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Abstract—Ge-on-Si low-loss waveguides and 7 × 8 arrayed
waveguide gratings (AWGs) are presented for operation near
4.7 µm wavelength. Propagation loss in the range of 3 dB/cm for
fully etched waveguides and 1 dB/cm for shallow-etched waveguides is reported. 200 GHz AWGs in a 7 × 8 configuration with various waveguide aperture widths and etch depths are designed and
characterized. For fully etched AWGs, the insertion loss values as
low as −2.34 and 3 dB mean cross talk of −29.63 dB are achieved.
The shallow-etched AWG has an insertion loss of −1.52 dB and
crosstalk of −28 dB.

TABLE I
TABLE SUMMARIZING THE PERFORMANCE OF DEMONSTRATED
MIDINFRARED AWGS

Index Terms—Arrayed waveguide gratings, midinfrared, planar
waveguides.

I. INTRODUCTION
HE mid-infrared wavelength range is interesting for
trace gas sensing because of higher molecular absorption
strength [1]. A widely tunable mid-infrared laser is desirable
for sensing several trace gases using a single device which can
be accomplished using photonic integrated circuits (PICs). Until now, the demonstrated integrated mid-infrared light sources
are tunable in a narrow wavelength range [2]–[5]. Wavelength
(de)multiplexers present an interesting way to combine multiple
narrow tunable lasers in a single waveguide. AWGs fabricated
on planar waveguide circuits have been used for this purpose
but until recently the wavelength of operation was focused in
the telecom range [6]. In the past few years there have been several demonstrations of mid-infrared AWGs based on Silicon-onInsulator (SOI), Ge-on-Si and SiGe waveguide platforms from
3.8 µm to 7.6 µm. The performance of these AWGs is listed in
Table I.
Recently we demonstrated beam combining of individual distributed feedback (DFB) quantum cascade lasers (QCLs) using
an AWG fabricated on SOI waveguide platform [11]. While the
SOI waveguide platform is established for the telecom wavelength range, a known problem with it is the high absorption of
the buried silicon dioxide (BOX) layer beyond 4 µm wavelength.
The operational wavelength can be extended beyond 4 µm by
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In other references, the cross talk is defined as the difference between the peak of the
central channel and peak of any side lobe in all channel transmissions. The values in the
brackets are calculated using a more rigorous method defined as mean 3 dB cross talk as
explained later in the manuscript.

using a thick waveguide core layer, however, the high aspect ratio of the waveguides makes the fabrication process challenging.
Additionally, the lasers integrated on SOI suffer from poor heat
sink as the BOX layer has a low thermal conductivity. QCLs are
known to have high thermal budget and hence achieving continuous wave (CW) operation at room temperatures is challenging
for mid-infrared lasers integrated on SOI.
Ge-on-Si waveguide platform is emerging as a viable alternate to SOI for operation beyond 4 µm wavelength range. The
biggest advantage of Ge-on-Si as compared to some other reported waveguide platforms is that it offers a straight-forward
fabrication scheme which is less prone to fabrication failures.
Additionally, Ge-on-Si offers to extend the operational wavelength into long wave infrared as both silicon and germanium are
widely transparent. There have been several demonstrations of
devices on Ge-on-Si waveguides showing low loss waveguides
from 2.0 µm to 8.5 µm [12], [13], [14], [15], Mach-Zehnder
interferometers [14], [16], AWGs [8], planar concave gratings
[17], ring resonators [18] and grating couplers [19]. A slight
variation of this waveguide platform is where a graded SiGe
film is grown on silicon instead of the germanium film. Several components such as low loss waveguides and AWGs are
demonstrated in this waveguide platform as well [9], [10], [20].
In this paper, we present our results on low loss Ge-onSi waveguides and AWGs. The waveguide propagation loss
values are comparable to those previously reported in literature and the AWGs show superior performance as compared
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Fig. 1. SEM image of a cleaved shallow etched Ge-on-Si waveguide. The Cr
hard mask is visible on the top.

to previously published mid-infrared AWGs in any waveguide
platform.
II. FABRICATION
The fabrication of Ge-on-Si waveguide circuits is done in the
UCSB nanofab on 100 mm diameter wafers purchased commercially from IQE with a 2 µm thick germanium film on (100)
silicon substrate. A hard mask consisting of 100 nm PECVD
SiO2 and 100 nm sputtered Cr is deposited. The wafers are exposed with desired patterns in an ASML DUV stepper following
which the Cr hard mask is patterned in a Panasonic ICP system
with a Cl2 :O2 plasma. The SiO2 hard mask and the germanium
layer are then etched in the same system using a CHF3 :CF4 :O2
plasma. The wafers are then immersed in a HF solution for
5 minutes to undercut the SiO2 layer and lift-off the Cr hard
mask. Finally, the wafers are diced and the facets are polished
for edge coupling. A scanning electron microscope (SEM) image of the cleaved waveguide is shown in Fig. 1.

Fig. 2. Schematic diagram of the measurement setup. The schematic of the
AWG shows widths of the various waveguides.

III. MEASUREMENT SETUP
The measurement setup is schematically depicted in Fig. 2.
Light from a commercial Daylight solutions QCL (emitting
300 mW power) is coupled in an InF3 fiber (Thorlabs) using
an off axis 90◦ focusing parabolic mirror (Thorlabs) (200 mW
coupled in the fiber). This fiber is connected to a set of two
90◦ off axis parabolic mirrors, which have a linear wire grid
polarizer in between to select the desired polarization, to couple light in a 15 µm wide waveguide facet. The mirrors and
the wire grid polarizer are held in a cage system mounted on a
piezo controlled 3-axis motion stage (Thorlabs). Coupling light
in the InF fiber on the input side allows us to move the input
motion stage independently while keeping the coupling from
the QCL constant. On the output side, the light is collected
using a cleaved fiber which is mounted on a similar 3-axis motion stage and has a strain gauge (Thorlabs). The connectorized
end of the fiber is butt coupled to a low signal-to-noise ratio
room temperature detector (Vigo) with its voltage response fed
to a lock-in amplifier. The QCL is operated at a 100 KHz frequency and all the measurements are done for TM polarized
light. Initially, we used a cleaved fiber for coupling into the
waveguide facet (similar to the measurement scheme depicted
in [8]). However it was found that the fiber was not polarization
maintaining. As a result, a quarter wave plate and a half wave
plate were needed to control the polarization but a large variation

Fig. 3. Polarization extinction ratio as a function of wavelength between the
TM polarized light and TE polarized light after coupling light from the QCL in
the InF3 fiber and adjusting the quarter wave plate and half wave plate.

was found between the ratio of the two orthogonal polarization
states as a function of wavelength, because of the relatively large
length (≈2 m) of the fiber, as shown in Fig. 3. Therefore several adjustments of the quarter wave plate and half wave plate
were needed to complete a wavelength scan to characterize a
device.
To achieve reliable coupling in and out of the photonic chip
each time, first the input focusing mirrors and the output fiber
are positioned roughly in the center of the polished waveguide
facets by visually aligning the spot of a red laser coupled in
the input mirror/output fiber. Then, the output fiber is moved
towards the chip by translating the right y-axis piezo till the
strain guage shows a reading (which indicates that the fiber has
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Fig. 4. 2-D contour plot of the Ey component for (a) fully etched 2 µm wide
waveguide; and (b) shallow etched 3.25 µm wide waveguide.

hit the chip) and then backed 10 µm. Next, both 3-axis motion
stages are scanned in a 20 µm × 20 µm grid using the piezo
electric controllers connected to a computer. If light is coupled
to a waveguide, then the scans will show a gaussian like shape
with the maxima being in the center of the waveguide. The input
and output are then locked to the position of the maxima on each
axis. This procedure is repeated three times. In this way, precise
alignment is obtained each time minimizing errors coming from
incidents such as vibrations arising from touching the stage etc.
IV. PROPAGATION LOSS
The two causes of the propagation loss in Ge-on-Si waveguides are the threading dislocation defects present at the
silicon-germanium interface and the side wall roughness. The
threading dislocation density (specified by IQE) in the grown
germanium film is <1e8 cm−2 which is comparable to previous works reported in literature [21]. Compared to fully etched
waveguides, shallow etched waveguides have less side wall
scattering loss. A disadvantage to the shallow etch approach
is that the bend radius and hence the footprint of the devices
increase.
We fabricated fully etched and shallow etched (1 µm etch
depth) waveguides with different widths (single mode (SM)
width and SM ± 250 nm width). The 2-D contour plot of the y
component of the electric field (Ey ) for both these geometries
is plotted in Fig. 4.
The propagation loss for both the waveguide geometries is
calculated by the cut back method using a straight waveguide
and three spirals of lengths 3 cm, 7 cm and 10 cm. The bend
radius for fully etched spirals is 100 µm and for shallow etched
spirals is 300 µm. For fully etched waveguides, the mode interacts more with the side walls for narrower widths which
results in higher loss as seen in Fig. 5 and hence the propagation
loss varies from 4.2 dB/cm to 2.5 dB/cm for width variation
(at 4.7 µm operation wavelength). For shallow etched waveguides, there is less overlap with the sidewalls and hence this
effect is less pronounced. For shallow etched waveguides, the
decreases in loss for increase in width is from 1.5 dB/cm to
1.25 dB/cm at 4.7 µm operation wavelength. The variation in
the propagation loss as a function of wavelength is a result of
the fabry-perot fringes formed between the two polished waveguide facets. These fringes are not as pronounced in the shallow
etched waveguides most probably because the polished facets
are at an angle causing the light reflected from the facets to
not couple back in the waveguide. The increase in waveguide
loss for shallow etched waveguides at higher wavelengths can

Fig. 5. Propagation loss of (a) fully etched and (b) shallow etched Ge-on-Si
waveguides.

be attributed to the higher loss arising from the straight to bend
section.
V. AWG DESIGN AND MEASUREMENTS
The AWGs presented in this paper are designed using the
method described in [22]–[25]. The light from the input waveguide aperture of width wio is diffracted into the input free
propagation region (FPR) and is then captured by the waveguide array where each waveguide has a width of wA W −F P R
with pitch defined by the lithography resolution which in our
case is wA W −F P R + 200 nm. The total number of the waveguides in the array is set such that 99% of the diffracted light gets
captured. The waveguides in the array are then tapered to a fixed
width (wdelay ) and their length is increased by a fixed amount.
The waveguides are then tapered back gradually to a width of
wA W −F P R where they intersect with the output FPR to form an
image on the output waveguides of width wio . The width of the
delay waveguides is critical as it determines the phase errors in
the AWG transmission. This width is chosen such that the rate
of change of the effective index ( dndwe f f ) is minimal to minimize
the deviations in the waveguide width arising from fabrication imperfections. For germanium-on-silicon waveguides, the
simulated value of ( dndwe f f ) of the TM00 mode for fully etched
and shallow etched waveguides as a function of the waveguide
width at 4.7 µm wavelength is shown in Fig. 6. It can be observed that dndwe f f is inversely proportional to width. For fully
etched waveguide, the delay line width was chosen to be 4 µm.
For shallow etched waveguides, there is an additional problem
of cross talk between the individual waveguides and hence the
delay line width was chosen to be 5 µm to avoid any coupling.
A microscopic image of a fabricated AWG is shown in Fig. 7.
Another major factor in the design of an AWG is the width
of input waveguide aperture (wio ) and the width of the waveguides in array at the start of the FPR (wA W −F P R ). These two
widths determine the Rowland radius (Ra ), the total number of
waveguides (Na ) and the difference in the length between two
consecutive delay waveguides (Δ L). Δ L is also dependent on
the desired free spectral range (FSR). In our experiments, we
decided to keep the FSR to be 200 GHz (≈15 nm) for all the
designs. To study the effect of the waveguide apertures on the
insertion loss and cross talk, we designed fully etched AWGs
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Fig. 6. Simulated variation in ne ﬀ of the TM0 0 mode for fully etched and
shallow etched waveguides as a function of width.

Fig. 7.

Microscopic image of a fabricated AWG.

with two wio ; 5 µm (which supports the fundamental TM mode
and a higher order antisymmetric TM mode) and 7 µm (which
supports higher order symmetric TM mode as well). Using our
in-house simulation tool, we found that as wio decreases below
5 µm, the insertion loss increases because the angle of diffracted
light from the waveguide in the star coupler increases. As wio
increases beyond 7 µm, there is a chance of coupling light in
the higher order TM modes and also the footprint of the AWG
increases making the cross talk worse. For each input aperture
width, three different wA W −F P R were chosen; 2 µm, 5 µm and
7 µm. For a fixed wio , the footprint of the AWG is inversely
proportional to wA W −F P R which would affect the cross talk.
On the other hand, cross talk is also affected by coupling in
the higher order modes. The above mentioned three widths of
wA W −F P R allow us to study how these mechanisms affect the
cross talk.
The performance of an AWG is judged by the insertion loss
(IL) and the cross talk. As explained in [24], the insertion loss
can be calculated with better reliability using an AWG ring configuration. In our case, the available tunable QCL is not modehop free and can’t resolve the dips of the resonance properly. As
a result, we are using the conventional method of calculating the

Fig. 8. Measured spectrum of 12 straight waveguides (in different colors) and
the averaged spectrum (in red).

insertion loss by normalizing the AWG spectrum with respect
to the averaged spectrum of the straight waveguides, obtained
by measuring 12 straight waveguides as shown in Fig. 8. The
uncertainty in the insertion loss using this method can be estimated by calculating the coefficient of variation [24] and is
found to be 35%.
The cross talk in an AWG depends on the phase errors arising
from the rough side walls and from unwanted coupling in higher
order modes in the array waveguides which distort the image at
the output waveguides. In our designs, the effect of the side wall
phase errors is minimal because of the choice of waveguide
width and the major source of noise is unwanted coupling in
higher order modes. The cross talk of each channel of the AWG
is calculated by using the following formula [24]

ta,x dλ
3 dB,x

(1)
CXTx = 
Nc h
dλ
t
−
t
a,y
a,x
y =1
3 dB,x
where ta is the transmission of the channel, Nch is the total
number of channels and the integral is done over the 3 dB
bandwidth around the peak of the channel. The mean 3 dB cross
talk per channel can be defined as [24]
XT =

Nc h

1
CXTx
Nch − 1 x=1

(2)

which scales with the number of channels. On the transmission
graphs, the value of CXTx is indicated by solid squares for each
channel.
A. 7 µm Wide Input Aperture AWGs
The transmission characteristics of the eight output channels
of different AWGs with 7 µm wide input aperture waveguide is
shown in Fig. 9. The measurements were done while light was
coupled to the input central channel (i.e., Channel 4). Various
design parameters, the calculated insertion loss and cross talk
values are given in Table II.
The mean 3 dB cross talk of the AWGs is worst for the case
when wA W −F P R is 5 µm while it is best for the case when
wA W −F P R is 2 µm. It can also be seen that the mean 3 dB
cross talk doesn’t increase with NW G and the total footprint,
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TABLE III
TABLE WITH DETAILS OF DESIGN AND MEASURED PARAMETERS OF 5 µ M
WIDE INPUT APERTURE WAVEGUIDE

confirming the previously mentioned statement that the major
source of cross talk is not the side wall roughness. The insertion
loss is lowest for the AWG with wA W −F P R of 5 µm.
B. 5 µm Wide Input Aperture AWG
As the width of the input aperture decreases, the total number
of waveguides required in the waveguide array also decreases
resulting in lower phase errors and hence cross talk. Various design and calculated parameters for the 5 µm wide input aperture
waveguides are summarized in Table III and the transmission
characteristics of the eight output channels of all the AWGs for
illumination of the central input channel are shown in Fig. 10.
The best performance is shown by the AWG with wA W −F P R
of 2 µm with a mean 3 dB cross talk of −29.63 dB. This can
be attributed to the fact that a 2 µm wide waveguide supports
only a single mode. As the waveguide is tapered gradually to
4 µm width, the coupling in the higher order modes is minimal
and hence there are less phase errors. In case when wA W −F P R
is increased, light can get coupled to higher order modes which
then cause distortion in the image at the output waveguides.
C. Shallow Etched AWG

Fig. 9. Normalized transmission spectrum of of the output channels of AWGs
with 7 µm wide input waveguide aperture. The width of the waveguides at start
of the FPR are (a) 7 µm, (b) 5 µm and (c) 2 µm. Each color represents a different
channel.
TABLE II
TABLE WITH DETAILS OF DESIGN AND MEASURED PARAMETERS OF 7 µ M
WIDE INPUT APERTURE WAVEGUIDE

An AWG with shallow etched delay lines has less phase
errors because of the side wall roughness in comparison to an
AWG with fully etched delay lines. Additionally the reflections
from the end of star coupler towards the input waveguide are
minimized in a shallow etched AWG [26]. However, the total
footprint of the AWG goes up as the bend radius increases.
In the design of the shallow etched AWG, both the wio and
wA W −F P R were kept at 8 µm width. The number of waveguides
was 133 while the Rowland radius and delay line length were
1705.95 µm and 23.20 µm respectively. The total footprint of
the AWG is 30.8 mm2 . The transmission characteristics of the
output channels for central input is shown in Fig. 11 and the
mean 3 dB cross talk is found to be −28.24 dB while the insertion
loss is −1.52 dB.
D. Noncentral Input
The AWGs presented in this work were designed in a 7 × 8
configuration to be used as a M × N wavelength (de)multiplexer.
Non-central input AWGs have been used to generate flat-top
response [27] and are useful in beam combining of lasers as the
beam can be steered to more than one port. In case of multiple
inputs, the performance of the AWG should not degrade as
the input channel is changed otherwise the non-central ports
can’t be used. The normalized transmission of the AWGs while
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Fig. 10. Normalized transmission spectrum of the output channels of AWGs
with 5 µm wide input waveguide aperture. The width of the waveguides at start
of the FPR are (a) 7 µm, (b) 5 µm and (c) 2 µm. Each color represents a different
channel.

Fig. 12. Normalized transmission spectrum of the input channels when the
output channel is fixed. (a) wi o 7 µm, wA W −F P R 2 µm, (b) wi o 5 µm,
wA W −F P R 2 µm and (c) shallow etched AWG with both wi o and wA W −F P R
8 µm. Each color represent a different input channel.

Fig. 11. Normalized transmission spectrum of the output channels of a shallow
etched AWGs with 8 µm wide input waveguide aperture. The measurements
are done for illumination for central input channel.

light is collected from the 5th output channel while the input
channel is swept is shown in Fig. 12. It can be observed that the
performance of the AWG doesn’t degrade as the input channel
is varied which shows the robustness of the design.
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VI. CONCLUSION
In conclusion, we have demonstrated high performance 7 × 8
Ge-on-Si AWGs with 200 GHz channel spacing. For fully etched
devices, the best achieved mean 3 dB cross talk is −29.63 dB
(corresponding insertion loss −3.24 dB) and the best insertion loss is −2.34 dB (corresponding mean 3 dB cross talk
−19.12 dB). The shallow-etched AWGs showed improvements
on both accounts and the insertion loss/cross talk is found to be
−1.52 dB/−28.24 dB. The shallow-etched AWG has a lower
insertion loss as compared to a fully etched AWG at the cost
of footprint. An attractive way of realizing low insertion loss
and low cross talk AWG is discussed in [26] where the star
coupler is partially etched and the bends are realized in fully
etched waveguides. This approach requires a low loss deep to
shallow waveguide transitions. It is worth mentioning that the
Ge-on-Si waveguides support both the TE and TM polarized
modes, and hence the designed AWG would also work for TE
polarization, but the performance would not be optimal. We
envisage integrating these AWGs with QCLs which emit light
in TM polarization, and hence, all the characterization is carried out only for TM polarized light. QCLs are known to be
power hungry devices and thus, the temperature of the AWG
can change due to poor heat sinking. This will result in a shift in
transmission spectrum of the AWG, however the performance
is not expected to degrade. This demonstration shows that these
AWGs can be used for beam combining of individual QCLs
and also for wavelength (de)multiplexing applications in the
mid-infrared wavelength range.
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