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Abstract

The mid-infrared (MIR) wavelength region is
attracting more and more research for appli-
cations such as medical diagnostics, environ-
mental monitoring, and free space communica-
tions. In the MIR, thermal detectors play an
important role because they can operate over
a large wavelength range, can be fabricated us-
ing CMOS compatible processes, and do not
require cooling. Today no other MIR detector
technology is able to fill this gap. We demon-
strate the first uncooled silicon waveguide-
based bolometers, in the Silicon-on-Insulator
(SOI) and suspended silicon waveguide plat-
forms. The bolometers comprise gold plasmonic
antennas on the waveguide surface that heat up
when they absorb light, and amorphous silicon
thermometers (formed by ion implantation),
whose electrical resistance changes by 0.90 £
0.26 % K~! when they are heated. We show
that suspending the bolometers improves their
performance, and achieve sensitivities of up to
1.13 + 0.04% change in resistance per milliwatt
of input power, with a noise equivalent power
of 66 pW/ VHz. Calculations suggest the NEP
could in future, be further reduced by 4 orders
of magnitude.
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Introduction

The MIR spectrum (2-16 pm) has great poten-
tial to be used in many different fields, such
as medical diagnostics, environmental monitor-
ing, industrial process control and free space
communications.™™ In these applications, sens-
ing attracts much attention, because many
molecules exhibit intense and unique absorp-
tion features in the MIR wavelength region. Sil-
icon photonics, also known as group IV photon-
ics, has become widely used for near-infrared
(NIR) integrated photonics in the last two
decades, particularly for data communications
applications. Silicon and germanium are trans-
parent at up to 8 ym and 16 um respectively,
therefore there is an opportunity to extend the
wavelength range of silicon photonics into the
MIR to create integrated lab-on-a-chip sensing
systems.

Development of passive group-1V devices for
MIR has advanced rapidly such as SOI rib and
strip waveguides,® and suspended Si waveg-
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uides.® To extend to wavelengths beyond the
transparency range of Si, waveguides based on
Ge on Si,” SiGe® and suspended Ge platforms'”
have been investigated. Meanwhile there has
also been progress in developing on-chip light
sources; a quantum cascade laser operating
at 4.8 pum has been integrated with silicon
waveguides,® and supercontinuum generation in
SiGe waveguides at up to 8 um has been re-
ported.” Detectors also play an important role
in MIR photonic systems. So far, Si defect,*’
I11-V, ™ graphene,’®4 and black phosphorus’®
MIR photodetectors have all been integrated
with silicon waveguides. In addition, GeSn has
also been applied in MIR detection.™® How-
ever, aside from graphene the operating wave-
length ranges of these photodetectors are lim-
ited by the bandgaps of the absorbing mate-
rials. Furthermore, due to the thermal excita-
tion of electrons, photodetectors usually require
cooling down to reduce the noise. In the case
of graphene and black phosphorus, they are not
currently manufacturable at wafer scale.

Thermal detectors are an alternative solution
for infrared detection. Bolometers are a type
of photodetector in which light is absorbed and
converted to heat, and the resulting tempera-
ture change alters the bolometer’s electrical re-
sistance, which can be measured by monitor-
ing a bias current. Bolometers can work at
room temperature, and the absorption mech-
anism can be tailored to operate at a range
of wavelengths. In fact, today the market for
commercial uncooled MIR imaging cameras is
dominated by microbolometers, which absorb
light over a very broad wavelength range, do
not need to be cooled, and are fabricated using
CMOS processes, often at the back-end-of-line
on top of a CMOS read out circuit. While the
ultimate sensitivity and frequency bandwidth of
bolometers are generally both worse than those
of conventional photodetectors, integrating mi-
crobolometers with silicon photonic waveguides
will be an excellent solution for many MIR in-
tegrated sensors, where uncooled operation and
affordable fabrication will be more important
than the detector speed, provided that the sen-
sitivity is sufficient.

In a bolometer in which periodic incident ra-

diation is absorbed to change the temperature
of the material, the temperature change can be
expressed as: 10

E(I)o
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where AT is the temperature difference, ¢ is the
absorbing efficiency of detector, ®; and w are
the optical power amplitude and the modulat-
ing frequency of incident radiation, Cy, is the
thermal capacitance of the detector and Gy, is
the thermal conductance to the surroundings.
The resistance of the material is then influenced
by the temperature change, which can be de-
scribed as a function of the ambient tempera-
ture by the temperature coefficient of resistance
(TCR).
dR 1

where R is the resistance, dR is resistance
change, and d7T is the temperature change.
A simple way to improve the performance of
bolometers is selecting a material with a high
TCR. Vanadium oxide (VO,) is the most com-
mon thermometer material in bolometers. VO,
deposited by reactive ion beam sputtering and
then annealed has achieved a high TCR of 6.5
% /K. Amorphous silicon (a-Si:H) is another
common thermometer material with a TCR
of 2.5 % /K, which also has the advantage
of being fully CMOS compatible. Amorphous
germanium-silicon (a-Ge,Si,:H) has also been
developed as a thermal sensing film in bolome-
ters. Compared to a-Si:H, it has a higher TCR
of 4.3 %/K and lower resistance.“? Aside from
these traditional 3D materials, carbon nan-
otubes (with a TCR of 0.3 %/K) and the 2D
material graphene (with a TCR of 4-11 %/K)
have been applied in bolometers,?12 although
the fabrication is more challenging.

Enhancing the absorbing efficiency is another
way to improve the bolometer performance. A
common method used in out of plane coupled
thermal camera microbolometers is to use a re-
flector below the bolometer to form a resonant
optical cavity®! that enhances the electric field
at the absorber. In addition, optical antennas
that can activate surface plasmon polaritons



(SPPs) to confine the incident radiation have
also been used to improve the absorption effi-
ciency.2"4 In this paper, we demonstrate the
first MIR silicon waveguide-based bolometers
with optical antennas as absorbers and amor-
phous silicon as the thermometer.

Design & Simulation

We designed two types of waveguide-based
bolometers, both of which are shown in Fig-
ure[I] The designed bolometers are based on sil-
icon waveguides with a sub-wavelength grating
lateral cladding of the kind demonstrated inZ
(and with the same dimensions), so that the
waveguide can be suspended by etching away
the silicon dioxide lower cladding, and thus the
thermal conductance to the surroundings can
be reduced. Since silicon is transparent from
1 pm to 8 pum, we design Au optical antennas
acting as plasmonic absorbers on the waveguide
surface. The optical antennas consist of three
Au nanorod antennas. Light incident from
the waveguide will excite a half-wavelength an-
tenna resonance mediated by SPPs on the gold
nanorod. The electric field at the ends of anten-
nas is enhanced and the light is confined in this
region. This light is absorbed by the anten-
nas and temperature will be increased. After
that, the heat is conducted to the waveguide
and to the thermometer arms. In our designs
the plasmonic antennas were offset by 1 um
from the thermometer arms because these arms
will result in more scattering instead of ab-
sorption in the antennas from the simulations.
The thermometer is made from amorphous sili-
con, which is created from crystalline silicon by
high dose germanium ion implantation.2027 The
amorphous silicon arms are thinned to make
sure that the whole depth of the Si can be amor-
phized in one ion implantation step to simplify
the fabrication. Then, the resistance change of
amorphous silicon is measured via the contact
pads on either side of the amorphous silicon
arms. To avoid any leakage current through
the crystalline silicon, there are trenches sur-
rounding the contact pads. In the first design
(B1), the waveguide crosses the amorphous sili-

con arms and leads to an output surface grating
coupler. In the second device variation (B2),
the waveguide is terminated after the end of the
bolometer in order to reduce the thermal con-
ductance and capacitance, and hence increase
the temperature change. To aid alignment of
light into the waveguide, the B2 design includes
a multi-mode interferometer (MMI) acting as a
1x2 splitter before the bolometer, from which
the second output waveguide leads to a grating
coupler that can be used to help optimise the
input light coupling.

Thermometer

Figure 1: Structure diagrams of the designed
bolometers based on (a) straight waveguides
(B1) and (b) cut straight waveguides (B2).

To estimate the performance of the antennas
on waveguide, we used a 3D FDTD solver to
simulate the response. In this simulation the
antennas are positioned on a suspended sili-
con waveguide. The width and thickness of the
waveguide are 1.3 pym and 500 nm, respectively.
The designed waveguide supports only the fun-
damental TE mode. The near-field electric field
profile of three rod antennas are shown in Fig-
ure[J(a). The designed antennas comprise three
separated rod antennas. Each antenna has a
470 nm length, 1600 nm width, 20 nm thick-
ness, and there is a 400 nm gap between them.
In rod antennas, the travelling-wave SPPs are



reflected at the antenna ends which sets up a
half-wavelength resonance with a charge distri-
bution that peaks at the end caps of the an-
tenna, resulting in strong confinement of light
at these regions.”® Since the metal exhibits a
large absorption coefficient, the confined light
will be absorbed strongly. When the antenna
number increases from one to three and these
antennas are close to each other, the scatter-
ing, reflection and transmission from one an-
tenna can interact with the other two anten-
nas. So, these antennas are not independent
and the interaction between them greatly en-
hances the absorption, as was shown in several
other works.?

To compare different materials, antennas
made from various materials have been simu-
lated. Figure 2fc) compares the fraction of en-
ergy absorbed, scattered, reflected, and trans-
mitted at 3.8 um wavelength by a group of three
antennas, for a selection of plasmonic materials.
Of these common materials, Cr, Pt, Ti and TiN
do not achieve high absorption. Among the rest
of the materials, Al and Ta oxidise in air; Al
and Ag can be etched by HF (and are there-
fore incompatible with the fabrication process);
Cu can easily diffuse into silicon and change
its optical and electrical properties. However,
gold is stable when it is exposed to air, and it
can survive in HF. Gold is therefore the best
candidate for the antennas in this device. In
addition, compared with a single gold antenna,
three gold antennas shows much stronger ab-
sorption while transmission, scattering, and re-
flection are suppressed.

Fabrication

Figure [3| shows the fabrication process. Firstly,
the thermometer arms are implanted with Ge
ions to damage the crystalline silicon and cre-
ate amorphous silicon. The implant energy and
dose are 190 keV and 1 x 10 ions/cm?. Be-
fore the ion implantation, the crystalline silicon
is patterned and etched down to 200 nm by an
Inductively Coupled Plasma (ICP) tool. This is
done because in order to create a 500 nm thick
a-Si layer, Ge ions would require a high implant
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Figure 2: (a)Near-field electric field pro-
file of 3 rod antennas simulated by 3D
FDTD.(b)Energy fraction spectrum of the 3 Au
antennas with 470 nm length, 160 nm width, 20
nm thickness and 400 nm gap. The absorption
3-dB bandwidth is 640 nm. (c)Energy fraction
of optimized three antennas with different ma-
terials at 3.8 pum wavelength.



energy which would make them go through the
resist and damage the un-patterned crystalline
silicon. To use a thicker resist would influence
the precision of lithography. After that, the
waveguides, gratings, and trenches surrounding
contact pads are etched by ICP. The next step is
patterning and depositing 1 nm of chromium as
an adhesion layer and 20 nm of gold for optical
antennas using an e-beam evaporator. The chip
is then left in 1-methyl-2-pyrrolidone (NMP) for
lift-off. Finally, 100 nm thick Au contact pads
with a 10 nm Cr adhesion layer are deposited
and lifted off by the same method.

NN

Figure 3: Fabrication process of the waveguide-
based bolometers. (a) Begin with a SOI chip
with 500 nm thick Si layer. (b) Etch the ther-
mometer arms to 200 nm and implant them
with Ge ions to create a-Si. (c) Dry etch sub-
wavelength cladding waveguides and gratings.
(d) Deposit optical antennas on the waveguides
by e-beam evaporation. (e) Deposit Au contact
pads by e-beam evaporation.

To further improve the performance of the
bolometers, some of the Bl type devices were
suspended by etching the silicon dioxide layer
with 45% HF vapor - these suspended devices
are referred to as "B1S” devices in the follow-
ing sections. During HF etching the antennas
are protected with a patterned layer of photore-
sist. After 90 minutes etching, the 3 pum silica
box underneath the waveguide has been fully
etched. Figure 4] shows an SEM image of the

bolometer with suspended waveguide.

Figure 4: SEM image of the bolometer based
on the suspended waveguide. The 3 pm silica
BOX has been fully etched. Yellow regions are
gold and blue regions are a-Si.

Experimental Results

Optical Antennas

The optical response of the antennas was first
characterised to verify that they work as ab-
sorbers when patterned on top of a waveguide.
In practice the optical antennas not only absorb
the incident light, but also scatter and reflect
it. However, due to the limitations of our ex-
perimental setup, only the transmission can be
measured. The transmission spectra of different
antennas have been measured and normalized
to the transmission of identical test waveguides
without antennas. It should be noted that the
actual dimensions of the antennas are different
than the designed values and the three anten-
nas in the array are often not identical. The
antennas designed to have a length of 500 nm
and width of 160 nm are in practice broadened
to 620 nm length and 250 nm width, respec-
tively. In addition, there is a variation in the
dimension of antennas of + 10 nm, creating un-
certainty in their actual dimensions. Therefore,
in all places where we refer to the dimensions
of the experimental antennas, we have taken
the nominal antenna dimensions and corrected
them by the average experimental dimension



bias error measured from scanning electron mi-
croscope (SEM) images. Figure [5f(a) shows the
transmission spectrum of 620 nm long anten-
nas, and Figure [f[(b) plots the transmissions of
antennas with different actual lengths at a cen-
tral wavelength of 3.8 ym. The plasmonic an-
tenna resonance has a bandwidth larger than
the available spectral range of the QCL, there-
fore it is impossible to directly identify the
plasmon resonance lineshape. Narrowband fea-
tures in Figure [ff(a), such as the weakly pro-
nounced maximum at 3830 nm, are attributed
to other wavelength dependent components in
the waveguide system. For the dependence on
antenna length, the transmission initial shows
an initial high transmission for the shortest an-
tennas followed by a decrease in transmission to
values in the range 20 % to 30 % over the 570-
650 nm antenna length range. This behaviour
is consistent with resonant antenna as discussed
below. The flat response over a wide range of
lengths illustrates that the antenna response is
quite robust with respect to variations in the
antenna length. Overall, the antenna trans-
missions are somewhat higher than predicted
by the simulations, which we attribute to the
difference between the nominal and actual an-
tenna shapes.

Since the silicon waveguide and grating only
support the TE mode, we cannot measure the
performance of the antennas with a TM mode.
The wavelength range of the transmission mea-
surement is also limited by the laser emission
range and grating coupler transmission spec-
trum. To clearly show the resonance nature
of the antenna absorption, we therefore fabri-
cated antenna arrays on bulk silicon in which
each unit has three antennas, so that we could
investigate the antenna response over a wider
wavelength range and with two different polar-
isations, when the light is incident from out
of plane in the direction perpendicular to the
array. The details are shown in Section A
of the Supporting Information. The measure-
ments confirm the resonant and polarisation de-
pendent behaviour of the antennas, as well as
the characteristic dependence of transmission
on antenna length, consistent with Figure [5|(b).
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Figure 5: (a)The experimental transmission
spectrum of antennas with 500 nm length.
(b)Transmission at 3.8 pum wavelength versus
antenna length.

Temperature Coefficient of Resis-
tance of a-Si Thermometers

Whereas the TCR of amorphous silicon films
has been reported in the literature before 242
none of these values are based on the amor-
phous silicon created by Ge ion implantation.
To measure the TCR of our devices a Peltier
element beneath the sample stage is used to
change the temperature of the whole chip. Once
the temperature is stable, a DC source is con-
nected across the two contact pads of a Bl
bolometer to measure the IV curves of the a-Si
arm. Figure [6|(a) shows the IV curve of the a-
Si arm at 45 °C'. The IV curve is non-linear,
indicating that a Schottky contact is formed
between the contact pads and silicon. We fit
the slope of the IV curve to calculate the resis-
tance. The resistance at different temperatures,
normalized to the resistance at room tempera-
ture, is plotted in Figure [f[(b), and the slope
efficiency of the linear fitting is the TCR of the
a-Si arm, which is 0.90 + 0.26 %/K from the
experimental result.
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Figure 6: (a) IV curve of the a-Si bolometer
arms at 45 °C' (blue line) and fit to linear section
(red dashed line). (b) Fitted resistances versus
temperature (blue circles) and a linear fitted
curve (red line).

Response of Bolometers

In the experiment, we measured Bl, B2, and
B1S bolometers and show the results. A di-
agram of the mid-infrared measurement setup
for DC device characterization is shown in Fig-
ure [l A Daylight Solutions tunable QCL
operating in the wavelength range from 3.72-
3.88um is used as the source. Light coming
from the laser is modulated by a chopper wheel
which is connected with a control driver (Thor-
labs MC200B). The modulated light is coupled
into a MIR fibre by using a ZnSe lens whose
transmission range is 0.5-20 pm. Then the
light is coupled into the chip from the fibre’s
cleaved end via a grating coupler. After pass-
ing through the devices under test on the chip,
the light is coupled into another fibre leading to
the external photodetector. After aligning the
two fibres using the external photodetector, the
DC source (Keithley 2401) applies a voltage to
the bolometer through the two probes. A lock-
in amplifier (Signal Recovery 7265) is connected
with the bolometer, the external photodetector,
and the chopper to read out the signal. More-
over, the noise equivalent current is measured
by the lock-in amplifier when the laser is turned
off.

Instead of directly measuring the resistance

Lock-in

Voltage Amplifier
Input

Current Ref Input Chopper
Input Controller
D!
© Source MIR Laser
Probe Lens
MIR Fibre
Photodetector Chopper
DUT Wheel

Figure 7: Mid-Infrared DC measurement setup
for characterising the fabricated bolometers.

change of the bolometer, we measure the per-
centage change in current with a constant bias
(15V). The response versus the input power at
3.8 um wavelength with 400 Hz chopper fre-
quency for the three bolometer types is plot-
ted in Figure [§[a). Because some parameters
in Equation [T} namely Gy, Cy,, and even the
TCR, change with temperature, the relation-
ship between the bolometer response and the
input power is nonlinear. However, in a small
temperature range, the nonlinear effect is weak,
which means we can use a linear model to sim-
plify this relationship. From the linear fit re-
sult, the reference device, B1S without anten-
nas show a sensitivity of 0.16 £ 0.01 .The sen-
sitivity of B1 at 400 Hz chopper frequency is
0.17 £ 0.01 %/mW. For B2 the sensitivity is
enhanced to 0.80 £ 0.03 %/mW. This improve-
ment comes from the greatly reduced thermal
capacitance of the cut waveguide, C'y, in Equa-
tion [I] For the suspended bolometer B1S, the
sensitivity reaches 1.13 &+ 0.04 %/mW, because
the silicon dioxide is etched by HF vapour, and
the thermal conductivity of air is far lower than
the thermal conductivity of silica. Therefore, as
the thermal conductance between the bolome-
ter and its surroundings Gy, is reduced, it re-
sults in a higher sensitivity. Table [1| presents
the sensitivity of each bolometers and their ref-
erences. The enhancement from antennas is up
to 8.49 dB.

The frequency response of the bolometers
was also measured. The Figures [§(b) and (c)
show the sensitivity and noise-equivalent power
(NEP) versus the chopper frequency. In the
B1 bolometer, due to the straight waveguide,
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Figure 8: (a)Bolometer response versus input
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quency for three types bolometers, B1, B2 and
B1S.

Table 1: Performance Parameters of
Bolometer
Sensitivity Sensitivity
(%/mW) Enhancement
Bolometer — Reference (dB)
B1 0.17£ 0.01 0.11£ 0.01 1.89
B2 0.80+ 0.03 0.21£ 0.01 5.81

B1S 1.13+ 0.04 0.16% 0.01 8.49

the large thermal capacitance requires a longer
time to heat up. Therefore, the response de-
cays faster with the chopper frequency. The
3dB bandwidth of B1 is 142 Hz, and the sensi-
tivity of B1 at 20 Hz chopper frequency is 0.68
%/mW. In the B2 bolometer, the cut waveg-
uide reduces the thermal capacitance and the
thermal conductance is the main loss. How-
ever, from the frequency response curve, the
3dB bandwidth of the B2 bolometer is raised to
higher than 1 kHz (which is the frequency limit
of the chopper in our setup). And the sensitiv-
ity is 0.87 %/mW at 20 Hz. In the frequency re-
sponse curve of the B1S bolometer the response
first decays slightly with frequency before in-
creasing again. The mechanism is unknown
and more data in a higher frequency range is
required. The sensitivity of B1S at 20 Hz is
1.56 %/mW. The NEP decays with increasing
chopper frequency. Once the frequency is above
200 Hz, the noise tends to be constant with fre-
quency up to 1 kHz.

In the B2 and B1S, the SNR is higher than
10 dB/mW. As above, the limitation of the
noise measurement is the equipment,which is
confirmed by the experimental measurements
shown in supplement A. If either the noise in
equiment is reduced or resistance of the bolome-
ters is decreased, the SNR will be increased.
Table [2| presents the performance parameters
of the three bolometers at 400 Hz. We con-
firmed that the change in current was due to a
bolometric effect by measuring the responsivity
when no bias current was applied. We found
that a much weaker non-bolometric effect was
present, which is discussed further in the sup-
plementary information.

Table 2: Performance Parameters of
Bolometer
Bolometer B1 B2 B1S
Resistance (M) 60 152 656
Sensitivity 0.17+ 0.80+ 1.13+
(%/mW) 0.01 0.03 0.04
SNR (/mW) 232.69 696.96 747.18

NEP (uW/vVHz) 90 49 66




Future Improvements

Although this bolometer shows very promising
performance, there are still several significant
improvements that could be made. Firstly, by
looking at equations 1 and 2 we see that if we
consider the DC case when the frequency w = 0,
then the parameters that affect the responsivity
for a fixed optical input power are the TCR, the
optical absorption efficiency e, and the thermal
conductance Gyy,.

We achieve a TCR in these ion-implanted a-
Si thermometer arms that is around two times
lower than the values typically reported in liter-
ature for deposited a-Si:H thin films, therefore
altering the fabrication process could improve
the TCR.

The optical absorption efficiency in these
bolometers is below 0.8 (since the lowest an-
tenna transmission is 20%, and there will also
be some scattering and reflection), so there is
some modest room for improvement of this pa-
rameter, which could be attained by optimis-
ing the antenna fabrication to more accurately
achieve the targeted dimensions. Alternatively
the use of perfect absorber geometry could be
explored.?”

The third parameter Gy, can be estimated
from equations 1 and 2. If we use the mea-
sured TCR of 0.90 %, the best measured re-
sponsivity of 1.56 %/mW, and an estimate of
e = 0.5, we find that Gy, is approximately
3 x 107* W/K. This is highly encouraging,
since in the amorphous silicon microbolometers
used in camera arrays Gy, values of 2 x 1078
W/K have been reported,“® indicating that re-
sponsivity improvements of up to 4 orders of
magnitude might be possible in future, which
could enable waveguide integrated bolometers
to measure nanowatt optical power levels. This
could be achieved by cutting the highly ther-
mally conducting connection to the c-Si input
waveguide with an air gap to create a bolometer
island, which would be supported only by the
a-Si thermometer arms. The challenge would
be to do this in a way that does not introduce
high optical loss and preserves the mechanical
stability.

Besides the responsivity there are other pos-

sible areas of improvement: (i) the resistance
could be reduced by introducing doping to the
a-Si thermometer arms, (ii) the antenna mate-
rial could be changed from Au to a CMOS com-
patible material (e.g. Al), (iii) the fabrication
process could be redesigned to use a-Si thin film
deposition so that the ion implantation step is
not required, (iv) the plasmonic absorber could
be redesigned for even more wideband absorp-
tion characteristics, and v) the read out circuit
could be improved to reduce the noise floor. We
see this as a rich area for further research.

Conclusions

In this work, we have designed and fabricated
the first room temperature silicon waveguide-
based bolometer. These bolometers use amor-
phous silicon which is created by Ge ion implan-
tation as the thermometer. In the experiment,
the TCR of the a-Si is 0.90 + 0.26 %/K. Since
silicon is transparent up to 8 um, the Au optical
antennas are designed and placed on the sur-
face of the waveguides as plasmonic absorbers.
The fabricated dimensions of the antennas are
larger than intended. However, the response of
the antennas is relatively stable with antenna
length. Some variation between antennas is at-
tributed to small variations in the shape of fab-
ricated antennas, which could result in differ-
ences in the optical response. Moreover, the
measured response bandwidth of the antennas
is wide enough to cover the whole laser wave-
length range, 3.72 pm to 3.88um, and have a
simulated 3 dB absorption bandwidth of 640
nm.

In these fabricated bolometers, there are de-
signs with two different geometries. For the
bolometer with a straight waveguide, B1, the
sensitivity is 0.17 £ 0.01 %/mW at 3.8 um
with 400 Hz chopper frequency. In the second
design, B2, the waveguide is terminated after
the end of the bolometer, which reduces the
thermal conductance and capacitance, result-
ing in a sensitivity improvement to 0.80 £ 0.03
%/mW at 400 Hz. The Bl bolometers were
also suspended by underetching the waveguide
to decrease the heat loss from thermal conduc-



tance to the surroundings, which increased the
sensitivity to 1.13 + 0.04 %/mW. The 3dB
frequency bandwidth of the B1 bolometer was
only 142 Hz, while for the other two bolome-
ters types, the 3dB-bandwidth is larger than
1 kHz, which is limited by the chopper fre-
quency. In addition, the noise equivalent power
is down to 49 yW/v/Hz. However, the dom-
inant noise source comes from the circuit, in-
dicating that the bolometers themselves might
have lower noise. We have identified several ap-
proaches that could be used to improve the sen-
sitivity of these bolometers in future.

Because of the wide transparency range of the
suspended Si platform, and because gold ab-
sorbs light strongly at all optical wavelengths,
this detector design can be adapted to work
at any wavelength in the transparency range
of silicon, simply by re-optimising the waveg-
uide and antenna geometry. Furthermore, with
modifications of the fabrication process, similar
bolometers could in future be integrated with
almost any mid-infrared waveguide platform.
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