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Arrayed waveguide gratings (AWGs) working in the 4.7 µm
wavelength range are reported on silicon-on-insulator wave-
guides with 1500 nm thick silicon and 2 µm thick buried
oxide layers. For eight channel devices, three different chan-
nel spacings (200 GHz, 100 GHz, and 50 GHz) with cross
talk levels of −32.31 dB, −31.87 dB, and −27.28 dB and
insertion loss levels of −1.43 dB, −4.2 dB, and −2.3 dB,
respectively, are demonstrated. Fourteen channel AWGs
with 170 GHz channel spacing and 16 channel AWGs with
87 GHz channel spacing are shown to have a cross talk
value of −21.67 dB and −24.30 dB and insertion loss value
of −4.2 dB and −3.8 dB, respectively. Two AWGs with
10 nm difference in channel peak are designed, and the
measurements show a 9.3 nm difference. The transmission
spectrum shift as a function of temperature is found to be
0.22 nm/◦C. © 2020 Optical Society of America

https://doi.org/10.1364/OL.397135

Arrayed waveguide gratings (AWGs) are one of the most broadly
implemented integrated optics components. They were devel-
oped in the C-band (centered around 1550 nm wavelength)
and in the O-band (centered around 1300 nm wavelength) for
applications in telecommunication transceiver networks and
datacenters [1]. AWGs are mainly used either as wavelength
(de)multiplexers to separate or combine individual wavelength
channels or as switches to route light from one waveguide to
the other. Today, silicon-on-insulator (SOI) waveguide circuits
are the main workhorse for photonic integrated circuits (PICs)
and SOI AWGs with low insertion loss and low cross talk have
been reported [2–4]. The wavelength (de)multiplexing capa-
bilities of AWGs make them an interesting candidate for other
applications such as Raman spectroscopy [5], gas sensors [6,7],
and astronomy [8]. AWGs can be deployed as spectrometers to
detect different wavelength bands corresponding to the specific
molecular species. A high resolution spectrometer with a high
channel count is needed for efficient detection of individual gas
lines of molecules or to detect overlapping gas lines of several
molecular species at once. In the past few years, there have been
several reports of AWGs working in the mid-infrared wave-
length regime (i.e., beyond 2 µm wavelength) based on silicon

[9,10], germanium [11,12], and SiGe [13,14] waveguides. The
rationale behind developing AWGs beyond the telecommuni-
cation range stems from the interest in on-chip spectroscopic
sensing. Fourier-transform-based spatial heterodyne spectrome-
ters (SHSs) operating in the mid-infrared represent another class
of recently reported mid-infrared spectrometers [15–18]. SHSs
are constructed using several Mach–Zhender interferemeters
(MZIs) connected in parallel to sample an incoming waveform.
While they have a smaller footprint in comparison to AWGs,
they also require precise phase control (usually in the form of
thermo-optic phase shifters), and the total system becomes
more complex. AWGs, on the other hand, are stand-alone pas-
sive components, and if designed properly, can be inserted in
spectroscopic sensing systems without any additional control
circuitry. A constant challenge in designing high performing
SOI AWGs has been the cross talk associated with the phase
errors accumulated from the rough side walls. This challenge
is accentuated for cases where a high resolution or higher chan-
nel count is desired because both the number of arms in the
waveguide array and the overall size increase for both these cases.

The previous reports of AWGs fabricated on thin SOI
waveguides (device layer thickness <500 nm) were limited
in operational wavelength to 3.8 µm. This upper limit on the
SOI waveguides is imposed the high absorption of the buried
oxide (BOX) layer. To enable operation beyond 4 µm, either
the BOX layer needs to be removed locally [19] or the silicon
device layer thickness can be increased to reduce the modal over-
lap with the BOX layer [20,21]. Both approaches have shown
low propagation losses; however, the second approach is more
favorable for realizing integrated lasers on SOI waveguides from
a thermal and mechanical point of view [22,23]. In this Letter,
we report on low cross talk silicon AWGs working near 4.7 µm
wavelength range. The silicon waveguide thickness is 1500 nm,
and the BOX layer is 2µm thick. While this waveguide platform
does provide low loss transmission in this wavelength range, it
is not currently offered by any commercial SOI pilot line. For
eight channel devices, three different resolutions (200 GHz,
100 GHz, 50 GHz) are reported. We also show devices with
14 and 16 channels with resolution 160 GHz and 87 GHz,
respectively. Table 1 shows the performance of mid-infrared
AWGs fabricated in various material systems in terms of number
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Table 1. Comparison of Mid-IR AWGs

Material System Nch 1λ (GHz) Cross Talk (dB)

SOI [9] 8 200 −23.15
SOI [23] 8 300 −14
Ge-on-Si [12] 8 200 −29.63
SiGe-on-Si [13] 15 88.2 −20
SiGe-on-Si [14] 18 90 −20
SOI (This Work) 8 200/50 −32.31/−27.28
SOI (This Work) 16 87 −24.3

of channels (Nch), channel spacing (1λ), and cross talk level.
For eight channel devices, the cross talk level is superior than
previously published results even for a higher resolution of
50 GHz. The robust design ensures that even for a higher chan-
nel count, the measured cross talk levels show an improvement
over previously published results. We had previously reported
SOI AWGs on same waveguide platform with 300 GHz res-
olution and eight channels [23]. These devices were used to
show the beam combination properties of AWGs. Even for such
coarse resolution, the measured cross talk value was found to be
−14 dB. The higher cross talk arises because (a) the width of the
array waveguide (wAW) was kept at 1.5µm, which made it more
susceptible to phase errors arising from side wall scattering, and
(b) various AWG design parameters were not fully optimized.
In this manuscript, we have designed AWGs with much finer
resolution (as high as 50 GHz) and higher channel count (16).
By carefully choosing the AWG design parameters (as detailed
later) and by choosing wAW to be 4 µm wide, we reduced the
cross talk levels even for higher resolution devices. We also
present a way of identifying the location of the peak of the AWG
channels by designing two AWGs with 10 nm separation in
central wavelength and measure this to be 9.3 nm. The AWG
response is also characterized as a function of temperature to
make these devices suitable for real-life applications.

The AWGs designed in this work are based on the design
technique presented in [10]. Figure 1 shows the input star
coupler and the begining of the waveguide array. The AWG
transmission spectrum is simulated using an in-house written
algorithm, which uses simulated waveguide mode cross sections,
farfield projections across the star coupler, and analytical propa-
gation including phase errors through the arrayed waveguides.
First, the design parameters (1λ and Nch) are specified. The
two variables in the design are the input waveguide width at
the star coupler (wio) and the width of the array waveguides at
the start of the star coupler (wAWG). The gap between the array
waveguides at the star coupler (da) is defined by the resolution
of the lithography, which in our case in 200 nm. The gap dio
between the input waveguides is chosen to be equal to wio to
reduce the sidelobe cross talk. The width of the waveguides in
the array (wAW) is chosen such that the phase errors arising from
the rough waveguide sidewalls are minimized. We employ a
Rowland mounting scheme to reduce the second-order aber-
rations (defocus) and the third-order abberations (coma). The
radius of the star coupler is calculated as

Ra =
smax

θmax
, where, smax =

Nch − 1

2
dio, (1)

and θmax is calculated by the intersection of the curve between
the electric fields of waveguides wio and wAWG. The total

Fig. 1. Schematic diagram of an AWG input star coupler and
the beginning of the waveguide array showing the various design
parameters.

Fig. 2. Simulated response of the outermost AWG channel showing
the effect of (a)–(c) varyingwio while keepingwAWG fixed at 6 µm and
(d)–(f ) varyingwAWG while keepingwio fixed at 6 µm. The number of
array waveguides for each case is mentioned on top.

number of waveguides in the array is chosen such that 99% light
in the star coupler is captured. The design of the AWG is an
iterative process and requires the feedback from the layout to
ensure that the overall size stays within limits to minimize the
phase errors.

Figure 2 shows the simulated transmission of the outermost
channel of an eight channel, 200 GHz channel spacing AWG
for different values of wio and wAWG. In Figs. 2(a)–2(c), wAWG

is kept fixed at 6 µm whilewio is varied from 2 µm to 6 µm. We
see that the sidelobe cross talk decreases aswio increases, but this
comes at the cost of a large number of array waveguides required
to capture 99% of the light transmitted across the star coupler.
If we then fix wio at 6 µm and vary wAWG from 2 µm to 6 µm
[Figs. 2(d)–2(f )], we see that wAWG and the total number of
array waveguides are inversely proportional to each other. The
sidelobe cross talk is minimized when wAWG is 4 µm. While it
seems that increasing wAWG would reduce the number of array
waveguides even further, it would also increase the chance of
coupling into the higher order modes (which is not included
in our models) and can cause the device performance to suffer.
Therefore, we kept wio at 6 µm and wAWG at 4 µm for all the
AWGs presented in this paper. Another factor that determines
the total size of the AWG is the channel wavelength resolution
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(λch), which is directly proportional to the path length dif-
ference (1L) between the array waveguides. Increasing 1L
obviously increases the total size of the AWG.

The AWGs were fabricated on 100 mm SOI wafers with
1.5 µm thick silicon and 2 µm BOX layers. The bend radius of
the fully etched waveguides is 60 µm. Adiabatic bends are used
to minimize excess bend loss. The fabrication details and the
measured waveguide propagation loss of these waveguides was
reported previously in [21] and was found to be ∼1 dB/cm in
the 4.5–4.75 µm wavelength range. The measurement setup
used for characterizing the AWGs is reported in [12]. The
input/output fibers are opposing each other but have a lateral
offset to eliminate stray light coupling in the output fiber.

We designed eight channel AWGs with 200 GHz, 100 GHz,
and 50 GHz channel spacing. As the spacing reduces and the
resolution increases, the path length difference between the
individual array waveguide increases, and hence the AWG size
also increases, resulting in phase errors. The path length dif-
ference between array waveguides in the AWGs is 26.19 µm,
49.25µm, and 98.51µm, respectively. The measured transmis-
sion spectra of the AWGs are shown in Figs. 3(a)–3(c). The cross
talk of each AWG channel (indicated by the solid squares in the
transmission measurements) and the mean 3 dB cross talk are
calculated as

C X Tx =

∫
3dB,x ta ,x dλ∫

3dB,x

(∑Nch
y=1 ta ,y − ta ,x

)
dλ
,

X T =
1

Nch − 1

Nch∑
x=1

CXTx , (2)

where ti is the transmission of the i th channel. The value of
X T for the AWGs increases with resolution and is found to
be −32.31 dB, −31.87 dB, and −27.28 dB for 200 GHz,
100 GHz, and 50 GHz, respectively. This increase in the value
of X T is expected with the rise in resolution as the size of the
AWG increases; however, even for 50 GHz resolution, the
measured X T is −27.28 dB, which is comparable to the SOI
AWGs reported in the telecom wavelength range. This is a direct
consequence of the low phase errors in our low loss waveguides.

The insertion loss is calculated by measuring five straight
single mode waveguides on the same chip and normalizing
the AWG transmission with respect to the average spectrum.
The uncertainty in the insertion loss is estimated to be 33%.
The calculated insertion loss for the 200 GHz, 100 GHz, and
50 Ghz channel spacing is found to be−1.43 dB,−4.2 dB, and
−2.3 dB, respectively. The insertion loss should increase with
increasing resolution because of the longer array waveguides.
Here, we see that the 100 GHz resolution AWG has a higher
insertion loss than both 200 GHz and 50 GHz resolution. This
could either be due to local fabrication variations, which could
change the waveguide propagation loss between each AWG or
due to degradation in facet quality of the coupling waveguides.

Increasing the number of channels is important in several
gas sensing applications, as many gases have isotopes that have
absorption lines spread across a wavelength range. The band-
width of the spectrometer also increases for a large number of
channels. To detect the isotopes at once using the same device,
having a larger number of channels can be beneficial. Increasing
the number of channels, however, also causes an increase in the

Fig. 3. Measured transmission of eight channel AWGs with
(a) 200 GHz resolution, (b) 100 GHz resolution, and (c) 50 GHz
resolution.

Fig. 4. Measured transmission of (a) 14 channel AWGs with
170 GHz resolution and (b) 16 channel AWG with 87 GHz resolution.

AWG size and hence higher cross talk. We designed two AWGs:
14 channels with 170 GHz resolution (119 array waveguides)
and 16 channels with 87 GHz resolution (with 137 array wave-
guides). The measured transmission is shown in Figs. 4(a) and
4(b) with the CXTx value shown in solid squares. The calculated
value of XT is−21.67 dB for the 14 channel and−24.30 dB for
the 16 channel AWG. These values are much higher than the
eight channel devices due to added phase errors arising from the
increased size of the AWG. The insertion loss for the 14 channel
and 16 channel AWG was found to be −4.2 dB and −3.8 dB,
respectively. These values are higher than the eight channel
200 GHz and 50 GHz devices because of the increased number
of array waveguides.

Unlike other wavelength filters, e.g., ring resonators and
MZIs, tuning the response of an AWG is extremely difficult as
it would require placing a phase tuning element in each of the
array waveguide with potential cross talk between individual
phase shifters. The difference in the location of the channel peak
between the simulations and the fabricated devices arises due to
the differences in the simulated and actual effective index of the
waveguides. One way of predicting the channel peak location
is to fabricate a series of AWGs with different central channel
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Fig. 5. (a) Measured transmission of the central AWG channel for
simulated 10 nm channel separation. (b) Measured transmission of the
central channel as a function of temperature.

peaks and then characterize them individually. We designed two
AWGs with 200 GHz channel spacing and 10 nm difference in
the location of central channel peak. Figure 5(a) shows the cen-
tral channel transmission of both the devices. It can be seen that
the difference in the channel peaks is 9.3 nm, which is within
10% of the design parameters.

The location of the AWG peaks is also affected by the tem-
perature. We measured the response of the AWG as a function
of temperature, and the results are shown in Fig. 5(b) for the
central channel. The peak exhibits a shift of 0.22 nm/◦C.

In this Letter, we report AWGs with resolution as high as
50 GHz with eight channels (cross talk XT=−27.28 dB,
insertion loss −2.3 dB) and 87 GHz with 16 channels
(XT=−24.30 dB, insertion loss−3.8 dB). These results show
a remarkable improvement over the previously reported mid-IR
AWGs in any material system, and this increased resolution
and channel count are essential for their use in spectroscopic
systems. The prediction of the channel peak of the fabricated
device and the tracking of transmission spectra as a function of
temperature make these devices suitable for field applications.
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