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Abstract: We theoretically and numerically investigate the performance of tilted Bragg gratings
in planar waveguides, fabricated by direct UV writing in photosensitive silica, to couple light out
of a chip. An analytic expression is derived for the coupling efficiency and validated numerically
by finite element simulations. Using the analytic result, we can design gratings to generate
output beams in free space of any specific shape and calculate their overall power coupling
efficiency. Our simulations indicate that for currently achievable grating index contrasts devices
of millimeter length are most suitable for this technology.
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1. Introduction

The development of quantum technology allows us to innovate our conventional devices, boosting
their performance in efficiency and sensitivity. Examples of this include gravity sensors [1],
magnetic imaging in healthcare [2], secure methods of communication [3], and computing [4–6].
Many of these devices rely on the manipulation of trapped clouds of neutral atoms or trapped
ions by laser beams, but so far optical access is mainly achieved by free space optics. Devices
such as monolithic ion-traps [7], membrane and needle magneto-optical traps (MOTs) [8, 9], and
grating MOTs [10] are beginning to utilize integrated waveguides incorporated directly into the
chip design, eliminating the need for bulky free space optics. Such compactness is sought after
for quantum applications, especially for highly complex devices such as quantum computers
where scalability is extremely challenging [11, 12] and photonic integration can offer a solution.

A common approach to combining integrated waveguides and free space beams is to use etched
grating couplers [13–16], which provide efficient coupling over short devices of sub-millimeter
lengths. An alternative technology for grating fabrication is direct UV writing [17–21] which
avoids any issues of surface roughness and non-uniformity and therefore has the potential to
deliver higher quality beams than etched gratings. In this case the grating is formed using an
interference pattern from two UV laser beams inside a photo-sensitive waveguide. This process
guarantees a smooth and continuous refractive index profile of the fabricated holographic grating
but is limited in the achievable refractive index contrast and thus in the light coupling efficiency.

In this paper we investigate theoretically and by numerical simulations the achievable efficiency
of direct UV-written Bragg gratings to couple light from integrated silica waveguides ‘out-of-
plane’ and into free space. To achieve this the grating planes need to be tilted with respect to the
waveguide’s transverse direction, thus adding to the fabrication complexity but providing highly
controllable directionality of the out-coupled light. We demonstrate how this directionality can
be exploited to shape the light beam out-coupled into any target profile, e.g., to address individual
ions or atom clouds at specific positions above the chip surface, and we calculate the overall
power coupling efficiency.
This paper is structured as follows. In Sec. 2 we discuss the device geometry used for our

analysis and the refractive index profile of the UV-written tilted Bragg gratings. Sec. 3 derives an
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analytic solution for the grating coupling efficiency of uniform gratings as a function of grating
parameters which is then analyzed and compared with finite element simulations. In Sec. 4
we discuss and demonstrate a method to design gratings that generate out-coupled beams of
any given target shape and direction and calculate the power coupling efficiencies of such beam
shaping devices. Finally, we conclude in Sec. 5.

2. Device geometry

The basic geometry of the system under investigation is shown in Fig. 1. The device consists of a
photosensitive hydrogen-loaded silica core layer which is sandwiched between lower refractive
index silica undercladding and overcladding layers. By direct UV writing, an optical waveguide
and tilted Bragg gratings are formed in the photosensitive core layer. The grating couples light
out of the waveguide into the first diffraction order, through the overcladding layer, and into free
space above the sample. Our work aims to design the grating so that the diffracted light beam is
shaped and focused on a specific target position above the device.

Fig. 1. Schematics of the device geometry: light is propagating through the waveguide
core layer, diffracted out by the tilted grating, and focused on the target position above
the sample. The waveguide index profile is shown on the right.

For our theoretical and numerical models we consider a simplified two-dimensional geometry,
i.e., we assume that the device is infinitely extended in the third, I direction. In practice, our
model is thus applicable to three-dimensional waveguides that are wide enough in I so that the
beam divergence in this direction can be neglected, i.e., that the distance to the target position is
below the transverse, I, Rayleigh length of the beam diffracted out of the grating. The propagation
direction of light in the waveguide is given by G, the vertical direction is denoted by H, as shown
in Fig. 1.

Each layer of the device has a specific refractive index distribution. Both cladding layers have
a constant refractive index and the refractive index of air is set to 1. The core layer with the direct
UV-written waveguide and tilted Bragg grating has a refractive index profile of [22]
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where =2> is the core index, Δ= is an additional index induced onto the waveguide by UV-writing,
Δ=6 (G) is the grating index contrast, \ is the tilt angle of the grating planes, Λ is the grating
period, and f is the width of the waveguide and grating, assumed to have a Gaussian transverse
shape in the y-axis. The G-dependence of the grating profile Δ=6 (G) indicates that the grating
only occupies a part of the device length (Δ=6 (G) = 0 in regions of the waveguide without the
grating) and allows for an apodization of the grating to suppress stray light diffracted from an
abrupt change in refractive index.
We combine several methods to simulate light propagation in the device. For the diffraction

of light by the tilted grating we develop an analytical method, see Sec. 3.1 below. This is then



compared with simulations using a commercial finite element method (FEM) solver (Comsol
Multiphysics®) with a mapped mesh in the 2D rectangular geometry. Propagation in free space
and the cladding layers as well as refraction at the glass-air interface is calculated using an angular
spectrum method programmed in Matlab, taking the analytical or FEM-calculated diffracted field
from the core region as input.

3. Coupling of uniform gratings

3.1. Analytic diffraction theory

First, we derive an analytic expression for the electric field of the light diffracted out of the
waveguide by the direct UV-written tilted Bragg grating with a refractive index distribution given
by Eq. (1). This is calculated by the beam tracing method [23] and extends previous results [22,23]
that only considered a tilt angle of 45◦ to arbitrary tilt angles \. We start by assuming that the
electric field 5 (H) of the fundamental mode of the waveguide can by approximated by a Gaussian
beam of width F0,

5 (H) = exp(−H2/F2
0). (2)

Next, the grating is approximated as a large number " per grating period Λ of thin parallel slices
of constant refractive index angled at the tilt angle of the grating, where the <-th slice at position
G< = Λ</" has a refractive index on axis of =< = =2> + Δ= + Δ=6 sin(2c</"). The Fresnel
coefficient for s-polarization, i.e., polarization in I direction in our coordinate system of Fig. 1,
for the reflection of the waveguide mode at this <-th slice is to lowest order in the grating index
modulation given by

A< = −
^ cos(2c</")

2 cos2 \
2c
<

"
(3)

where ^ = Δ=g/=eff and =eff is the effective index of the waveguide mode. The electric field of
the beam reflected at the <-th slice at position G6 of the grating on axis is then

�< (G6) = 0(G<)A< 5
[
2(G6 − G<) cos \ sin \

]
4−8V[G<+(G<−G6) (1−2 sin2 \)] . (4)

Here, 0(G) is the amplitude of the propagating mode field at position G and V = 2c=eff/_ is the
propagation constant of the waveguide mode. The exponential term in Eq. (4) accounts for the
phase of the light propagating from the start of the waveguide to position G< and after reflection
to position G6. Finally, the total electric field of the light diffracted out of the grating is calculated
as � (G6) =

∑
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Here, we defined an effective width F of the grating as

1
F2 =

1
F2

0
+ 1
f2 , (6)

to simplify the expression in Eq. (5).
The final term in Eq. (5) corresponds to the emission of a plane wave with propagation constant

in the G direction of :G = V − 2c/Λ and therefore propagating at an angle q to the negative G
axis given by :G = −=co: cos(q) where : is the vacuum propagation constant of the light. This
propagation direction of the emitted wave is therefore only dependent on the periodicity of the



grating, and not on the tilt angle. The first term in the second line of Eq. (5) is dependent on the
tilt angle \ and is maximized to 1 if 2V cos2 \ − 2c/Λ = 0. If we approximate =eff ≈ =co this
condition becomes q = 2\, i.e., is fulfilled if the reflection of a single tilted grating plane is in the
same direction as the grating diffracting direction. This is equivalent to the well known case of a
blazed grating.

From Eq. (5) we obtain the reflectance of optical power per unit length [23], or in other words
the fraction of optical power coupled out of the waveguide per unit length, as
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(7)
where the last term of sin q takes into account the angle of the emitted light.

The derivation above is given for s-polarized light and we will focus on this also in the rest of
the paper. We note, however, that the reflectance for p-polarization only differs by a factor����A?AB

����2 = cos2 2\ (8)

because of the difference in Fresnel reflection coefficients A? and AB for p and s polarization,
respectively [23]. Thus, diffracting of p-polarized light is generally weaker and vanishes
completely at 90◦ emission (\ = 45◦).

3.2. Parameter dependence of reflectance

We now investigate the properties of the reflectance calculated analytically for uniform gratings
by the beam tracing method in Eq. (7) and compare the results with finite-element simulations
for verification. The parameters used in the following are three diffraction angles of q = 60◦, 90◦,
and 120◦, core refractive index of 1.4608, cladding index of 1.4555, grating index modulation
of Δ=6 = 5 × 10−3, index of UV-written waveguide Δ= = 5 × 10−3, waveguide width f =3 µm
and operating wavelength _ =780 nm. The resulting effective index of the waveguide mode is
=eff = 1.4640. The value of Δ=6 is chosen from the upper limit of what can be achieved with
current direct UV-writing technology [18, 19, 21]. For the finite element simulations we use
a grating length of 100 µm with a raised-cosine shaped apodization region of length 10 µm at
both ends. We note however that our derivations and models are equally applicable to other
wavelengths and other materials.

In Fig. 2(a) we show the reflectance of a 100 `m long grating for the parameters given above
for three diffraction angles as a function of the refractive index modulation Δ=6 of the Bragg
grating, defined as the fraction of input power that is diffracted over the full grating length. In
each case, the grating tilt angle is chosen as \ = 1

2 cos−1
(

_
=effΛ6

− 1
)
to maximize reflection as

discussed above. Then, as shown in Eq. (7), the exponential term tends to one for a short, weak
grating, and the dependence becomes quadratic in index modulation. The analytical curves agree
very well with the reflectance obtained from finite element simulations, given by the discrete
data points in the figure. Note that the analytical result predicts the same reflectance at angles
q = 60◦ and q = 120◦. Despite choosing the maximum index modulation that could be achieved
experimentally, the coupling efficiency of such a short grating is limited to approximately 10%.
Fig. 2(b) shows the reflectance for a much longer grating of 10 mm length versus Δ=6. This
demonstrates that for such grating lengths a more modest index modulation of 2 × 10−3 is
sufficient to couple about 90% of the light out of the waveguide.
Next, we investigate the dependence of the reflectance on the light wavelength and on the

grating tilt angle in Fig. 3. Here we fix the grating index modulation at Δ=6 = 4 × 10−3. The
grating period is set to emit light at angles q = 60◦, 90◦, and 120◦ at the design wavelength of
780 nm.



(a) (b)

0 1 2 3 4 5

Index modulation, n
g 10

-3

0

2

4

6

8

10

12

14

R
e
fl
e
c
ta

n
c
e

 /
 [

%
]

60
°
, 120

°
 Analytical

90
°
 Analytical

60
°
 Numerical

90
°
 Numerical

120
°
 Numerical

0 1 2 3 4 5

Index modulation, n
g 10

-3

0

20

40

60

80

100

R
e

fl
e
c
ta

n
c
e

 [
%

]

Fig. 2. (a) Reflectance of a 100 µm long grating versus grating index modulation
calculated analytically by Eq. (7) (solid lines) and by FEM simulations (points) for
three different diffraction angles q. (b) Reflectance of a 10 mm long grating against the
grating index modulation for q = 90◦. Parameters are given in the text.
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Fig. 3. Reflectance of a 100 µm long grating versus (a) input wavelength and (b) grating
tilt angle at three different emission angles q. Continuous curves: analytic solution,
data points: FEM simulations. All parameters are given in the text.

The analytic solution, Eq. (7), is a Gaussian as a function of the propagation constant V and thus
approximately Gaussian versus wavelength. The dependence on the tilt angle \ is more complex,
though in lowest order close to the maximum at 2\ ' q is also approximately Gaussian as seen in
Fig. 3. The full widths at half maximum (FWHM) for the input wavelength dependence and tilt
angle are 50.7 nm, 3.21◦ at 60◦, 87.3 nm, 3.21◦ at 90◦, 151.8 nm, 3.20◦ at 120◦, respectively. We
note that the FWHM versus wavelength becomes narrower for smaller angles q. This is because
for mostly backwards reflection, more grating planes contribute to the beam reflection and thus
provide a narrower resonance, in line with standard back reflecting waveguide or fiber gratings.
The same effect also leads to stronger maximum reflection for smaller q. On the other hand, for
larger angles q and thus larger tilt angles \ the reflectance also increases because at more grazing
incidence of the waveguide mode on the tilted Bragg planes the Fresnel coefficient increases.
The interplay between these two effects means that a minimum of overall reflectance is found at



normal emission, q = 90◦, as indicated in Fig. 3. The FWHM with respect to tilt angle only
shows a very weak dependence on the emission direction.

These FWHMs suggest that UV-written gratings have a broad wavelength bandwidth but that
the tilt angle needs to be fabricated with care. However, as previously mentioned in Sec. 3.1,
the grating period relative to the wavelength affects the direction of the out-coupled beam (final
term in Eq. (5)); therefore, while the coupling efficiency may not change significantly with small
wavelength changes, the propagation direction of the out-coupled beam in free space above the
chip will change.

Comparison of the analytic results in Fig. 3 with the results of FEM simulations exhibits some
minor discrepancies due to the simplifying approximations in the analytic derivation, e.g. that
it only considers the first order perturbation of the grating index modulation and ignores the
effects of refraction of the diffracted beam within the position-dependent refractive index of the
waveguide. These neglected higher order effects become more pronounced at grazing incidence
of the waveguide mode field on the grating planes, i.e., at angles of \ & 120◦ as can be seen
in Fig. 3(a). However, in general the results agree well and give confidence in the analytical
solution as a means to design more complex grating structures and thus waveguide devices for
out-of-plane beam delivery on a chip, as discussed in the following sections.

4. Beam shaping

4.1. Grating design

We can now use the theory described above to design gratings that generate a specific out-coupled
beam and direct it at a target location. For example, for applications in quantum technology
we may wish to generate a beam that is focused onto a single trapped ion or a cloud of trapped
neutral atoms at a certain distance above the chip.
To keep the grating design realistic for fabrication, we assume that the tilt angle \ is fixed,

which as shown in Fig. 3(b) limits the achievable angles to a cone around q = 2\. The grating
index distribution is thus of the form

=6 (G, H) = =2> +
[
Δ= + Δ=6 (G) sin

((
2c
Λ
+ 2c=eff

_
cos q

)
(G − H tan \) +Φ(G)

)]
4−(

H

f )2 . (9)

For a grating to generate the desired out-coupled beam, the grating index modulation Δ=6 (G) and
an added position-dependent phase Φ(G) that induces the local phase, as shown in Eq. (9), are
needed which will determine the shape and the directionality of the beam, respectively.
We first have to calculate the desired electric field at the position of the grating. If we know

the field at the target position, see Fig. 1, we obtain the field at the center of the grating (i.e. at
H = 0) by propagating the target field via an angular spectrum method, i.e., we Fourier transform
the field at Htarget and subsequently propagate the field analytically from Htarget to H = 0, taking
into account refraction of the field at dielectric interfaces. Let us write this target electric field at
the grating as a real-valued amplitude �0 (G) and a complex phase Φel(G),

� (G) = �0 (G)4−8Φel(G) . (10)

Here we assume s-polarization only and thus write a scalar electric field. By comparing these
expressions with Eqs. (1), (5) we see that the required phase of the grating is simply equal to the
target electric field phase, Φ = Φel.
The calculation of the grating index modulation Δ=6 (G) is more complicated as we need to

take into account depletion of the pump field propagating in the waveguide. We first introduce
the intensity of the out-coupled beam

� (G) = � |�0 (G) |2 (11)



where C is a normalization constant. Integrated along the length of the grating, this gives the
total power coupled into the target beam

%out = �

∫ !

0
|�0 (G ′) |2 3G ′ = [%0 (12)

where ! is the device length, %0 is the pump power coupled into the waveguide at G = 0 and [ is
the fraction of waveguide power coupled into the target beam. Equating the pump depletion to
the out-coupled beam intensity,

− 3%(G)/3G = %(G)U(G) = � (G) (13)

and using power conservation

%(G) = %0 −
∫ G
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� (G ′)3G ′ (14)

we obtain from Eq. (7) the required grating index modulation
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Here we fixed the grating period Λ to give optimum coupling efficiency for tilt angle \. When
[ = 1, all the pump light is outputted from the grating but this may lead to unfeasible, large grating
index modulations. Reducing [ and thus the power of the out-coupled beam, while maintaining
its spatial profile proportional to � (G), allows us to control the grating index modulation within
realistic values.

4.2. Numerical examples of beam shaping

In this section, two types of grating are designed to demonstrate our beam shaping method with
direct UV-written gratings: a super-Gaussian (flat top) beam and a multi-Gaussian beam. The
refractive indices chosen are the same as given in Sec. 3.2, except for Δ=6 which has been
exaggerated up to 1.83 × 10−2 for enhanced grating coupling to allow for comparison with
small-scale FEM simulations. The height of the core layer is 5 µm, and the overcladding thickness
is 15 µm.

In the first example we want to generate a super-Gaussian beam of order 10 with a spot size of
, = 20 µm located at position Gtarget =−30 µm, Htarget = 100 µm defined as

� (G, Htarget) = 4−8:0 cos q4
−
(
G−Gtarget

,

)20

, (16)

where the angle q is chosen such that the grating is centered around G = 0. The numerical
simulations generating this beam using the beam shaping method described in Sec. 4.1 are shown
in Fig. 4.
As explained in Section 4.1, the field at H = 0 is calculated from the target field (16) by an

angular spectrum method, thus taking into account diffraction and refraction effects between
grating and target position. Next, the required grating index profile is calculated, Eq. (15) and is
implemented in a FEM model. The bottom of Fig. 4(a) shows the resulting light propagation
through waveguide and grating. The out-coupled field is then extracted from the FEM simulation
and is propagated through the device overcladding and free space by the angular spectrum method,
shown at the top of Fig. 4(a). The red dashed line shows the target plane and the black-solid line
shows the boundary between the glass layer and free space. Figure 4(b) compares the target field
shape (blue dashed line) with the field generated by the numerical simulations in (a) (red solid
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Fig. 4. Generation of a super-Gaussian of order 10. (a) Bottom: light propagation in
the waveguide and grating simulated by FEM. Top: propagation of the out-coupled
light into free space by angular spectrum method. (b) Out-coupled field at the grating
position (green dash-dotted) and at the target position (red solid) and the original target
field (blue dashed). (c) Corresponding grating refractive index profile.
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Fig. 5. Generation of a multi-Gaussian beam with two different spots in the target
plane. (a) Light propagation simulation using FEM (bottom) and subsequent angular
spectrum method (top). (b) Target and simulated light fields on the grating and at the
target position. (c) Corresponding grating refractive index profile.

line). We also show the shape of the out-coupled field just above the grating. The corresponding
grating refractive index profile is given in Fig. 4(c). The example shows good agreement between
the target and the simulated field, demonstrating our grating design method.
In our second example we demonstrate a grating design where a single grating generates

two Gaussian beams focused at separate positions, e.g., to illuminate two single trapped ions
in a chip-based quantum information processor with a minimum of light diffracted into other
directions. Here our target is to achieve two beams with 2 µm spot situated 100 µm above the
surface and separated by 6 µm; all other parameters are as above.
The method is the same as in the super-Gaussian beam example above and the results are

shown in Fig. 5. We can clearly see the emission of the target light field from the grating and the
formation and focusing of the two Gaussian beams in Fig. 5(a). Comparison between the target
and the simulated fields, Fig. 5(b), again show good agreement.



4.3. Coupling efficiency

Having introduced and numerically verified the principles of our beam-shaping method above, we
will now use our analytic formula to discuss beam shaping for experimentally realistic parameters,
i.e., with lower grating index modulations and longer grating lengths of mm instead of tens of
µm in the examples above.
We start with designing a grating to achieve a Gaussian output beam at an angle of q = 60◦,

i.e., backward diffracted at a tilt of 30◦ from the normal to the surface of the grating, similar
to the beam in Fig. 4. The target location is 5 mm above the chip with 10 µm beam waist. The
grating index modulation is restricted to the highest realistic value at 5 × 10−3.
Using the formulas from Sec. 4.1 we calculate the grating index modulation and position-

dependent grating period needed to produce such a Gaussian beam, shown in Fig. 6(a). Here we
use the position-dependent grating period

Λ(G) = 2c
����2c=eff
_
+ 3Φ
3G

����−1
(17)

as an alternative and more intuitive grating parameter than the position-dependent phase Φ of
Eq. (9). The required shape of the grating strength is again approximately given by a Gaussian.
The local grating period is decreasing along the grating to produce the correct curved phase
front of the out-coupled electric field to create the focusing Gaussian beam. In other words, the
light coupled out of the grating at the beginning at the grating needs to travel in a more forward
direction (longer local period) than light coupled out at the end of the grating (shorter period) to
focus light into a point above the surface.
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Fig. 6. Grating designs for the generation of (a) a Gaussian beam, (b) a super-Gaussian
beam with 10 µm waist at 5 mm above the chip propagating at an angle of 60◦. Red
dashed line (right axis): required grating index modulation with maximum set at
5 × 10−3; Blue solid line (left axis): local grating period. The black dash dotted line
represents the constant grating period needed for emission at 60◦.

In calculating the grating properties above we have chosen the normalization constant � in
Eq. (11) such that the maximum grating index modulation does not exceed 5 × 10−3. Thus, by
substituting the grating period and grating index modulation calculated above into the analytic
solution, Eq. (12), the total coupling efficiency of the grating can be found. For the example of
Fig. 6(a) this is 25.1 % of the input power. This is limited by the achievable grating strength and
the length of the grating. Larger efficiencies would require stronger index modulation, which is
not currently achievable by direct UV writing in silica but may be possible in more photosensitive



materials or by other grating technologies such as etching, or longer gratings, which require to
move to beam focus further away from the chip surface.

In Fig. 6(b) we show the required grating parameters to form a super-Gaussian beam of order
10, with other parameters the same as for the Gaussian beam in (a). In this case the required
grating strength approaches a sinc function (which is the Fourier transform of a flat top beam)
and thus is significantly wider than for the Gaussian beam. The local grating period Λ(G) follows
a similar decreasing trend as for the Gaussian case but shows peaks at positions where the grating
strength vanishes and hence the local phase and grating period are not well defined. In practice,
these positions correspond to c phase shifts when the sinc function changes sign.
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Fig. 7. Total diffracting efficiency [ of gratings optimized for generating Gaussian and
super-Gaussian beams with waist 10 µm and at 5 mm above the chip surface against the
out-coupling angle q. Other parameters as in Fig. 6.

Finally, we show the total coupling efficiency [ for Gaussian and super-Gaussian beam
generation versus output angle q in Fig. 7, where at each angle q the grating tilt angle \ is
optimized to achieve maximum coupling. More light is coupled from the waveguide into a
super-Gaussian beam than a fundamental Gaussian beam since the super-Gaussian has a larger
beam divergence and is therefore generated by a longer grating, as already seen in Fig. 6.

For both beam shapes and as already discussed in Sec. 3.2, the coupling efficiency is minimum
at q = 90◦ but increases towards smaller angles because of a larger number of contributing
grating planes and towards larger angles because of larger Fresnel reflections off the tilted grating
planes at grazing incidence. Fig. 7 thus suggests that angled out-coupling grating designs might
be more useful than their non-angled counterparts for the integration into quantum devices
because of the higher efficiencies.

5. Conclusion

We have derived an analytic expression that describes the coupling efficiency of tilted UV-written
Bragg gratings for the generation of out-of-plane light beams above the chip surface. The analytic
result has been tested against finite element simulations and a method to generate any specific
target beam shape has been presented and discussed.

Applications of our work will be found in the area of quantum technology. For example, such
tilted Bragg gratings could be used to illuminate and coherently address trapped atoms and ions
for quantum information processing or quantum sensing using integrated photonics, significantly
improving scalability of such devices compared to using free space optics.

For realistic experimental parameters the specific approach modelled here, direct UV writing,
limits the maximum Bragg grating index contrast and thus we find overall coupling efficiencies
of light from the waveguide into the target shaped beam of the order of 10% or less for small



beams focused close to the chip surface, whereas millimeter length scale devices can work with
close to 100% efficiency.
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