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Novel High-Resolution and Large-Bandwidth
Micro-Spectrometer Using Multi-Input Counter-Propagating
Arrayed Waveguide Grating and Dual-Wavelength Grating

Coupler on Silicon on Insulator

Jun Zou,* Lingfeng Li, Changhui Wang, Yuan Zhuang,* Xuyang Wang, Jinhua Hu,

Shaobo Luo,* and Jian-Jun He*

Miniaturized micro-spectrometers with high-resolution and large-bandwidth
are of great importance for on-site spectroscopic analysis applications. Here,
a novel high-resolution and large-bandwidth micro-spectrometer is presented,
which operates at dual-wavelength band by utilizing a (N + 3) X (N + 3)
arrayed waveguide grating (AWG) and three dual-wavelength grating couplers
on a silicon-on-insulator (SOI) platform. The AWG working in a
counter-propagating manner can be viewed as two 3 x N AWGs, and the
dual-wavelength grating coupler acts as a prefilter. Three time-division-
multiplexing inputs with wavelength spacings of 4/3 times that of N output
waveguides are employed to improve the resolution of the
micro-spectrometer. Combining the corresponding outputs of three inputs, a
micro-spectrometer with resolution enhanced to one-third wavelength
spacing of output waveguides and effective channel number enlarged to 3 X
(N — 2) is achieved, only using N output channels at each wavelength band. A
micro-spectrometer with 63 effective channels and resolutions of 0.5 and
0.442 nm at 1550 and 1310 nm bands, respectively, is experimentally
demonstrated. The footprint of the fabricated micro-spectrometer is 2 x

0.81 mm?, with measured on-chip losses of —4.6 to —2.8 dB (—7.0 to —3.1 dB)
and crosstalk levels < —18.5 (—16.8) dB at the 1550 (1310) nm band.

1. Introduction

Spectroscopic detection, by means of
the absorption or reflection of light,'=!
is an essential method to discern and
quantify various substances based on
their unique “fingerprints.” However,
conventional benchtop spectrometers are
usually very bulky and expensive, not
suitable to on-site spectroscopic anal-
ysis where spectrometers with small
size, low cost, and low power con-
sumption are highly desired. In recent
years, planar-waveguide-based on-chip
spectrometers,*>] which have the advan-
tages of ultracompact size and capabil-
ities of monolithically integrated with
light sources, detectors, and microfluidic
units on a same chip,!®* have been draw-
ing numerous research interests because
of the potential use in miniaturized spec-
trum detection systems for applications
to food ingredients detection,'! medi-
cal diagnosis,"' and industrial and agri-
cultural production.['?l More attracting
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thing is that the mass production of on-chip spectrometers can
be achieved with low cost by employing the well-established
complementary metal-oxide-semiconductor (CMOS) fabrication
technology.

In planar-waveguide-based spectrometers, light is routed and
collected through either a Fourier-transform interferometer array
(Fourier transform spectrometers, FTSs)*13-18] or a wavelength
separating element.['%28] Most FTSs employ an array of Mach—
Zehnder interferometers (MZIs) with linearly increased path
length differences!'3"* (also called spatial heterodyne FTSs, SH-
FTSs). Although they have the benefit of high optical through-
put, there is a tradeoff between spectral bandwidth and resolu-
tion due to the limited number of MZIs on a chip. In order to ad-
dress this issue, FTSs could be implemented by using a balanced
MZI with one tunable arm via the thermo-optic effect!!®!’] or
electro-optic effect.['®] However, these two effects are only suited
for specific material platforms, and, on the other hand, new is-
sues such as high power consumption and long measurement
time raise. Moreover, the high heating power also induces non-
linearity and measuring stability issues, complicating the testing
system. A wavelength separating element is mainly based on a
microring resonator arrayl!*!l or a dispersive grating such as
planar concave gratings (PCGs)?223] and arrayed waveguide grat-
ings (AWGs).[2#28] Usually, a ring resonator is very susceptible to
fabrication errors, and it is very difficult to have uniform wave-
length separation for a ring resonator array. PCGs have the ad-
vantage of ultracompact size, but it is very challenging to fabri-
cate high-quality grating facets. AWGs are one of fundamental
building blocks in photonic integrated circuits and widely used
in wavelength division multiplexing communication systems ow-
ing to their high stability, scalability of channels, and good spec-
tral uniformity.?’! On-chip spectrometers based on AWGs have
extensively been investigated and demonstrated.l>*-2628] How-
ever, the size of AWG spectrometer increases significantly as
the spectral resolution improves. Even worse, due to fabrica-
tion imperfections such as width fluctuation, sidewall rough-
ness, and film thickness nonuniformity in waveguide core, spec-
tral performance of AWGs also deteriorates substantially with in-
creasing footprint of phase regions consisting of phased array
waveguides and slab waveguides, especially for AWG-based spec-
trometers on high-index-contrast material platforms. Hence, it
is very difficult to keep an ultracompact size to maintain good
spectral performance (i.e., low insertion loss and low crosstalk)
for AWG spectrometers while having high resolution and large
bandwidth. In recent years, a counter-propagating silicon AWG
is proposed*] and employed in a polarization-diversity wave-
length demultiplexer®*2] to process two orthogonal polariza-
tion components of input light, in an interleaved wavelength
demultiplexer!**] to relax the degradation of spectral crosstalk due
to fabrication imperfections, and in an interleaved wavelength
multiplexerl3*] to increase the channel bandwidth.

In this paper, we propose an ultracompact high-resolution
and large-bandwidth on-chip spectrometer based on a (N + 3)
X (N + 3) AWG and three dual-wavelength grating couplers.
The designed AWG operates in a counter-propagating man-
ner to support the wavelength separating at dual-wavelength
band while the previously demonstrated conventional counter-
propagating AWGsP?134l only work at one wavelength band. The
dual-wavelength input grating coupler acts as a prefilter to sep-
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arate these two wavelength bands. For each wavelength band,
the AWG operates at a different diffraction order, and there have
three input ports and N output ports. The wavelength spacing be-
tween output ports is set to A4 while that between input ports
is designed to 4/3 AA. These three inputs are time-division-
multiplexed, i.e., only one input is excited at a time. Combining
the spectral responses of each input, we obtain a spectrometer
with wavelength spacing decreased to one-third A4 and channel
count of 3 X (N — 2) in each wavelength band, while the footprint
(phase region) of the designed AWG remains the same as that of
the AWG with a wavelength spacing of A4 to keep a good spec-
tral performance at each output channel. In an experiment, we
demonstrated a spectrometer operating at dual-wavelength band
by employing a 26 X 26 AWG and three dual-wavelength grating
couplers working at 1550 and 1310 nm bands on the 220 nm SOI
platform. For each wavelength band, the effective channel num-
ber is 63, and the wavelength spacings are 0.5 and 0.442 nm at
1550 and 1310 nm bands, respectively. Thanks to the ultracom-
pact size of the designed AWG, low loss, and low nonadjacent
crosstalk are achieved at each output channel for the fabricated
spectrometer.

One of potential use cases of the designed spectrometer is in
miniaturized fiber Bragg grating (FBG) sensor interrogation sys-
tems where a large number of FBGs need to be demodulated si-
multaneously. Compared to the conventional AWG-based inter-
rogators (usually at least two adjacent output channels are needed
for one FBGI*3%)) for a given number of FBG sensors, the de-
signed spectrometer has more compact size and can substan-
tially reduce the required number of output channels (photode-
tectors) due to the working principle of time division multiplex-
ing, which decreases the complexity of the whole interrogation
system (including assembly and circuit design) and in turn the
cost. Especially for tens, hundreds, or thousands of FBGs, the
dual-wavelength band can be fully used, and the advantage would
be more obvious. Another use case is miniaturized spectral-
domain optical coherence tomography (SD-OCT) systems!*7:3]
where a high-resolution and large-bandwidth spectrometer is one
of the key components and the proposed spectrometer can be de-
signed for this application. In addition, multiple proposed spec-
trometers with different dual wavelengths can be parallelly uti-
lized to expand the working wavelength range for spectral tis-
sue sensing applications,?* and one input or three time-division-
multiplexing inputs can be properly selected according to resolu-
tion requirement.

2. Principle and Design

2.1. Principle

Figure 1 shows the schematic diagram of the proposed micro-
spectrometer employing a (N + 3) X (N + 3) AWG and three
dual-wavelength grating couplers. Usually, a typical AWG con-
sists of single input waveguide, free propagation regions 1 and 2
(FPR 1 and FPR 2), phased array waveguides with a length differ-
ence of AL between consecutive array waveguides, and an array of
output waveguides. In our proposed AWG structure, there have
both three input waveguides and N output waveguides connect-
ing to each FPR. And all three input waveguides are connected
to three dual-wavelength grating couplers, respectively. For easy
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Figure 1. Schematic diagram of the proposed micro-spectrometer based on a (N + 3) X (N + 3) AWG and three dual-wavelength grating couplers.

understanding, the AWG can be viewed as two 3 X N AWGs
with each one corresponding to one wavelength band. The dual-
wavelength grating coupler can couple and split light in dual-
wavelength band (4, and 4, bands) from optical fiber into two
separate waveguides simultaneously. The micro-spectrometer
works as follows: light from an optical fiber is first coupled into
one of the three dual-wavelength grating couplers, with 4, band
being routed to the right-side input and 4, band to the left-side
input. The A;-band light enters and diffracts at FPR 1, then is
coupled into the phased array waveguides. Subsequently, all sub-
beams from each phased array waveguide interfere at FPR 2 and
refocus onto N output waveguides depending on wavelength. Fi-
nally, an array of single-wavelength grating couplers working at
A,-band is employed to couple out all separated wavelength sig-
nals to detectors. Similarly, the 4,-band light propagates in the op-
posite direction and refocuses at FPR 1 to separate all wavelength
signals. The channel spacing of the three input waveguides is de-
signed to be 4/3 times that of N output waveguides at each wave-
length band. Since the spectral response of AWG has periodic
characteristic, the 4, and 4, bands can share the common (N +
3) X (N + 3) AWG but work at a different grating diffraction or-
der. The grating equation for these dual-wavelength bands can be
expressed as
nt d, sin Hf + n’; GAL+ n* d sin ﬂj" =mh /11,‘1.

sija s_ij

(i=1,2,3j=12,..,N=1,N) (1)

where k = 1 represents the 4; band and k = 2 represents the 4,
band. m* is an integer diffraction order, and subscripts i and j
denote input waveguide number and output waveguide number,
respectively. A"i_j denotes the central wavelength at the jth out-
put waveguide for the ith input waveguide. n*, ; and n, ; are
the effective indices of the free propagation region and phased

array waveguides, respectively, at /lki_j. d, is a constant projection
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period of the end points of phased array waveguides on the tan-
gent line at the grating pole.l*”! §¥; is the angle between the ith
input waveguide and the central axis of the free propagation re-
gion, and ﬂkj is the angle between the jth output waveguide and
the central axis of the free propagation region, as shown in the
inset of Figure 1.

In the proposed (N + 3) X (N + 3) AWG, the three inputs at each
wavelength band are time-division-multiplexed, i.e., only one in-
put is excited at a time. For each input, there corresponds to N
separated output wavelengths denoted as 4; 1, 4; 5, ... A, y_1, 4 n
with the wavelength spacing of AA. Since the wavelength spacing
between input waveguides is designed to 4/3 A4, there are wave-
length offsets of 4/3 A4 and 8/3 A4 for the second input (i = 2)
and third input (i = 3), respectively, for the spectral responses at N
output waveguides, as compared to the first input (i = 1). By com-
bining all spectral responses of these three inputs, we can obtain
a new wavelength group with the wavelength spacing of 1/3 A
and the effective channel number of 3 X (N — 2), as illustrated in
Figure 2.

2.2. Dual-Wavelength Grating Coupler Design

The input dual-wavelength grating coupler is designed to cou-
ple and split the light of 1550 (4,) and 1310 (4,) nm wavelength
bands into different input waveguides simultaneously while the
output grating coupler is only designed to couple the light of 1550
or 1310 nm band out of waveguides. The dual-wavelength grating
coupler was first proposed by Roelkens et al.[*’l and demonstrated
in ref. [41]. A new demonstration of the dual-waveguide grating
coupler is in ref. [42], with a low fabrication cost by using 193 nm
lithography. Here a dual-wavelength grating coupler with lower
losses (3.35 dB at the designed wavelength 1310 nm and 4.52 dB
at 1550 nm, with 1.55 and 0.68 dB improvements, respectively,
over ref. [42]) and more compact footprint is reported. Figure 3a
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A and an effective channel number of 3 X (N — 2).

~———

1310-band A7 1550-band 1550/1310-band Ay 7
i

Silicon Oxide

—

(b)

Vs

Air

75
Silicon Oxide

Figure 3. Schematic diagram of a) the dual-wavelength grating coupler working at 1550 and 1310 nm band and b) the conventional single-wavelength

grating coupler operating at 1550 or 1310 nm band.

shows the cross section of the dual-wavelength grating coupler, as
well as the cross section of a conventional single-wavelength grat-
ing coupler working only at 1550 or 1310 nm wavelength band.
In order to couple the 1550 and 1310 nm wavelength bands into
the right and left waveguides, respectively, the grating equations
for 1550 and 1310 nm wavelengths should be satisfied simulta-

neously in the dual-wavelength grating coupler and are written
[40]
as

A(n 155 + 1y, sinf) = 1.55 (2)

air
A(ng 131 — y, sin6) = 1.31 3)

with n, being the effective index of guiding mode in the grating
region, n;, the refractive index of air, A (in pm) the grating period,
and 6 the input angle of optical fiber in air. n, is dependent on the
duty cycle ff(ff= L petched/ N Lupetched 1S the unetched length within
one grating period) and etch depth d,, of the grating region.
Here the employed SOI wafer has a top silicon layer thickness of
220 nm and buried oxide (BOX) layer with a thickness of 2 pm.
Considering fabrication tolerance and the minimum feature size
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required in deep ultraviolet (DUV) lithography, we set ff= 0.5 and
grating etch depth d..q, = 70 nm, which is the same as the used
single-wavelength grating coupler at output ports, and the de-
signed polarization is transverse electric (TE) polarization. Then
we assume n, =.ﬁ X Pe_unetched + (1 _.ﬁ) X Me_etched> with Me_unetched
and n, . being the effective indices of the unetched and etched
parts of grating facet, respectively. 7, cched AN B¢ _cichea €an be
approximated as the effective indices of 1D slab waveguides with
thicknesses of 220 and 150 nm, respectively, since the width of
the grating coupler is typically 10 um, which is much larger than
the operating wavelength. As a result, we can easily derive n, ; 55
=2.6935 and n, , ;; = 2.8490 for TE polarization. Figure 4 shows
the relationship between A and 6 for the wavelengths of 1550
and 1310 nm, respectively. It is known that as § = 18° and A =
0.516 pm, both Equations (2) and (3) are satisfied simultaneously.
On the other hand, the length L of the grating region should
be appropriately set to achieve high coupling efficiency for both
1550 and 1310 nm wavelengths. Considering that the mode
field diameters of single-mode optical fiber are around 10.5 and
9.2 ym at 1550 and 1310 nm, respectively, we select the number
of grating periods to be 19.5,i.e., L=19.5 X 0.516 = 10.062 um, at
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Figure 4. Grating period A versus input angle 6 of optical fiber in air, for
the 1550 and 1370 nm bands, respectively.
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Figure 5. Calculated coupling efficiencies at 1550 and 1310 nm bands,
respectively, for the designed dual-wavelength grating coupler, by using 2D
FDTD simulation. The optical fiber is located at the center of the grating
region in the simulation.

the grating region. The footprint of the designed dual-wavelength
grating coupler is 250 (including two taper lengths of 120 um)
x 10 um?, more than six times smaller than the recently demon-
strated dual-wavelength grating coupler.*”] Figure 5 shows
calculated coupling efficiencies for the 1550 and 1310 nm bands
with key parameters of the grating region indicated, by using 2D
finite difference time domain (FDTD) simulation. The calculated
peak coupling efficiencies are around —3.1 and —3.4 dB for the
1310 and 1550 nm bands, respectively, and the cross talk is better
than 20 dB within the 3 dB bandwidth of each wavelength band.
The employed single-wavelength grating coupler at output ports
has a grating period of A = 0.62 um and 6 = 10° for the 1550 nm
band and A = 0.489 pm and 6 = 10° for the 1310 nm band.

2.3. (N+3) x (N+3) AWG Design

A 26 x 26 AWG is designed based on the SOI platform with the
220 nm thick top silicon layer. At 1550 nm wavelength band,
23 output channels are designed to have a channel spacing of
1.5 nm, which determines a channel spacing of 2.0 nm for the
corresponding three input channels, while at 1310 nm wave-
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length band, we keep the same pitch between output waveguides
as that at 1550 nm band, hence the 23 output channels are de-
signed to have a channel spacing of 1.327 nm determining a
channel spacing of 1.769 nm for the corresponding three input
channels. In order to reduce the sensitivity of effective index of
waveguide to width fluctuation originating from fabrication im-
perfections, each waveguide in the phased array is designed to
consist of broad straight waveguide with a width of 800 nm, nar-
row bending waveguide with a width of 400 nm, and adiabatic
tapers with a length of 6 um to connect the broad and narrow
waveguides. The width of 400 nm meets single-mode propaga-
tion for 1550 nm band, while nearly single-mode propagation for
1310 nm band. For the layout design, the two star couplers (FPR
1 and FPR 2) are parallelly arranged with a tilted angle to keep
the same total length of curved waveguides at each phased ar-
ray waveguide; thus, the phase difference between consecutive
array waveguides is only introduced by the broad waveguide. As
reported in our previous research,3?! spectral performance of a
typical AWG on the SOI platform is directly related to the size of
its phase region (including FPR and phased array waveguides)
which is mainly dependent on the radius R of FPR. Using Equa-
tion (1), R can be derived as

Ak nk
R=dd" x — x - (4)
° AN pk AL+ wk d, sin 6
ga gs 4 i

where n"gS and nkga are the group indices of FPR and phased ar-
ray waveguide, respectively. d*, is the output waveguide pitch at
the interface between FPR and output waveguides, 4%, and AA*
are the designed central wavelength and channel spacing, respec-
tively. Usually, n*, d, sin*; < n*,, AL, hence R is mainly propor-
tional to the product of d*; x d, for a given AA*. In the current
design, we set d*, = 1.5 um for both 1550 and 1310 nm bands and
d, = 2.5 um to make the phase region as compact as possible to
achieve good spectral performance at each output channel. In or-
der to reduce the coupling between adjacent output waveguides
approaching FPR, a deeply etched receiving waveguide, i.e., a lin-
ear taper waveguide with an entrance width of 1 um and an exit
width of 0.43 um for the 1550 nm band and a linear taper waveg-
uide with the entrance width of 0.95 pm and the exit width of
0.38 um for the 1310 nm band, is introduced between each out-
put waveguide and FPR. A mode converter composed of a shal-
low etched multimode interference (MMI) coupler with a width
of 2.3 um and a length of 2.7 ym and a deeply etched parabolic
taper with a length of 3.5 um are inserted between FPR and each
phased array waveguide, as illustrated in Figure 6a, to reduce
the mode transition loss between FPR and phased array waveg-
uides. The MMI coupler, on the one hand, couples the diffracted
light from FPR and focuses it onto two spots at the end inter-
face of MML,*3] and, on the other hand, collects the diffracted
light at shallow etched gaps between MMI couplers. The two fo-
cused spots excite the second-order and fundamental modes of
the connected parabolic taper,*/l and the second-order mode is
gradually coupled to the fundamental mode as the taper width de-
creases in the transmission direction. After propagating through
the parabolic taper, the light is fully coupled to the fundamental
mode of single-mode output waveguide. Using 3D FDTD sim-
ulation, the light transmissions between FPR (the fundamental
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Figure 6. a) Structure of the introduced mode converters between FPR and phased array waveguides. b,c) The light transmission from FPR (the fun-
damental mode of FPR is used as the input light) to three output waveguides at b) 1310 nm and c) 1550 nm, with top insets showing the electric filed
distribution at the end interface (marked with red dash line) of MMI couplers, and d) calculated mode conversion loss between FPR and phased array

waveguides at 1250-1650 nm.

mode of FPR is used as the light input in the simulation) and
three output waveguides at 4 = 1310 and 1550 nm, respectively,
are shown in Figure 6b,c. The top insets of Figure 6b,c give the
electric field distribution at the end interface of MMI couplers
(i.e., indicated by the red dash line) showing two focused spots
at the end of each MMI. The mode conversion loss between FPR
and phased array is calculated as small as 0.34 dB within a broad-
band wavelength range from 1250 to 1650 nm, as shown in Fig-
ure 6d. For the N + 3 waveguides at the interface of FPR 1, the
N output waveguides correspond to their three input waveguides
at FPR 2 while the three input waveguides correspond to their N
output waveguides at FPR 2. Therefore, at the interfaces of FPR
1 and FPR 2, to avoid the overlapping between N output waveg-
uides and three input waveguides, the input angle 6%, of three
input waveguides should satisfy the condition as follows

N

Rxsinf! > d> x — (5)
1 o 2

Rxsin6? > d x N (6)
1 o 2

It should be pointed out that in the proposed AWG design, the off-
center input is employed, which induces an excess loss compared
with the conventional center input AWG design since all phased
array waveguides on the grating circle are arranged to point at
the center O, (O,) of the interface between FPR 1 (FPR 2) and in-
put/output waveguides, as shown in the inset of Figure 1. Hence
6%, should be appropriately set to decrease the excess loss. Table
1 lists the main design parameters of the 26 x 26 AWG working
at two wavelength bands. The footprint of the designed micro-

spectrometer including all input and output waveguides is only
2 % 0.81 mm?.

3. Fabrication and Characterization

3.1. Fabrication

The proposed micro-spectrometer is fabricated on an SOI wafer
with a 220 nm thick top silicon layer and 2 um thick BOX layer.
First, the pattern of the micro-spectrometer is defined into a layer
of photoresist (PR) by using 193 nm photolithography and trans-
ferred into the SiO, hard mask by means of inductively coupled
plasma etching. Then a layer of 70 nm thick silicon is etched to
form grating couplers and shallow-etched MMI-based mode con-
verters. Subsequently, the remaining 150 nm thick silicon is fully
etched to form input/output and phased array waveguides. Fi-
nally, an upper-cladding layer of SiO, with a thickness of 2 um
is deposited using plasma-enhanced chemical vapor deposition
(PECVD). Figure 7 shows optical microscope images of the fab-
ricated micro-spectrometer, together with close-ups of key struc-
tures. Before measuring the spectral responses of the designed
micro-spectrometer, we first test the performance of the dual-
wavelength input grating coupler.

3.2. Characterization

Light from one tunable laser source with the wavelength ranging
from 1260 to 1360 nm first passes through a fiber-based polar-
ization controller which can adjust the polarization direction of

Laser Photonics Rev. 2022, 2200355 2200355 (6 of 12) © 2022 Wiley-VCH GmbH
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Table 1. Main design parameters of the 26 x 26 AWG.
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Parameter

1550 nm band 1310 nm band

Array waveguide dimension [um?]

Narrow bending waveguide dimension [um?]

Central wavelength for the second input [nm]

Output waveguide channel spacing [nm]

Input waveguide channel spacing [nm]

Angle 0%, for the second input [rad]

Diffraction order m

Radius R of FPR1 and FPR 2 [um]

Delay length AL [um]

Number of arrayed waveguides

Pitch d, between adjacent array waveguides on tangent line [um]
Pitch d*, at the interface between FPR1 (FPR2) and output waveguides [um]
Input/output waveguide width w [um]

Free spectral range (FSR) [nm]

Footprint of the phase region [um?]

220 x 800
220 x 400
1550 1310
1.5 1.326
2.0 1.768
0.082 0.082
19 24
257.5
10.735
91
2.5
1.5
0.43 0.38
55.9 39.7
590 x 585

(v )

(o A A 4 4w 4w 4 4 v

vl B

y

(o ] ] Cw ) (o o o A w
3

Figure 7. a) Microscopic images of the fabricated micro-spectrometer working at dual-wavelength bands. b) Close-up of the 1310 band receiving waveg-
uides and 1550 band input waveguides at the interface of FPR 1. c) Enlarged view of the designed dual-wavelength grating coupler (numbers 3 and 5
denote the 1310 and 1550 bands, respectively). d) Close-up of the 1550 band receiving waveguides and 1310 band input waveguides at the interface of

FPR 2. e) Mode converters between FPR and phased array waveguides.

input light, and then is coupled into one of three dual-wavelength
grating couplers. After propagating through the AWG, the light
is collected at each output port using a single-wavelength grat-
ing coupler operating at the 1310 nm band. Then the light is
coupled into the second and third dual-wavelength grating cou-
plers, respectively, and collected again at the 23 output ports. Sub-
sequently, the light from the other tunable source with a wave-
length ranging from 1500 to 1600 nm is employed and used in
a similar manner, the light is collected at each output port us-

Laser Photonics Rev. 2022, 2200355
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ing a single-wavelength grating coupler operating at the 1550 nm
band. Figure 8 shows the measured transmission spectra for the
reference waveguide with one dual-wavelength grating coupler as
input and two single-wavelength grating couplers as outputs. The
connecting waveguides between the dual-wavelength input cou-
pler and two single-wavelength output couplers are 2 mm long.
The measured transmission losses for the dual-wavelength grat-
ing coupler input and single-wavelength grating coupler output
are —7.5 dB at 4 = 1310 nm and —10.4 dB at A = 1550 nm with

© 2022 Wiley-VCH GmbH
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Figure 8. Measured transmission spectra of the fabricated reference
waveguide with the dual-wavelength grating coupler as input and two
single-wavelength grating couplers as output for light input within the
dual-wavelength band. The lengths of the connecting waveguides between
the dual-wavelength input coupler and two single-wavelength output cou-
plers are 2 mm.

1 dB bandwidths of ~25 and ~24.5 nm, respectively. Based on
the coupling losses of 3.65 dB at A = 1310 and 5.48 dB at 4 =
1550 nm for the two single-wavelength output grating couplers
(please see Figure Sla,b in the Supporting Information for the
detailed derivation) and the propagation losses of 2.5 and 2.0 dB
cm™! at 4 = 1310 and 1550 nm, respectively, for the fabricated
connecting waveguides, it can be derived that the measured cou-
pling losses for the dual-wavelength input coupler are 3.35 dB
(=7.5dB-25dB cm™! x 0.2 cm—-3.65 dB) at A = 1310 nm and
452 dB (= 10.4 dB - 2.0 dB cm™! X 0.2 cm — 5.48 dB) at 4 =
1550 nm. The large difference between the calculated and mea-
sured coupling losses for A = 1550 nm is due to the relatively nar-
row width of 10 pm of the grating region, which results in slightly
mode spot size mismatch with an optical fiber mode in the grat-
ing width direction, inducing an excess loss, compared to that
for 2 = 1310 nm. Moreover, the high wavelength-band extinction
ratio is obtained at each output grating coupler in Figure 8.
Figures 9 and 10 show the superimposed spectra of all 69 out-
put channels corresponding to their three inputs at the 1310
and 1550 nm bands, respectively. Here each spectrum is nor-
malized to the transmission spectrum of the reference waveg-
uide as shown in Figure 8. One can see that good spectral shapes
and uniformities for all 69 output channels are achieved at both
wavelength bands owing to the optimized layout design of the
fabricated 26 x 26 AWG. At each wavelength band, the obtained
effective channel number is 63, while the channel spacings are
0.5 nm at the 1550 nm band and 0.442 nm at the 1310 nm band.
The measured central wavelengths at each wavelength band are
blueshifted due to the difference between the actual and simu-
lated effective indices in the phase region of AWG. The measured
on-chip losses vary from —4.6 to —2.8 dB, and the crosstalk level is
less than —18.5 dB at the 1550 nm band, and the on-chip losses
range from —7.0 to —3.1 dB and the crosstalk level is less than
—16.8 dB at the 1310 nm band. The reason for higher on-chip
loss at the 1310 nm band is that, on the one hand, ~77% (1.326
% 23/39.7) of the free spectral range (FSR) of the designed AWG
is occupied at the 1310 nm band while ~62% (1.5 x 23/55.9) of
the FSR is occupied at the 1550 nm band. For a typical AWG, the
more the FSR occupied, the higher the loss at the outermost out-
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put channel (the maximal loss difference between the outermost
and central channels is ~ 3 dB when the FSR is fully used). On
the other hand, in the current design for the 1310 nm band, the
angle f?, of the outermost output waveguide is larger than the
B, for the 1550 nm band, which induces more extra loss since
each phased array waveguide is designed to point at the center
O, (0,) of the interface between FPR 1 (FPR 2) and input/output
waveguides, as shown in the inset of Figure 1. This issue could
be addressed by adjusting the designed central wavelength for
the 1310 nm band to shift the locations of all output waveguides
at the interface of FPR 1 to approach the input waveguides for the
1550 nm band, as shown in Figure 7b. The higher crosstalk level
for the 1310 nm band might be attributed to the higher refractive
index contrast between the silicon core and oxide cladding com-
pared to the 1550 nm band, causing larger reflection at the inter-
faces between input (output) waveguides and FPR, and between
phased array waveguides and FPR. Moreover, since the three in-
put waveguides correspond to a different input angle 6¥; in the
designed AWG, the excess losses originating from the off-center
input are a little different, resulting in the difference of on-chip
losses at a given output channel for corresponding three inputs,
as observed in adjacent three channels in Figures 9 and 10. This
difference, however, can be eliminated by normalization in prac-
tical use.

4, Discussion

For conventional AWG-based spectrometers, 12628475556 the char-
acteristic of large bandwidth and high resolution is usually
achieved by cascading a primary coarse wavelength spacing AWG
(or coarse wavelength spacing filter) and several secondary fine
wavelength spacing AWGs. However, the size of AWG is inversely
proportional to its wavelength spacing and proportional to its
channel number; it would be very challenging to achieve both
high resolution and large bandwidth (bandwidth = channel spac-
ing x channel number) in a limited chip scale. In the proposed
micro-spectrometer architecture, one advantage is that using a
counter-propagating AWG and a dual-wavelength grating cou-
pler acting as a coarse wavelength separating filter, one AWG
can operate at two separate wavelength bands, which increases
the working bandwidth of AWG. On the other hand, three time-
division-multiplexing inputs with engineered channel spacing
for each wavelength band are employed, which enlarges the chan-
nel number and decreases the wavelength spacing of AWG with
a limited number of output channels and large channel spacing,
i.e., using N output ports (photodetectors) at each wavelength
band can achieve 3 X (N — 2) channels with a wavelength spacing
of 1/3 A4 while the designed channel spacing for N output ports
is set to AA. According to Equation (4), radius R of an AWG is
inversely proportional to its channel spacing. Hence, compared
to a conventional 1 X 3(N — 2) spectrometer with the same wave-
length spacing of 1/3 A4, the radius R of the fabricated AWG
with the channel spacing A2 is reduced, which decreases the
footprint of the phase region of AWG and, in turn, reduces the
size of the micro-spectrometer. The footprint reduction is very
beneficial for decreasing the effect of fabrication imperfections
on the performance of spectral response of AWG, especially on a
high-index-contrast platform. As a result, the proposed architec-
ture achieves a more compact spectrometer with improved work-

© 2022 Wiley-VCH GmbH
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Figure 9. Measured transmission spectra of all 23 output channels for corresponding three inputs at the 1550 nm band.
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Figure 10. Measured transmission spectra of all 23 output channels for corresponding three inputs at the 1310 nm band.

ing bandwidth and fine wavelength spacing. Moreover, thanks to
the time-division-multiplexing inputs, the reduced output chan-
nel number decreases the required number of photodetectors
and, in turn, facilitates the corresponding electrical circuit design
(assembly) of spectrometer module, compared to conventional
AWG spectrometers.[262847.55:56] Table 2 shows the performance
comparison of SOI-based AWGs (AWG spectrometers) with the
fabricated AWG spectrometer.

The fabricated spectrometer employs dual-wavelength input
grating couplers to couple light into and single-wavelength grat-
ing couplers to couple light out of the chip due to the test-
ing convenience (no need to dice chip compared to edge cou-
pling method) and large alighment tolerance (large mode spot
size) of grating couplers, while the coupling losses of the dual-
wavelength input grating coupler are 3.35 dB at 1310 nm and
4.52 dB at 1550 nm, and those of single-wavelength output grat-
ing couplers are 3.65 dB at 1310 nm and 5.48 dB at 1550 nm,
resulting in a total coupling loss of 7 dB at 1310 nm and 10 dB
at 1550 nm. For practical applications, the total coupling losses
should be substantially decreased. In the future design of the pro-
posed micro-spectrometer, the single-wavelength output grating
couplers can be replaced by on-chip integrated germanium-on-
silicon photodetectors®’] where the light propagating in output
waveguide can be almost fully absorbed, resulting in no cou-
pling loss at output ports. At the same time, the coupling loss of
the dual-wavelength input grating coupler can be reduced by fur-
ther optimizing the grating structure, e.g., adding an extra amor-
phous silicon layer in the grating region,%® introducing a high
reflection mirror®®! at the bottom of buried oxide layer. Here, as
an example, through introducing an extra 140 nm thick silicon
layer in the grating region, the simulated coupling losses of the
dual-wavelength grating coupler are reduced to 2.0 dB (1.1 dB
improvement over the current design) at 1310 nm and 2.06 dB
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2200355 (9 of 12)

(1.34 dB improvement over the current design) at 1550 nm,
as shown in Figure S3 (Supporting Information). Hence, using
integrated photodetectors and improved dual-wavelength grat-
ing design, the total input and output coupling losses of the
improved spectrometer design can be theoretically reduced to
below 2.06 dB. On the other hand, for the fabricated micro-
spectrometer, three dual-wavelength input grating couplers are
time-division-multiplexed, i.e., one of them is excited at a time,
which may not be convenient in practical use. In order to facilitate
it, as an alternative method, these three dual-wavelength grating
couplers can be replaced by one dual-wavelength input grating
coupler connected to two on-chip 1 x 3 optical switches!*®! work-
ing at the 1550 and 1310 nm bands, respectively. Then one can
measure all three inputs of the AWG spectrometer by control-
ling the switch status in time sequence at each wavelength band.
Based on the above discussion, one improved architecture for the
current spectrometer is illustrated in Figure 11.

Due to the working principle of wavelength separating,
an AWG spectrometer has lower signal-to-noise ratio (SNR)
compared to a Fourier transform spectrometer with inherent
multiplex advantage,['*] limiting its application to the detection
of weak signals. The detected signal strength at one output port
of the AWG spectrometer is dependent on the overlap integral of
input source with spectral response of this output port. The noise
performance (dark current) of employed photodetectors limits
the minimum detectable signal strength. For the mentioned one
potential application, i.e., FBG sensors, the proposed spectrom-
eter is very suitable since the reflected FPG peaks usually have
very low loss after propagating through FBG regions in fiber. For
on-chip SD-OCT systems(®!] and spectral tissue sensing based
on diffuse reflectance spectroscopy,?! the main limitation of the
proposed AWG spectrometer is the total loss, which decreases
the SNR of detected signals, resulting in the drawback on the

© 2022 Wiley-VCH GmbH
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Table 2. State-of-the-art AWG (AWG spectrometers) performance on SOI platform.

YearRef: Total (phase region) footprint? Channel spacing [nm] Channel number Bandwidth [nm] Minimum insertion Crosstalk?) [dB]
[mm?] lossP) [dB]
20071281 8x8 0.2 50 10 17 -5
2013041 (1.18 x 0.285) 0.8 4 3.2 2.45 -17
2013146 0.23 x 0.53 3.2 12 38.4 3 -20
2013147 1.1x0.78 9.6 6 57.6 1.75 -23.15
2014148 N.A. 0.8 8 6.4 2.92 -16.9
20144 (0.92 x 0.446) 1.6 16 25.6 2.0 -23
2015(%01 (0.43 x 0.35) 3.2 8 25.6 0.63 -23
201751 1.37 % 0.85 0.8 8 6.4 2.8 -15
20171521 (0.41x0.22) 3.2 6 19.2 2.9 -24.3
2017121 (0.27 x 0.38) 3.2 15 48 3.5 -19
2018[53 0.2x0.35 6.4 4 25.6 3.5 -20
20201261 1.26 x 1.4 0.4 64 25.6 5.6 -9
(0.65 x 1.06)
20201541 2.8%x 1.7 0.8 16 12.8 6 -19.5
2020053 N.A. 3.68 8 29.44 23 -23.7
20220321 (0.39 x 0.35) 3.2 8 25.6 2.8 -25
2022156 23%x2 0.667 64 42,67 5 -10
This work 2x0.81 0.5 (0.442) 63 + 63 31.5 +27.846 2.8 -18.5
(0.6 x 0.58) (3.1 (-16.8)

) Total footprint includes phase region and input/output waveguides while phase region footpnnt does not include input/output waveguides; Y Insertion loss is estimated
by subtracting a reference waveguide, as illustrated in Figure S4 (Supporting Information); 9 Crosstalk value is calculated as the difference between the peak power of each
channel and the higher contribution of the interference pattern of other signals, as illustrated in Figure S4 (Supporting Information).
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Figure 11. Improved architecture of the proposed micro-spectrometer, consisting of one dual-wavelength input grating coupler, two 1 x 3 optical switches
working at A; and 4, bands, respectively, and integrated germanium-on-silicon photodetector array.

detection of wavelength regions with weak intensity; however,
an improved design with a theoretical total coupling loss down
to 2.06 dB is proposed, as shown in Figure 11.

Moreover, for each wavelength band, a different output waveg-
uide number N and channel spacing A4 can be set to meet dif-
ferent requirements in each spectral detection region. In order to
further expand the spectral detection range, an array of the pro-
posed spectrometers can be used in parallel, and each spectrome-
ter is designed to work at different A, and A, bands. For practical
use, one can in turn couple light into each spectrometer or al-
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ternatively excite the input of each spectrometer simultaneously
through flood illumination.!**!

5. Conclusion

In summary, we presented a novel high-resolution and large-
bandwidth micro-spectrometer based on a counter-propagating
AWG and three dual-wavelength grating couplers. The proposed
AWG, working at dual-wavelength bands, has three input waveg-
uides and N output waveguides for each wavelength band. The

© 2022 Wiley-VCH GmbH
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wavelength channel spacing of input waveguides is 4/3 times that
of N output waveguides. Using the time division multiplexing
for these three input waveguides, a micro-spectrometer with ef-
fective channel number of 3 x (N — 2) and a resolution of 1/3
wavelength spacing of N output waveguides is achieved, only by
means of N output waveguides at each wavelength band. In ex-
periment, a micro-spectrometer with 63 channels and channel
spacings of 0.5 nm at the 1550 nm band and 0.442 nm at the 1310
nm band is successfully demonstrated by employing a 26 X 26
AWG, three dual-wavelength grating couplers, one array of 1550
nm grating couplers and the other array of 1310 nm grating cou-
plers on the SOI platform. The bandwidths of the fabricated spec-
trometer are 31.5 and 27.85 nm at the 1550 and 1310 nm bands,
respectively. The on-chip losses range from —4.6 to —2.8 dB and
the crosstalk level is less than —18 dB at the 1550 nm band, and
the on-chip losses vary from —7.0 to —3.1 dB and the crosstalk
level is less than —16.2 dB at the 1310 nm band, for the obtained
63 channels. The footprint of the fabricated spectrometer is only
2 x 0.81 mm?. The proposed micro-spectrometer, having the ad-
vantages of ultracompact size, high resolution, large bandwidth,
and reduced number of receiving channels (detectors), is very at-
tractive for miniaturized spectroscopic analysis systems.

In addition, the proposed AWG can be redesigned as a 3xN
AWG with engineered wavelength spacing for the three in-
put/output ports, which may find the use in optical transceivers
for telecom applications such as wavelength division mul-
tiplexing/time division multiplexing-passive optical network
(WDM/TDM-PON) systems,[®*] e.g., as the multiplexer of mul-
tiple tunable laser sources where different N wavelength signals
are transmitted in different time slots, with only N modulators
being required. Conversely, it could also be used in receiving
side as the demultiplexer of multiple groups of N wavelength sig-
nals with one group at a time slot, and only N photodetectors are
needed.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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