materials is lowered on contact. For example
gold and silicon individually have melting points above
1000◦C, but when they are pressed together they will
melt at 363◦C at their interface169,170. Subsequent cool-
ing will form an alloy with high hermeticity and a strong
bond. Other eutectic alloys exist, such as gold and tin171,
but we highlight the gold-silicon system as many atoms
chips employ gold as a reflector and conductor. This
bond has demonstrated the lowest leak rate that we have
found99, below 10−15 mbar l s−1. Pssible disadvantages
include the need for multilayer films to prevent inter-
layer diffusion170, the requirement of inert gas storage
before bonding to prevent the native oxide growth on sil-
icon, and the temperature restrictions post bonding, as
further heating remelts the alloy and degrades the bond.

Anodic Bonding

Anodic bonding occurs between an oxide forming
metal (or semiconductor) and an alkali containing glass,
by heating the two materials together (300-500◦C) with
the simultaneous application of a high voltage (100-
1000V) across the interface136,138. The mobility of the
alakli ions (typically sodium or lithium) in the glass is
increased with temperature and they are pulled away
from the interface by the electric potential. The resid-
ual non-bridging oxygen atoms at the interface then
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bond with the silicon. The high electric potential gra-
dient has the additional effect of pulling the two surfaces
into intimate contact which overcomes surface inhomo-
geneities. The two materials (usually silicon and borosil-
icate glass) must have very flat surfaces, below 10 nm,
and be CTE matched to avoid stress fractures during
cooling. Hermeticity measurements show that the leak
rate is below 10−14 mbar l s−1, with few residual gases
other than oxygen, which is produced during bonding
at the inner seam. This residual gas source can be sig-
nificant, especially in small evacuated volumes, and so
getter films are mandatory (see Section IVD). The leak
rate measurements172,173 included the effect of the bond-
ing area around the cavity and found no variation, from
which we infer that the seal is absolutely hermetic and
possibly limited only by permeation.

Direct Bonding

Direct bonding is the result of the attractive Van der
Walls forces between atomically flat surfaces. Semicon-
ductor and glass wafers are routinely produced with the
required flatness and this technique requires no addi-
tional materials, does not release gases (unlike anodic
and frit bonding), and is hermetic173 (Leak rates be-
low 10−14 mbar l s−1). Unfortunately, for the silicon-
silicon direct bond, very high post-annealing tempera-
tures (up to 1000◦C) are required to ensure a high bond-
ing yield and to reduce voids. This latter effect is due
to gases desorbing between the surfaces which becomes
trapped. Bonding in vacuum produces fewer voids, due
to a thorough degassing before sealing, to the point that
strong bonds form at room temperature without the
need for post annealing174. The extremely flat surfaces
are difficult to retain during processing and even sub-
micron particles will result in debonding. CTE-matched
glass-silicon direct bonding occurs with lower annealing
temperatures175, and the glass can absorb gases released
between the interface.

To summarize the bonding techniques, there are sev-
eral methods to obtain reliable leak rates lower than
10−14 mbar l s−1 and even below 10−15 mbar l s−1. An-
odic and direct bonds may even be absolutely hermetic,
limited by permeation, but their absolute leak rates were
beyond the sensitivity of their measurements. Eutectic
bonding has shown the lowest measured leak rates and is
a reliable and low outgassing method. Glass frit may also
have equally low leak rates, but the residual gas pressure
released during bonding is unknown.

QL =
V∆P

∆t
(5)

Using Equation 5 we can calculate the highest permis-
sible leak rate for a gas at atmospheric pressure leaking
into our specified volume of V = 0.5 cm3, such that the

pressure does not rise by 50% (∆P = 0.5 × 10−10 mbar)
over ∆t = 1000days, to be 3 × 10−22 mbar l s−1. This
rate seems unachievable, but we must consider that some
gases are pumped away by the NEGs and so may permit
a higher leak rate, and many gases have low atmospheric
partial pressures. For example the partial pressure of he-
lium in the atmosphere is 5 × 10−3 mbar and so one can
permit a leak rate176 of 1.5 × 10−17 mbar l s−1.
Reactive gas leakage is limited by the pump rate and ca-
pacity of the NEG films. In light of this we may model
the lifetime of the device due to NEG saturation using
the following formula:

dPc

dt
=

1

V

(
QL − LPPc(1 − θ)k

)
(6)

Where Pc is the internal pressure (mbar), QL is the
leak rate (mbar l s−1), LP is the pumping rate of the get-
ter (l s−1), θ is the fractional surface coverage, and k is
the order of desorption. The effect of surface coverage on
pumping depends on the gas/surface chemistry, temper-
ature, and surface geometry (flat, granular, etc.). This
topic is too extensive to detail here but can be found
in most surface science graduate texts177. We find that
the Langmuir adsorption isotherm, (1 − θ)k, models the
majority of data on NEG pumping rates114 adequately
for our purposes due to the low surface coverage. The
pressure inside the cavity will drop to base value:

Pbase =
QL

Lp
(7)

As noted earlier, the effect of saturation by some gases
(for example carbon monoxide) reduces the pumping
speed of other gases114 which we do not take into ac-
count dynamically in the model, but assume the lowest
pumping speed as the ‘worst case scenario’.

There is a sharp drop in pumping speed at saturation
allowing us to simplify the lifetime calculation. By as-
suming that the pumping rate is constant until the NEG
has reached its capacity of CG (moles), at which point it
ubruptly drops to zero, and by setting θ = 1 in Equation
6 and using the ideal gas formula, we find an approximate
value for the maximum permissible leak rate:

QL(max) =
CGRT

τL
(8)

where R is the ideal gas constant, T (K) is the temper-
ature and τL (sec) is the lifetime. If we assume a pump-
ing speed for nitrogen, the most abundant atmospheric
gas, of 0.1 l s−1, a capacity of 1014 molecules, with a life-
time of 1000 days: the maximum permissible leak rate
is 5×10−15 mbar l s−1 with Pbase = 5×10−14 mbar. This
can be achieved with reliable bonding from all the meth-
ods detailed earlier. Note that Equation 8 is independent
of both the pumping rate and background pressure be-
cause it assumes them to be at equilibrium, therefore one
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FIG. 5. The internal pressure (blue) and NEG cover-
age (red) with an atmospheric leak of nitrogen at a rate
6.5×10−15 mbar l s−1 (air) calculated using Equation 6. The
horizontal dashed line indicates the target pressure and the
vertical line the result of Equation 8. The cavity is initially
at 10−10 mbar.

must use this equation alongside Equation 7 to ensure the
correct base pressure. Figure 5 compares the numerical
solution of Equation 6 with the approximate value from
Equation 8 and we find perfect agreement. We note that
the capacity is that for a single monolayer and so the life-
time can simply be extended through reactivation cycles.
Hydrogen diffuses into the bulk and so reactivation does
not increase the getter lifetime, but the NEG capacity
for hydrogen can be two to three orders of magnitude
greater (see Table III), so is not as much of a concern.

The atmosphere contains several noble gases99 includ-
ing argon (9.3mbar), neon (1.8×10−2 mbar), and he-
lium (5×10−3 mbar), where the values in parentheses
are the atmospheric partial pressures. Their leak rates
are proportional to (T/M)0.5, where T is the temper-
ature in Kelvin and M is their mass, hence helium
leaks at the fastest rate and is often used in hermetic-
ity tests178 known as ‘Helium Bombing’. If we assume
a leak rate which is proportional to the pressure differ-
ential across the bond, the effect of argon, due to its
relatively high atmospheric partial pressure will be most
significant. The maximum permissible leak rate for ar-
gon is 1×10−19 mbar l s−1. The significance of this gas
has been mentioned in the literature179, but is generally
ignored as helium permeation through glass is consid-
ered to be a more pressing issue. If we compare the
lowest measured leak rate for the bonding methods of
10−15 mbar l s−1 (air) we find all the noble gases endan-
ger UHV, however helium and neon leakage need only be
reduced by factor of 15 and 25, respectively, which may
be possible with thicker bonding seams or external bar-
rier coatings, whereas argon must be reduced by nearly
104.

There is, however, a very simple scheme to reduce the

FIG. 6. Numerical solution of Equations 9 for various ratios of
moat/cavity volume. We assume argon is leaking from the at-
mosphere, and the quoted leak rate is for each bond seam (air-
to-moat and moat-to-cavity) adjusted to atmospheric pres-
sure to compare with literature values. The horizontal dotted
line represents a 50% rise in pressure from an initial value of
10−10 Pa, and the vertical line indicates 1000 days. In this
simulation Vm = 0.25Vc would meet the target property with
an overall leak rate of 6×10−21 mbarm3s−1 (air).

leak rate by several orders of magnitude: Simply by plac-
ing the vacuum chamber inside another. This can be
achieved practically by introducing a buffer cavity, or
moat, within the seam such that the slow leakage into
the moat results in an even slower leakage into the main
vacuum cavity180. This can be modeled by the following
formulae and solved numerically:

dPb

dt
=

1

Vb
(Cab(Pa − Pb) − Cbc(Pb − Pc)) (9)

dPc

dt
=
Cbc(Pb − Pc)

Vc
(10)

where Pi is the pressure, Vi is the volume, and Cij is the
conductance between i, and j, in which the subscripts
i, j = a, b, c refer to the air, buffer, and cavity, respec-
tively. We have independently modelled this effect and
found stark, but advantageous, differences from the orig-
inal study by Gan et al180. We suspect that an error was
made in tabulating their results, which also clarifies their
unexplained lifetime increase for 100mbar cavities. If we
assume a main cavity volume of 0.5 cm3 and a moat vol-
ume of 0.05 cm3 we can reduce the leakage rate by factor
of 2×105 as shown in Figure 6. This allows us to use
bonds with leak rates in the range of 10−14 mbar l s−1
(air) which is technically feasible with all the bonding
techniques considered earlier, and also reduces the NEG
limitations on reactive gases. The moat does not have to
be bonded at UHV as the model shows very little varia-
tion below an initial moat pressure of 10−6 mbar.
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D. Outgassing

Outgassing is the release of gas from a material’s sur-
face and bulk. We distinguish this from permeation in
that the latter assumes a completely degassed material,
whereas outgassing is the result of gases that are dif-
ficult to remove from the bulk. These have either en-
tered from diffusion during storage, processing, or from
the production of the material itself. Cleanliness is of
utmost importance in achieving UHV and we assume
all components have been through standard wafer clean-
ing processes, such as an RCA and ozone plasma. This
latter technique has also been shown to improve bond
strengths and reduce temperatures direct and anodic
bonding181,182. We shall not go into further detail re-
garding cleaning here and direct the interested reader to
the references183–186. We do highlight that detergents
were found to remove vanadium from the NEG films and
so should be avoided187.

Outgassing is the largest source of gas in well-sealed
UHV systems and so usually defines the lowest base
pressure for a specific pumping rate Lp according to
Equation 7. Hydrogen is the dominant gas at UHV,
for which the NEGs have a pumping rate on the or-
der of 0.1 l s−1cm−2, and so to achieve 10−10 mbar one
must ensure the outgassing rate is below 10−11mbar l s−1.
There is no standard model for predicting the outgassing
properties of all materials as many different mechanisms
are involved188,189 but can be essentially split into two
sources: surface and bulk. We assume that the surfaces
are clean in that common contaminates such as organics
have been thoroughly removed leaving only atmospheric
and some processing species, namely water, hydrogen,
carbon monoxide, and noble gases. We can calculate the
surface desorption rate using:

dN

dt
=
Nθk

τs
exp

(−ES

kBT

)
(11)

where N is the surface density (molecules cm−2), θ is
the fractional surface coverage, k is the desorption or-
der, τs is the sojourn time (typically 10−13 s), and ES

is the desorption energy190. Typically, outgassing from
the surface occurs at the fastest rate as physisorbed, or
weakly chemisorbed gases, have low desorption energies.
Strongly bound molecules (ES> 1.1 eV) can in general be
ignored as they do not appreciably desorb from surfaces
at room temperature, whereas weakly bound species
(ES< 0.7 eV) can be pumped away quickly. Molecules
in the middle of this range are difficult to pump out
in a practical time and so high temperature baking is
required191. We shall refer to this as the ‘outgassing en-
ergies range (OER)’.

Outgassing of reactive species from the bulk is more
complex than simple diffusion. Gases, such as hydrogen,
diffuse ionically and can form bonds with the bulk ma-
terial or impurities in a process known as trapping. Ions

may also recombine within the solid and become trapped
in lattice defects, and any ion reaching the surface needs
to recombine in order to desorb. At low surface coverage
this latter, second order, step can be the limiting rate.
Many of the transport processes are activated and so only
occur at elevated temperatures. This can result in unre-
liable predictions when extrapolating high temperature
data down to room temperature. The effects are further
complicated by surface oxides or nitrides which, in gen-
eral, act to reduce outgassing rates by providing a barrier
layer192–194. Noble gases, on the other hand, only travel
diffusively through the bulk and easily desorb from sur-
faces at all temperatures due to their weak interaction.
All of the effects outlined above act to only reduce the
outgassing rate compared to a simple diffusion model and
therefore one can assume bulk diffusion as the most sig-
nificant factor. If we assume purely diffusive outgassing
from the material bulk, and that it is degassed from both
sides, then we can use the rate calculated by Lewin191 for
a ‘slab’ geometry:

QOG

A
=

8x0D

d

∞∑

m=0

exp

[
−Dt

(
π(2m+ 1)

d

)2
]

(12)

Where D is diffusion rate, A is the surface area, d is
the thickness and x0 is the initial concentration of the
gas in the bulk. For a non-disassociative gas x0 = SP ,
where S is the solubility and P is the partial pressure
of the gas. For a disassociative gas the concentration is
proportional to P 0.5 instead, and the solubility units are
adjusted accordingly. By using values for diffusion found
experimentally, effects such as trapping are automatically
included into the model. As highlighted by Chuntonov et

al195 the increase of outgassing during the high tempera-
ture bonding process can cause the NEG film to become
saturated and limit the lowest obtainable vacuum and
lifetime of the device. To calculate actual lifetime includ-
ing the effect of bonding we can consider the reduction
of getter capacity by the number of molecules released
during bonding, and using Equation 8 to find:

τL =
T

Q

(
CGR− τB

TB

∑

gases

QB

)
(13)

where T is room (or operating) temperature, TB is
the bonding temperature, τB is the bonding time (sec-
onds), Q is the outgassing rate at T , and QB is the out-
gassing rate at TB . We have assumed the temperatures
are changed instantaneously and the bonding period is
short enough not to affect the operating outgassing rate.
The same formula can be used to predict the increased
outgassing due to reactivation of the NEG during the
MicroMOT lifetime. The effect of the bonding can be
neglected if:

η =
τBQB

RCGTB
<< 1 (14)
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Assuming an NEG with a hydrogen capacity of 10−7

moles (xH = 0.01), a bonding time of τB = 3600s at
a temperature of TB = 400◦C, and we wish to keep
η = 0.1, the bonding outgassing rate must be QB <
10−7 mbar l s−1cm−2. If this is the result of bulk diffu-
sion which scales as

Q =
D(T )

D(TB)
QB = QB exp

(−ED(T − TB)

kBTBT

)
(15)

and we use a diffusion energy in the middle of the OER
of ED = 0.9 eV, then one must reduce room temperature
hydrogen outgassing rate to QB < 10−16 mbar l s−1cm−2.
Equation 15 also applies for surface desorption (for which
ED = ES). Gases such as carbon monoxide, for which
the NEG has only a single monolayer capacity, require
outgassing rates over a hundred times lower compared
to hydrogen without continuous reactivation. These are
extremely low outgassing rates and are the main hurdle
in obtaining very low vacua in microelectronic devices. In
the following subsection we explore the outgassing rates
of the main gases found at UHV - H2, CO, as well as noble
gases - from the materials considered for the MicroMOT
and we have tabulated measured and theoretical values
for outgassing rates in Table VI.

Hydrogen

Hydrogen can be a major issue in semiconductor de-
vices and so extensive work has been carried out to un-
derstand its interaction with silicon215–219. The most
common and earliest citation in the literature is to the
work done by van Wieringen and Warmoltz148 (which we
shall refer to vWW). Their diffusivity and solubility data
was taken at very high temperatures (967-1207◦C) and
these values are shown in Table IV. Extrapolation down
to room temperature is fraught with possible errors as hy-
drogen readily dissociates upon diffusing into the bulk,
interacting with the silicon lattice and impurities in var-
ious forms. Figure 7 shows the results of subsequent dif-
fusion studies and one can see the large variation in mea-
surements in the literature. Advances in understanding
have shown that hydrogen migration through bulk silicon
predominantly occurs in atomic form at room tempera-
ture with an activation barrier of ∼ 0.5 eV, but can re-
combine into a dimer which is then trapped by an barrier
of 0.8 − 1.2 eV. Exact values are difficult to predict and
depend on various doping and impurity levels, growth
methods, defects and lattice orientations, and even quan-
tum effects220. The vWW diffusivity results are consis-
tently higher than every subsequent measurement and
can be taken as the upper limit in our analysis221.

Whichever diffusivity one uses, the vWW solubility
results extrapolate to 10−10 molecules per cubic cen-
timetre at room temperature under 1 bar of H2 and
so there should be no hydrogen whatsoever within the
bulk. Other measurements have found agreement with
a very low value , with the highest at only a few

hundred hydrogen atoms per cubic centimetre at room
temperature222–224. Using any one of these solubilities
does not alter the permeation values in Table IV by a
more than a factor of two or three.

Standard semiconductor processing, such as mechan-
ical polishing, HF etching, plasma treatments etc, can
result in far higher levels of hydrogen close to the
surface215. Several studies have found values as high as
1018 molecules per cubic centimetre and drops signifi-
cantly after a depth of one micron225. This concentra-
tion will lead to outgassing rates of 10−7 mbar l s−1cm−2,
using Equation 12 and the vWW diffusivity scal-
ing law, but can be completely degassed to below
10−30 mbar l s−1cm−2 within an hour under vacuum as
shown in Figure 8, limited by surface recombination.
Moreover, surface oxides and nitrides act as efficient per-
meation barriers192–194. Hydrogen bound on the sili-
con surface has very high desorption energy226,227 (above
1.8 eV) such that the desorption rate from one mono-
layer coverage would be below 10−22 mbar l s−1cm−2 us-
ing Equation 11. Thermal desorption studies227 show
that most hydrogen complexes can be desorbed from sil-
icon by annealing at 600◦C.

Hickmott228 studied the interaction between hydrogen
and glass and found that the hot filament of the ioniza-
tion gauge had a detrimental effect on determining the
residual gas content at UHV. He noted that hydrogen
was desorbed at the two distinct activation energies of
0.29 eV and 1.08 eV. The former is so low that it will
desorb completely at room temperature under vacuum,
whereas the latter requires baking above 400◦C. Spec-
troscopic studies by Hickmott showed that after a high
temperature bake the main residual gases were water and
carbon monoxide. Todd229 measured the residual water
composition in a variety of glasses and found negligible
outgassing (∼ 10−23 mbar l s−1cm−2) in AS glass after
high temperature baking. This low outgassing rate is due
to the strong Si-H and Si-OH bonds. Using the values
from Table IV and Equation 12 to calculate the lowest hy-
drogen outgassing rate from AS glass, as shown in Table
VI, we find remarkable agreement between the theoretical
value of just over 10−17 mbar l s−1cm−2 and experimental
result230,231 of just below232 10−16 mbar l s−1cm−2.

Noble gases

Noble gases cannot be removed once the MicroMOTs
are sealed and so must be completely degassed from all
components before bonding. As discussed in Section IVB
negligible levels of noble gases, specifically helium, should
be found in silicon unless additional data corroborates
a recent study161. Noble gases in glasses are expected
to reach concentrations of 10 ppb when exposed to at-
mosphere, which will outgas from the bulk diffusively.
Figure 9 shows the results of degassing AS glass using
Equation 12, and we see that a thin slab can be com-
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FIG. 7. The large scatter in data for diffusion of hydrogen through silicon148,196–214. We have only plotted data for hydrogen
diffusion (no isotopes) and have indicated the type of silicon where known. The solid black line is the commonly quoted vWW
diffusion rate.

pletely degassed easily. This would scale proportionally
to the area when wafer level degassing is required.

The last materials in our chips are metals such as gold
for the atom chip and those for the NEG. Noble gases
do not permeate most metals and so one should be able
to ignore these materials, however the method of their
deposition is important: Sputtered thin films have been
found to incorporate large quantities of argon, as this
process gas is used to remove the metal atoms from the
sputter target. The argon is then buried in the growing
thin film and permeates to the surface along dislocations
and pores, as well as via self-diffusion. Where possible
films should be deposited by vacuum arc deposition113
or e-beam evaporation which do not require additional
gases. In situations where sputtering is unavoidable sev-
eral modifications can be made to reduce contamination
by this gas source including122,123: lowering the sput-
ter gas pressure, increasing the substrate temperature,
reducing the deposition rate, post annealing, and finally
changing to a heavier gas. Using this last modification by
replacing argon with krypton has been shown to reduce
the gas incorporation by a factor of 103 or even lower,
but moving to xenon shows little improvement123. Mea-
surements of TiZrV NEG films have detected krypton
outgassing rates233 at the sensitivity limit of the detector
- down to 10−19 mbar l s−1cm−2 after several activations-
which is still too high for our device, but this could be
further reduced with higher temperature anneals.

Carbon monoxide

Carbon monoxide is the second most significant gas at
UHV. Due to its relatively large size (compared to he-
lium or hydrogen) diffusion through the bulk will be neg-
ligible and so carbon monoxide is largely a surface out-
gassing species234. Studies looking at the residual gases
in glass have shown that the carbon monoxide concentra-
tions vary widely235 and it is difficult to obtain repeat-
able results. In addition, this also depends on glass type,
processing history, and the effects of ionization cathodes.
We do not know the desorption energy for carbon monox-
ide on glass, but due to the latter’s low reactivity we
expect carbon monoxide to only be physisorbed and so
quickly degassed. Similar conclusions have been noted
in photodesorption measurements236. One study look-
ing at the effect of breaking glass substrates in vacuum
found that the carbon monoxide level remained constant,
but carbon dioxide quickly decreased237. This was at-
tributed to the reaction with residual hydrogen form-
ing methane, which was seen to increase. A careful
study238 avoiding the effects of gauges measured carbon
monoxide outgassing rates from stainless steel less than
6×10−17 mbar l s−1cm−2, three orders of magnitude less
than hydrogen.

Thermal desorption studies of carbon monoxide re-
leased from silicon surfaces are few, but show that the
thermal desorption energy is below 0.5 eV239 and so
should be degassed easily. Photodesorption and plasma
cleaning have also been shown to efficiently remove car-
bon and oxygen contamination from silicon surfaces.
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FIG. 8. The theoretical outgassing rate of hydrogen for 1mm
thick silicon (dashed line) and AS glass (solid line) for three
baking temperatures. We have assumed AS glass is diffusion
limited and calculated the rate using Equation 12 and values
from Table IV after exposure to 1 bar hydrogen (i.e. immer-
sion into water). We have calculated the rate for silicon using
a summation of diffusion (Equation 12) from the bulk as well
as considering the higher concentration at the surface (see
text), and also recombination-limited surface desorption us-
ing Equation 11 (k = 2) with values from Gupta et al227. The
room temperature silicon outgassing shows an initially high
rate due to diffusion of the high concentration near the surface
and is eventually limited by surface desorption of the dihy-
dride surface species (as are the higher temperature bakes).

Other gases

Methane is also found in UHV environments and is
thought to be produced from reactions on the high tem-
perature electrodes of ionization gauges, so should not
be an issue in our gauge-less MicroMOTs. It may also be
formed from reactions between carbon monoxide and hy-
drogen during their diffusion on NEG or glass surfaces237,
as mentioned before. TiZrV NEGs do not pump methane
and so this gas should be completely evacuated before
the MicroMOT is sealed, otherwise one must use reac-
tive getters. Other organic species have been found in
encapsulated MEMs-type devices which are likely due to
insufficent cleaning or residual gases prior to sealing99,240.

Should anodic bonding be used to seal the chips, oxy-
gen will be released along the inner bonding edges where
the voltage is high and no silicon exists to bond with
the non-bridging oxygen atoms136,172,241. Predicting the
amount of oxygen released is unreliable due to the lack of
data and the effects of bonding parameters, chip dimen-
sions, and increased outgassing at raised temperatures.
By analyzing the few studies on this subject172,241,242
we estimate 1013 to 1014 molecules per millimetre inner
bonding circumference. For our MicroMOT design this
can lead to a monolayer coverage of oxygen on the NEGs
and result in saturation. It should be noted that oxy-
gen penetrates the NEG surface resulting in a capacity

FIG. 9. The He outgassing rate from 1mm thick alumi-
nosilicate glass slab at various temperatures after storage in
atmosphere (5 ppm He content), calculated with Equation 12.
The black dashed line indicates the target outgassing rate.

of about five monolayers114. Therefore it is important
to maintain the chip at high temperatures after bonding
to absorb the oxidized NEG layers into the bulk. Once
rubidium is released into the chip it will quickly oxidize
with any remaining oxygen forming Rb2O, which also
reacts exothermically with water and hydrogen forming
stable hydroxides and hydrides which do not contaminate
vacuum.

E. Vacuum discussion

We have identified all the main sources of residual gases
which could threaten our sealed UHV environment. We
have seen that helium permeation through glass can be
reduced to a negligible level with the use of aluminosili-
cates and could further be improved with optical coatings
such as graphene. Leaking through bonds must be several
orders of magnitude higher than has been measured, but
can be sufficiently improved by incorporating a ‘moat’
within the bonding seam. We also note that leakage can
be further reduced by coating the inner edges of bonding
seams with NEG films and by applying a barrier coating
on the outer edges of the device. Several bonding tech-
niques are available and we highlight eutectic and direct
bonding as the most suitable methods due to their low
outgassing and high hermeticity, with anodic bonding as
a suitable alternative if the oxygen released during bond-
ing can be pumped away. Lowering the temperatures of
these bonding techniques should be investigated as they
can reduce the outgassing limitations by two or three or-
ders of magnitude171,174,175,181,243–248.

The greatest hurdle we are left with is to reduce out-
gassing. This can be tackled in two ways: 1) improve
the pumping rate and capacity of the getter films, and 2)
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TABLE VI. Lowest and typical room temperature outgassing
rates for 2mm thick materials. The theoretical values (Th.)
have been estimated using Equation 12 and Figure 8 with
a 10 hr 250◦C vacuum bake for ‘typical outgassing’ and an
additional 1 hr 600◦C vacuum bake for ‘lowest outgassing’.

Outgassing rate Lowest Typical
(mbar l s−1cm−2)

Silicona 10−30 (Th.) 10−24 (Th.)
Aluminosilicate 10−17 10−16 (Th.b)
Pyrex 10−14 10−10

Stainless steel 10−15c 10−12

a Theoretical values taken from Figure 8.
b Using values from Table IV
c Thinner materials have lower outgassing rates and Nemanič et
al249 have demonstrated 10−17 with 150µm foil.

reduce the outgassing rate by extensive degassing proce-
dures and careful choice of materials.

It has been shown that the pumping rate of NEGs is
difficult to improve even with reactive lithium getters,
however the latter retains a constant pumping rate irre-
spective of its history. NEGs are more straightforward
to deposit, can be used to coat surfaces to reduce out-
gassing and are stable in air. Reactive getters need to be
deposited under vacuum and could result in unwanted
coating on components in the chamber. However, they
have far higher capacities and can pump gases such as
methane, which NEGs cannot. Therefore we see a com-
bination of NEGs and reactive getters as a good compro-
mise with the former activated during bonding and the
latter activated after bonding.

For the second method to tackle outgassing we
have seen in Table VI that at room temperature the
materials we have chosen for the device are more
than adequate once degassed to achieve the room
temperature outgassing rate of 10−13 mbar l s−1cm−2.
When we consider the outgassing during bonding at
around 400◦C it can increase by eight orders of mag-
nitude and put stricter room temperature rates of
less than 10−16 mbar l s−1cm−2 for bulk gettered gases
such as hydrogen, 10−18 mbar l s−1cm−2 for surface get-
tered gases such as carbon monoxide, and less than
10−21 mbar l s−1cm−2 for non-gettered noble gases. We
can see in Table VI that silicon outgassing is likely to be
negligible compared to AS glass whose rate matches our
target. When calculating this value we assumed a diffu-
sion energy of 0.9 eV. We can now be confident that AS
glass will be the major source of hydrogen so if we use
a more realistic value of 0.79 eV (Table IV) we lower our
target to 10−15 mbar l s−1cm−2, which is certainly achiev-
able. Carbon monoxide outgassing is difficult to predict
but we expect it to be far lower than hydrogen, as found
in stainless steel238. We have seen that noble gases may
be sufficiently removed from the chamber material with
realistic baking parameters and by using the separated
wafer fabrication method shown in Figure 3, one can en-
sure the optimum baking regime for each material.

V. PROTOTYPE MICROMOT

We are now at the stage where we can design a pro-
totype MicroMOT and the fabrication process which is
currently under development and will be characterized
at a later date. As discussed in Section II we assume a
G-MOT type geometry using a 10mm diameter grating
structure and a cavity volume of 15×15×3mm3 to avoid
light scattering off sidewalls. Around 90% of the beam
overlap volume is within 2.5mm of the grating surface,
and so this is a reasonable choice of height and is also
feasible to fabricate from silicon using deep reactive ion
etching, wet etching, machining, or powder blasting250.
We have consciously avoided designing the MicroMOT
around a single application or manipulation technique,
e.g. free-falling atom interferometers, or BECs on atom
chips. This is because the MicroMOT will likely need
to be adapted for the specific task, so we have chosen a
simple generic design to demonstrate what is possible.

The chip is formed of four chambers: a large science
chamber for cooling and manipulating the atoms, an
atom source chamber in which to hold the alkali dis-
pensers, an alkali getter/LIAD/peltier chamber, and a
reactive getter chamber. The source chamber is con-
nected to the science chamber by a very thin channel
(1×0.1×0.1mm) to restrict the vapour flow, but exper-
imental data will be needed to optimize these dimen-
sions. The top 2mm thick capping wafer is anti-reflection
coated and is anodically or direct bonded to the sili-
con ‘cavity wafer’. The thickness of the glass layer is
determined by several factors including the permeation
rates, bondability, structural integrity and price. This
wafer incorporates a moat within the bonding region on
both sides to reduce argon leakage. The reflector layer
is coated by a thin alumina layer to prevent alkali corro-
sion of the gold and is eutectically bonded to the cavity
wafer. We have not shown the quadrupole magnetic field
coils as these are trivial to implement and may simply be
bonded, or deposited, onto the top and bottom external
surfaces, or could be approximated with a double loop
on single surface251.

Following extensive cleaning procedures, the glass and
silicon wafers are first bonded in vacuum so that oxy-
gen released can be removed if anodic bonding is used.
An NEG thin film is sputtered on the internal sidewalls
and onto some of the bottom layer (with the reflector
masked off) to provide the largest NEG area and reduce
outgassing. The remaining reflector layer is then eutecti-
cally bonded under UHV after high temperature baking
to desorb hydrogen, carbon monoxide and noble gases.

Table VII provides a detailed summary of dimensions
and an estimation on the vacuum properties of the device
using values calculated in this study. We can see that the
lifetime of the device is determined by the argon leakage,
but is nearly an order of magnitude greater than our tar-
get. The extremely low outgassing rate of AS glass results
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FIG. 10. Prototype design of a miniaturized magneto-optical
trap incorporating all the elements discussed in the text. Di-
mensions are 20×24×5mm3.

in negligible outgassing after bonding such that the base
pressure is in the XHV regime for an essentially unlim-
ited lifetime. Practically, the lifetime and base pressure
will be determined by the atom source and the ability to
pump away the vapour. The incorporation of high sur-
face area materials will inevitably result in significantly
increased outgassing, but porous silicon may be the bet-
ter candidate due to the inherently low outgassing rate
of silicon and the ability to desorb hydrogen with UV
light252.

VI. DISCUSSION AND CONCLUSIONS

We have shown that it is feasible to maintain UHV,
and even XHV, environments for extended periods in-
side sealed chips using materials and methods borrowed
from the semiconductor industry. However, it is neces-
sary to highlight the assumptions we have made if these
type of devices are to become a realistic technology. A
great emphasis has been made on degassing the materials
at temperatures up to 600◦C to ensure a sufficiently low
outgassing rate once sealed. For the bulk materials dis-
cussed this is certainly possible, but more sophisticated
devices are likely to have additional components, such as
micro-Peltier coolers, detectors, field emission tips (for
active pumping or ionization), or even light sources (such
as UV LEDs for LIAD), which can be sensitive to ex-
treme temperatures. Moreover, thin films, such as gold
on silicon, can diffuse at moderate temperatures if addi-
tional barrier layers are not used170. In these situations
one must use lower temperature degassing, such as UV
desorption or plasma cleaning, and also develop lower
temperature bonding methods171,174,175,181,243–248.

The very low leak rates we have predicted are possi-
ble by a combination of hermetic bonding and additional
moat cavities. We have assumed that the materials to be
joined are reliably homogeneous and intact (e.g. perfect

crystallinity in the case of silicon) but in reality fabri-
cation processes may lead to defects which can result
in additional leakage routes such as microcracks, crystal
plane dislocations, surface defects, or thin oxide films.
Surface barrier films, NEG coatings and stress-relief an-
nealing can reduce these effects but these possible sources
of leakage are still worth bearing in mind.

We have used the large amount of data on hydrogen
diffusion in silicon to predict that it has a very low out-
gassing rate. We find that this rate is consistently low
whichever values we use from the literature, especially
after a high temperature bake for several hours, and so
we are confident in the estimate. However, as mentioned
in Section IVD, there is no absolutely reliable method to
predict the outgassing rate from real materials and the
simple diffusion-limited model is only useful to an order
of magnitude at best, especially when considering the mi-
gration of reactive species such as hydrogen. This can be
seen with studies looking at the outgassing of stainless
steel, where the diffusion limited model produces reason-
able estimate for low temperature bakes (below 300◦C),
but generally fails to predict the effect of very high tem-
peratures. This is usually attributed to the effect of sur-
face oxides which are more stable during low tempera-
ture baking and act as diffusion barriers253. Therefore
we expect silicon to have a very low outgassing rate but
probably higher than the value stated in Table VI. Ex-
perimental studies focusing specifically on outgassing are
required. We have used measured values for AS glass
outgassing, but glasses are notorious for producing vari-
able results254 so it is necessary to perform additional
outgassing studies on the specific glass one uses to en-
sure suitability. For the sake of bevity we have limited
our discussions to silicon and glasses but there are likely
to be many other suitable materials, most noteably ce-
ramics which are equally suitable.

In conclusion, the aim of this study was to prove that
Magneto-Optical Traps can be miniaturised and inte-
grated into devices capable of leaving the laboratory.
We have shown that recent advances in microfabrica-
tion techniques and materials can lead to sealed chambers
with microlitre volumes that maintain UHV for at least
1000 days using only passive pumping elements. The
MOT geometry can be miniaturized to use a single laser
beam, patterned reflectors, and atom source. Controlled
by a number of methods including LIAD, integrated cold
fingers, conductance channels and several pumping mech-
anisms. The main issues to maintain sealed UHV envi-
ronments are the need for extremely low leakage bonds,
low outgassing materials, and also negligible noble gas
outgassing from chamber walls and sputtered films. We
hope that this work motivates the development of ul-
tracold quantum technology which has a vast number of
practical applications and promises to be a fruitful tech-
nology in a number of fields.

We would like to acknowledge Tim Freegarde, David
Smith, Erling Riis, Aidan Arnold, Joe Cotter, Wolfgang
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TABLE VII. Expected vacuum properties of the prototype MicroMOT in atmosphere at 20◦C.

Internal volume (cm3) 0.65 including subchambers
Surface area (cm2) 7.8 2.6 glass
NEGa area (cm2) 3.3 all sides and some of the reflector surface
Glass thickness (cm) 0.2
Moat volume (cm3) 0.03 1×0.5 mm trench within each bonding seam
Bonder base pressure (mbar) 10−9 equal H2 and CO, negligible noble gases
Bonding parameters 1 hr at 400◦C typical eutectic bond

Gas source (mbar l s−1) Surface pumped (CO) Bulk pumped (H2) Noble gas

Permeationb - 1.3×10−23 7.3×10−23

Leakagec 1.9×10−23 3.8×10−24 2.3×10−22

Outgassingd 4.5×10−17 2.6×10−16 < 10−24

Base pressuree (mbar) 10−18 10−15 -
Lifetime (days to reach 1.5×10−10 mbar) 106 109 3200
a Surface capacity of 5×1014 molecules cm−2 and bulk capacity of 7.5×1016 molecules cm−2 (1µm film with xH = 0.01).
b The permeation rates are calculated using the breakthrough time from Equation 4 substituted into Equation 5.
c Bond leak rate (air) of 10−15 mbar l s−1 for 2 bonding seams (top wafer and bottom wafer). We have assumed the carbon monoxide
leak is from atmospheric carbon dioxide.

d As the carbon monoxide outgassing rate is unknown we have assumed a value which is ten times less than hydrogen as discussed in the
text as a worst case scenario.

e The base noble gas pressure will be equal to the residual level in the bonding chamber.
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Abstract: The stabilization of lasers to absolute frequency references is a fundamental re-
quirement in several areas of atomic, molecular and optical physics. A range of techniques are
available to produce a suitable reference onto which one can ‘lock’ the laser, many of which de-
pend on the specific internal structure of the reference or are sensitive to laser intensity noise. We
present a novel method using the frequency modulation of an acousto-optic modulator’s carrier
(drive) signal to generate two spatially separated beams, with a frequency difference of only a
few MHz. These beams are used to probe a narrow absorption feature and the difference in their
detected signals leads to a dispersion-like feature suitable for wavelength stabilization of a diode
laser. This simple and versatile method only requires a narrow absorption line and is therefore
suitable for both atomic and cavity based stabilization schemes. To demonstrate the suitability of
this method we lock an external cavity diode laser near the 85Rb5S1/2→ 5P3/2,F = 3→ F ′ = 4
using sub-Doppler pump probe spectroscopy and also demonstrate excellent agreement between
the measured signal and a theoretical model.
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1. Introduction

Frequency stabilization of a laser to a known reference is a common requirement in a number of
applications, such as atomic laser cooling, absorptive sensing and precision spectroscopy. The
most stable frequency references are atomic transitions and numerous techniques exist to obtain
a suitable ‘error signal’ which can be electronically fed back to the laser to correct for frequency
drift. Effective methods include frequency modulation spectroscopy (FMS) [1], dichroic atomic
vapour laser lock (DAVLL) [2], polarization spectroscopy (PS) [3] and modulation transfer
spectroscopy (MTS) [4], all of which can be used with sub-Doppler pump-probe methods to
obtain very effective stabilization signals. In many cases one would prefer to avoid modulated
sidebands on the laser spectrum and so there is interest in modulation-free spectroscopy, or
techniques in which the modulation is confined to the spectroscopy system. The available
techniques can be separated into two distinct methods: phase-detection spectroscopy (as used in
FMS and MTS) which detects variation in the phase relationship between modulation sidebands
on different sides of an absorption feature, and frequency differential spectroscopy (found in
DAVLL and PS), where two absorption spectra separated (spatially, temporally, or both) with a
frequency shift are subtracted to generate the error signal.

While both DAVLL and PS are very effective, they produce the differential frequency shift
using the internal structure of the atoms under investigation, and this may not always be practical
to access in a species where the electronic structure is not suitable or if one wishes to stabilize to a
non-atomic reference. DAVLL achieves this by the Zeeman effect, and polarization spectroscopy
through optical pumping; both measure the offset spectra via orthogonal polarization states, and
balanced detection of the differential signals provides common-mode rejection, greatly reducing
the effect of laser intensity noise on the spectra. An alternative spectroscopic method, presented
here, uses the balanced detection between two spatially- and frequency-separated laser beams
to provide a dispersion-shaped signal across an absorption feature. The beams are produced
via the carrier modulation of an acousto-optic modulator’s (AOM) drive frequency and we
demonstrate an example application of the method using sub-Doppler pump-probe spectroscopy
of rubidium (Rb) vapour as a wavelength reference, but this versatile technique can be applied to
any spectroscopic feature of appropriate width.

2. Carrier frequency modulation of an acousto-optic modulator

In laser cooling experiments, it is common to use AOMs to switch trapping and optical-pumping
beams on and off within short timescales, and to provide a tunable frequency offset. An AOM
introduces an angular deviation of the optical path, capable of providing several deflected
beams which are frequency shifted from the zeroth-order by harmonics of the AOM’s carrier
frequency. Several schemes [5,6] have been proposed to use AOMs to produce dispersion-shaped
spectroscopic features, all using the differential method between the various diffracted orders
or involving multiple AOMs. It is understood that to obtain a well-resolved locking signal, the
frequency difference between absorption spectra should be less than the width of the feature of
interest. Additionally, the smaller the frequency difference, the steeper the error signal gradient
and therefore the better-resolved the reference.

Commercial AOMs can be found with operating frequencies of several tens to hundreds
of MHz, and for many applications this combination of parameters leads to a large capture
range and good stability. The most demanding stabilization, however, requires locking to a very
narrow absorption feature with a linewidth of a few MHz or below and so the frequency offset
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Fig. 1. Diagram of diffraction through the AOM in a) normal operation with a drive frequency
f0 and b) with the drive signal modulated at fmod .

between diffracted orders in the AOM system (equal to n× f0 where n is the order index and
f0 is the AOM carrier frequency) is usually far too large. Typically AOMs are operated with a
single drive frequency, but if this carrier is modulated, it provides sidebands on the diffracted
beam with a bandwidth of a few tens of MHz. This method can be an economic alternative to
Electro-Optical Modulation (EOM) to produce frequency sidebands and has been used as to
replace EOMs in Modulation Transfer Spectroscopy [7]. This ‘carrier modulation’ is a simple
method to generate spatially- and frequency-separated spectroscopic probe beams, which may
be detected in a balanced manner and subtracted electronically to obtain the necessary error
signal. For our application, we see the common mode rejection and simplicity of the optical and
electronic set-up as attractive properties of this apparatus.

The angle of divergence between the 0 th and 1 st diffracted order from an AOM driven with a
carrier frequency f0 is given by [8]:

θ = f0λ
vg

,

where λ is the wavelength of the incident beam and vg is the acoustic velocity in the AOM
crystal. If the AOM is driven by two frequencies with a difference of 5 MHz, the angular
separation of the beams would be '0.05◦ (for λ = 780nm and using a TeO2 crystal with
vg = 4200 m/s along the (110) plane [9]). While these diverging beams may be picked off and
directed onto individual balanced detectors, a segmented photodiode may be more convenient
when monitoring beams with small separations. For a photodiode with segments separated by a
200 µm gap, the optical path length from AOM to detector must be at least 230 mm in order for
more than half of each beam spot to fall on the correct segment. This length scale is generally
acceptable for most experiments. The distinction between the carrier (drive) frequency and the
sidebands produced by modulation of the Vtune signal is presented in Figure 1.

The signal strength for small separations would be equal to the difference in overlap of the
beam widths, δx, on the detector. Assuming a Gaussian beam shape the signal as a function of
frequency shift ∆ would be proportional to:

Imin(∆) = I0

(
1− exp

[
−
(

f0λ∆
2vgδx

)2
])

,



where, I0 is the maximum optical intensity. The upper bound in frequency would be defined
by the AOM analog modulation bandwidth, the size of the detector or both. The former is a
fundamental boundary and is dependent on the 1/e2 beam width within the AOM, d:

Imax(∆) = I0 exp
[
− 1

8

(
πd∆
vg

)2
]

.

3. Experiment

The laser source used is a 780nm external cavity diode laser (ECDL) built based on established
designs [10, 11], which we use for laser cooling of atomic rubidium, and therefore must be
locked precisely to a given electronic transition (specifically 85Rb D2(5S1/2→ 5P3/2)) to better
than 1MHz. Figure 1 shows the layout of the spectroscopy system. An acousto-optic modulator
(Gooch & Housego FS310-2F-SU4), with a center carrier frequency f0 = 310 MHz, is aligned
in the Bragg regime such that only a single diffraction order is produced. Note that the choice
of AOM carrier frequency is arbitrary here, and that similar results were also produced using
an AOM operating at 80 MHz, the only practical difference being the corresponding AOM
modulation bandwidths.

One may produce the necessary RF fields either by modulating the carrier or by using two
distinct carrier frequencies (at f0±∆). Both methods produce similar results and all of the
following data was obtained using the former method by simply modulating the tuning port of a
voltage controlled oscillator (VCO) to produce the RF sidebands. We apply a square-wave RF
waveform to the VCO (Mini-Circuits ZX95-330-S+) tuning port using a bias tee (Mini-Circuits
ZX86-12G+). The VCO output is then amplified to 27dBm (Mini-Circuits TVA-11-422) and
fed to the AOM. By modulating the tuning pin of the VCO, ∆ is defined by the modulation
amplitude, not the frequency fmod , with a dependence of ∼ 9 MHz/V for a square wave signal.

ECDL 

Inst. amp

QPD vapour  

cell

line-

CCD

Bias-T

VCO

Function 

generator

AOM
750mm

150mm
/2

/4
ND

CYL

Fig. 2. The spectroscopy apparatus. The beam from an external cavity diode laser is col-
limated, isolated and focused through a 310 MHz acousto-optic modulator (AOM). This
is driven by an amplified voltage controlled oscillator (VCO). The VCO is tuned with a
square wave modulation combined with a DC offset using a bias-tee. The multiple diffracted
beams from the AOM are passed through a retro-reflected Doppler-free spectroscopy system
including a neutral-density (ND) filter and half- and quarter-waveplates (λ/2, λ/4). The
retro-reflected signal can either be obtained using polarizing optics, or via back-reflection
through the AOM and simplifying the apparatus. The beam shape is also monitored us-
ing a line scan CCD (Thorlabs LC1-USB). The final detection is achieved on a quadrant
photodiode (QPD) after concentration of the sideband beams by a cylindrical lens (CYL).



The modulation frequency fmod need only lie within the bandwidth of tuning port and results in
a modulation ‘noise’ in the detected signal which must be filtered out. The use of two distinct
drive frequencies avoids this noise but requires a dedicated waveform generator to maintain the
frequency difference between the components. The resulting pair of beams is then collimated
and passed through a sub-Doppler pump-probe apparatus as shown in Figure 2 and also directed
onto a line-scan charge-coupled device CCD (Thorlabs LC1-USB). For simplicity we use the
retro-reflected pump-probe configuration with the probe beam picked off with polarization optics.

The two beams are detected using a quadrature photodiode (QPD, Centronic QD7-5T), with
two quadrants on each side summed together individually, before subtraction of the pairs to
generated the differential signal. We focus the beams onto the detector using a cylindrical lens,
oriented to increase optical capture on the sensing region without the reduction of spot separation
associated with lateral focusing. The QPD sections are individually biased and the output of two
horizontal sections are subtracted using an instrumentation operational amplifier with 20 dB gain,
before passing through a 100 kHz low-pass filter, mandatory in order to eliminate systematic
noise introduced by the VCO tuning pin modulation frequency. As the modulation frequency has
little effect on the spectra one can choose a combination of filter and modulation frequency to
suit the stabilization circuit bandwidth.

4. Results

An example of sub-Doppler spectra detected by each half of the QPD are shown in Figure 3,
recorded by zeroing the input of each into the instrumental amplifier in turn. The horizontal
axis has been scaled using the known frequencies of each absorption peak fitted using a 4th
order polynomial to mitigate non-linearity of the piezoelectric tuning. We also plot the direct
subtraction of the absorption spectra without using the instrumentation amplifier, where the
subtracted signal is very similar to an FMS or PS spectrum. The signal to noise ratio of the
subtracted data is much higher because any intensity noise in the laser is common-mode to both
beams and thus subtracted with the high bandwidth (2 MHz) instrumentation op-amp. We find
that the subtracted signal is remarkably insensitive to variations in the laser power, other than
changing the overall signal strength around zero.

We have explored varying both the dither frequency, amplitude, and waveform shape. We find
very little variation between sine and square waves, except at high frequencies where sinusoidal

Fig. 3. Absorption spectra (blue and green curves) from each half of the QPD and (red curve)
the associated error signal derived from them.



modulation causes less distortion in the final signal due to the tuning pin bandwidth filtering
the higher modes of the square wave. Modulating with a sinusoidal signal produced beam
profiles with an inferior resolution, as well as causing the sideband frequency separation to be
proportional to the r.m.s. amplitude, as shown in Figure 4. Within the frequency range from
200 kHz to 5 MHz we see negligible variation in the spectra for both modulation waveforms.

Figure 5(a) shows the variation with sideband separation (proportional to modulation am-
plitude), from 500kHz to 20MHz together with a prediction (shown in Figure 5(b)) using a
theoretical model with no free parameters [12]. The optimum lineshape, where the error signal is
most linear across resonance is found around 8-12 MHz sideband separation. This is the linewidth
of the sub-Doppler absorption features used (which is slightly broader than the natural linewidth),
as expected from the theoretical model. At lower separations the smaller differences between
spectra significantly weaken the derived signal, and at higher frequencies the separations are
greater than the sub-Doppler linewidths so the different absorption and cross-over peaks begin to
overlap.

To test the suitability of this technique for laser stabilization, a parallel DAVLL setup using the
same laser passing through a different vapor cell was used to characterize the long-term drift of a
laser locked using this technique [13]. The DAVLL signal, which in our case is only sensitive
to the Doppler-broadened spectral features, was frequency shifted by a further AOM such that
the zero in its error signal was situated very close to the center of the reference transition (a
crossover resonance in the vicinity of 85Rb5S1/2→ 5P3/2,F = 3→ F ′ = 4). This provided a
diagnostic signal proportional to any drift, even if the system was far off-resonance. The error
signal used was supplied to a proportional-integral-derivative (PID) controller which in turn
fed back to the laser diode current and the piezo-mounted external grating. An overview of the
spectra during a single laser sweep is shown in Figure 6(a), which includes a SAS spectrum
alongside the modulated AOM and DAVLL error signals.

The drift of the ECDL system was measured over 25 minutes in both free-running and locked
modes of operation, as shown in Figure 6(b). The maximum drift in DAVLL signal indicates
the free-running laser naturally drifts on the order of 13±3 MHz during the 25 min recorded

Fig. 4. The beam shape of the first order diffracted beam with different modulation modes,
measured using a line-scan CCD. The upper dashed trace is produced using a sine-wave
modulation of the VCO tuning voltage, the lower solid traces used a square-wave modulation.
The square-wave spectra show more power in the sidebands compared to the sinusoidal mod-
ulation because the tuning voltage does not have a significant carrier component (310 MHz
at 0 mm in this demonstration).



(a) (b)

Fig. 5. Measured error signal at the detector for different modulation frequencies (a) com-
pared to a numerical model with no free parameters [12] (b). In our system the optimum
regime in both cases is in the vicinity of 10 MHz.

period (' 50 MHz per hour) which is comparable to the stability of similar lasers tested in
the literature [14]. Once the laser is locked there is no significant drift with a r.m.s. frequency
variation of 0.66 MHz, which is approximately equal to the laser linewidth [15]. The lock remains
remarkably secure, even within a noisy laboratory environment and with vibration of the optical
breadboard.

(a)

0 5 10 15 20 25
Time (min)

20

15

10

5

0

5

Fr
e
q
u
e
n
cy

 D
ri

ft
 (

M
H

z)

Free-running

Stabilised

(b)

Fig. 6. a) Absorption spectrum and error signals used in the time-domain analysis. The
vertical offsets of the signals are for clarity only, and the black line represents a pseudo-linear
fit to the locking region, with an approximate gradient of 0.42 mV/MHz. b) Data showing
performance of the laser system across two separate 25-minute runs, with the AOM system
in free-running (FR) and stabilized (L) mode. The final drifts are ∆ fFR = 54±3 MHz and
∆ fL = 0.66±2 MHz (r.m.s.).



Fig. 7. Variation of the demodulated error signal with the VCO modulated with a square
wave at 3 MHz as the sideband separation is swept from 9 to 27 MHz.

4.1. Application to frequency modulation spectroscopy

Although we have focused on differential methods to obtain the error signal, the use of a
modulated tuning voltage of the VCO offers an interesting version of frequency modulation
spectroscopy. In generating the two 1st-order beams we modulate the VCO with a waveform
whose amplitude defines their frequency separation, and the frequency of the modulation is
essentially a noise source which is filtered out. However, if a single detector is used and we
demodulate at the same frequency with which the VCO tuning port is driven, then we find
that it is possible to produce a FMS error signal whose sideband frequency is decoupled from
the demodulation frequency. Figure 7 shows a selection of spectra with a constant modulation
frequency but a variable sideband separation (via the tuning port modulation amplitude). The
signal strength of FMS spectra typically reduces at higher modulation frequency with narrow
absorption features [16], however one requires the modulation frequency to be above the noise
bandwidth of the laser (typically below 1 or 2 MHz for a external cavity diode laser). Therefore
it may be of interest to exploit this element of the technique if a specific sideband separation,
independent of the demodulation frequency, is required.

5. Discussion

We find the modulation frequency of the VCO tuning port to have little effect on the spectra in
the range 200kHz to 5MHz: an operating range determined by the overlap in the bandwidths of
the bias tee and the VCO tuning. The use of square or sinusoidal modulation waveshapes also
has little effect on the spectra other than changing the sideband separation, however the the use
of square waves allows one to alter the duty cycle of the modulation and thus produce small
frequency offsets from the absorption reference.

One weakness of the technique proposed here is its sensitivity to fluctuations in the pointing
direction of the beam emerging from the AOM caused by pressure fluctuations in the laboratory,
since the ratio of optical intensities falling on each detector segment may vary, thus producing
a change in the DC offset. Beyond shielding the apparatus, the presence of the focusing lens
in front of the detector, but at a distance less than the focal length, serves to mitigate this by
reducing the beam spot size on the detector in comparison to the sensor area.

Since the VCO in our apparatus is not stabilized to the AOM’s center frequency, any slow
drift results in a variation of power in each beam and thus a drift in the error signal’s DC offset.



Therefore, for long term stabilization a precision voltage reference is necessary, or a second QPD
can be used to monitor the power in each beam, feeding back to stabilize the VCO (in much the
same manner as the spectroscopic signal is used to stabilize the laser).

The apparatus can be made more compact if one discards the beam-splitting cube and allows
the retro-reflected probe beam to pass back through the AOM after which its undeflected
component may be focused on the QPD.

6. Conclusion

A new method for wavelength stabilization of a laser diode has been demonstrated that depends
on the carrier modulation of the AOM drive frequency to provide spatially and spectrally
separated sidebands. These are used to jointly probe an absorption feature and the difference
in the detected signals produced an error signal suitable for locking. A simple RF electronic
system was also presented to produce the correct RF drive signal via the modulation of a VCO
tuning port. An advantage of this method is its insensitivity to laser intensity noise, background
electrical or magnetic fields, and optical polarization. Therefore it is suitable for both atomic and
cavity wavelength references, especially where narrow absorption features are required for the
highest precision. The technique was used to lock an external cavity diode laser to a sub-Doppler
absorption line in rubidium and the measured stability, at one part in 109, is suitable for cold
atoms experiments.
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