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Abstract: A resonator is characterized with two cascaded arrayed waveguide gratings (AWGs)
in a ring formation. From this structure, the on-chip transmittance of a single AWG is extracted,
independent of coupling efficiency. It provides improved measurement accuracy, which is essential
for developing AWGs with extremely low loss. Previous methods normalize the off-chip AWG
transmittance to that of a reference waveguide with identical coupling, leading to an uncertainty
of ~14 % on the extracted on-chip AWG transmittance. It is shown here that the proposed
“AWG-ring” method reduces this value to ~3 %. A low-loss silicon AWG and an AWG-ring
are fabricated. Channel losses with <2 dB are found, with a crosstalk per channel approaching
—30 dB. Such an efficient wavelength multiplexing device is beneficial for the integration of
spectroscopic sensors, multi-spectral lasers, and further progress in optical communication
systems.
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1. Introduction

Arrayed waveguide gratings (AWGs) combine or split closely-spaced spectral channels of
light [1-4]. They are ubiquitous in optical communication systems where wavelength division
multiplexing (WDM) is used to expand network capacity [5]. As fundamental building blocks for
spectroscopic sensors [6—11] and multi-spectral high-brightness light sources [12, 13], AWGs
have prompted decades of research to optimize the device insertion loss, inter-channel crosstalk,
and footprint, among other characteristics [1-3, 14-21]. Since the insertion loss of an AWG
scales with its number of channels, devices with ultra-low loss (<2 dB loss per channel) are
necessary when combining many wavelengths (e.g., >5 for <10 dB cumulative loss) [22,23].
Power scaling by spectral beam combining [24] or intra-cavity AWG lasers [12,25] are some
examples that require this level of performance. These AWG lasers have not recently been pursued
due to the loss-penalty from an AWG within the laser cavity. However, further development
to decrease AWG loss would enable this technology. In particular, silicon (Si) AWGs [26]
with low loss and low crosstalk are desirable to design photonic integrated circuits (PICs)
with WDM capability [18,27,28]. Such fully-integrated transceivers have been realized with
the heterogeneous integration of lasers on Si [29-31]. AWGs along with other Si-based PIC
components stand to benefit from large-volume infrastructures, currently used for complementary
metal-oxide—semiconductor (CMOS) fabrication [32]. Besides AWGs, other WDM devices have
been demonstrated with reduced footprint [33,34]. However, they exhibit much higher loss and
support fewer channels.

High-performance AWGs having loss <2 dB are prevalent with waveguide cores made of
silicon dioxide (SiO,) [11, 16] or silicon nitride (Si3N4) [20,21]. In contrast, the insertion
loss reported in AWGs fabricated with tantalum pentoxide [14], indium phosphide [35, 36],
germanium [37-39], or Si [19,40-42] is still prohibitively large for high-power multi-spectral
lasers. In all these reports, the AWG loss was extracted by normalizing its off-chip transmittance to
that of a reference waveguide with similar facet geometry and, in some cases, similar propagation
length and bends. Variation in coupling efficiency coarsely limits the accuracy of this method [43],
in particular for low-loss devices [44,45].
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The Si AWG demonstrated in this work with loss <2 dB is characterized by a new method using
aring resonator. As schematized in Fig. 1(a), it contains two cascaded AWGs. This "AWG-ring"
allows to drastically improve AWG characterization and rigorously define the crosstalk. The
accuracy of this method is determined using data for the coupling uncertainty along with the
modeled transmission spectrum of the AWG-ring. Both the waveguide method and the AWG-ring
method are then compared with a statistical analysis of low-loss Si AWGs. Channel loss in the
range of 1.2—1.6 dB are demonstrated, along with a crosstalk per channel near —29.1 dB. These
results substantiate the accuracy of the proposed characterization method and suggest that these
Si AWGs have performance comparable to state-of-the-art devices based on SiO; or SizNy.

2. Model and simulations

A top-view schematic of the AWG free propagation region (FPR) is shown in Fig. 1(b). The AWG
model developed in [20,21] is extended here to account for the length L;, of the input and output
waveguides and both FPRs. The electric field transfer function of an AWG is then expressed as:

Naw
A = \Jtg exp(ikonioLio) Z E;(1+6;)exp(it;), (1)
=
with:
0; = kolnawLaw,j + neer(r + Lepr j)] + @5, 2

where Naw is the number of arrayed waveguides (AWSs), ¢, the transmittance from the waveguide
grating to each de-multiplexed waveguide, k¢ the free-space propagation constant, and r the
Rowland radius [15]. The (complex) effective refractive indices nj,, naw, and nppr correspond
respectively to the input and output waveguides, the AWs, and the FPR. Parameters E;, 6; and ¢;
denote respectively the electric field amplitude at the input FPR interface, the amplitude error,
and the phase error in AW j [20]. This AW has a length Law,; and Lgpg ; is the distance in the
FPR from AW j to each de-multiplexed waveguide.

io-FPR
<«—Wio

Fig. 1. (a) Diagram of the AWG-ring with complex amplitudes &; and &; of the input and
output guided electric fields. Coupling between the bus and ring waveguides is characterized
by ¥ and K. (b) Schematic of the AWG design parameters.

Concerning the AWG-ring, coupling from the bus to the resonator can be described by the
complex coefficients K = kexp(i¢z) and T = Texp(i¢z) defined in Fig. 1(a). Assuming this
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coupling to be lossless, the following must hold [46]: 72+« = 1. Also, assuming both AWGs have
the same transfer function A = /, exp(i¢ #), the on-chip AWG-ring transmittance #, = |E/&; |?
can be expressed as:

_ Tr 417 = 211, cos(D)
T 1+ (1) = 271, cos(D)

T - A
1-7A2

3

:

where © = 2¢ 4 — ¢+ and ¢, is the on-chip transmittance of an AWG.

An AWG and an AWG-ring with Si-core and SiO,-cladding waveguides are modeled with
(1), (2), and (3). The AWG design follows the methodology detailed in [21] and the physical
parameters are listed in Table 1. Notice that the relatively large footprint area S results from the
low-loss design. This can be reduced, e.g., by designing the AWs with a higher modal group index
at the expense of increased loss [47]. The calculated AWG transmittance 7, is plotted in the left
axis of Fig. 2, whereas the right axis shows the transmittance #, of the AWG-ring for 7% = 0.15.

g O =
g8 S
. hd
-20 -

B 8
kS ©
=} >
SO .40 A £

3]
8 8

1560 1563 1566 1569 1572 1575 1578

Wavelength A (nm)

Fig. 2. On-chip transmission spectra calculated (left axis) for each channel of an AWG and
(right axis) for an AWG-ring. Colored dots show examples of the three parameters defined in
(5), for the ideal case where p = 1.

The off-chip transmittances 7, and 7; of the AWG and of the AWG-ring, respectively, include
the input and output coupling efficiency, which is defined as:

n=T/t. =T/t.. @

This quantity depends on polishing quality (for facet coupling), lithography, etch uniformity,
layer thicknesses of the waveguide, and optical alignment. As illustrated in Fig. 2 and using (3),
the following three parameters can be readily extracted from the AWG-ring off-chip transmission
spectrum:

nt? = Tho as f,/t — 0
T+, 2
. =1"\1% Tty
2
T—1I,
g ( 1- ‘rta)
where m € Z. By interpolating to the same wavelength the values of 7; found for each case in (5),
three expressions can be computed for #,:

Timax _ T+ =R St = M, (6)
Tr.0 (1 +7t,) 1 -12R,
+ Tr,min _ T—1I =R, o1, = T(I_Rb)’ )
To (1 —1t) 1 -12R,

Timax  for @ = (1 + 2m) )

Timin for @ =27m,
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and

T, max T+t 1 -1t 5 )
+ : = =R o (R — Dty + [(1 + R)(1 - th+7(1-R)=0. (8
Tr,min T—ta1+Tta ¢ T( ¢ )a [( C)( T )] a T( C) ( )

The parameters 7} o, Tr,max, and T min, defined in (5), are proportional to 7. In contrast, the AWG
on-chip transmittance ¢, is independent of 7, as calculated from (6), (7), (8). However, other
sources of uncertainty are introduced to these extracted values due the interpolation. A rigorous
analysis is discussed in Sect. 4.2.2. Notice from (7) and (8) that both R}, and R, are negative when
t, > T and positive otherwise. The correct sign is found by first evaluating R, from (6), since it is
always positive, and then determining for which wavelengths ¢, > 7. The coefficient 7 should
also be extracted independent of 7. This is achieved in Sect. 4.2.2 by analyzing the transmittance
of an unbalanced Mach-Zehnder interferometer (UMZI) with identical couplers to that of the
AWG-ring [48].

Table 1. Design parameters for each AWG.

Number of channels Nen 8
Number of AWs Naw 117
Rowland radius r 204.42 pm
AW length increment AL 15.55 ym
i/o waveguide length Li, 1.60 mm
AW width WAW 1.20 pym
AW width at FPR waw-rpr ~ 1.00 pm
i/o waveguide width Wio 0.80 um
i/o waveguide width at FPR  wjo-ppr 1.20 um
AW pitch at FPR dAw-FPR 1.25 ym
i/o waveguide pitch at FPR  djo-ppr 3.60 um
Footprint area S 2.10 mm?

3. Methods

3.1.  Coupling design

Three identical AWGs, AWG-rings, and UMZIs are fabricated on the same chip, along with
two spiral waveguides. Fifteen straight waveguides are placed throughout the chip to study the
variation in 7. A cross-section scanning electron micrograph (SEM) of the bus waveguide is
shown in Fig. 3(a). Although other reported Si AWGs use a thinner waveguide core [19], a
0.50-um thickness is used here for compatibility with the III/V-Si heterogeneous integration
platform. This supports reduced propagation loss, coupling loss to optical fiber, and phase errors
in the AWG [18]. Micrographs of an AWG and of an AWG-ring are shown in Fig. 3(b) and
Fig. 3(c), respectively. The input and output facet design is schematized in Fig. 3(d). Notice that
the Si waveguide at the facet is 6.00-um wide and tilted by 7° with respect to the normal to reduce
internal reflections. The waveguide width is linearly tapered from 6.00 um to 0.95 pm over a
200-um length to filter out the higher-order modes arising from the angled-facet reflection of
the fundamental mode. It is then bent by 7° with a 200-pm radius to align normal to the facet.
The device in the center of Fig. 3(d) represents a straight waveguide, an AWG, a UMZI, or an
AWG-ring.

3.2. Device fabrication

As seen in Fig. 3(a), fabrication starts with a Si-on-insulator (SOI) wafer (100-mm in diameter)
containing a 0.50-um thick Si layer on top of a 1.00-um thick buried SiO, layer. Features are
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Fig. 3. (a) Cross-section SEM of the bus waveguide. Micrographs (b) of an AWG and (c) of
an AWG-ring. (d) Top-view schematic of the facet design.

defined with deep-ultraviolet lithography and SFs/C4Fg/Ar reactive ion etching to remove 0.25 pm
of Si. A 4:1 mixture of sulfuric acid and hydrogen peroxide held at 80 °C strips the photoresist.
A 1.00-pm thick SiO, layer is then sputtered to form the top cladding before dicing the wafer and
polishing the facets.

3.3. Experimental setup

Transmission spectra are measured by coupling light from a tunable laser (TL, Keysight 81680A)
through each device, as depicted in Fig. 4. The TL is attached to a polarization-maintaining (PM)
fiber (Thorlabs P5-1550PMAR) via an FC/APC connector. The other end of the PM fiber is
FC/PC anti-reflective coated and connected to a collimating lens (CL, Thorlabs PAF-X-2-C).
Light is then incident on a polarization beam splitter (PBS, Thorlabs CM1-PBS254) oriented
to transmit on-chip transverse-electric polarization, which the focusing lens (FL, Thorlabs
C230TM-C) directs onto the device waveguide facet. Output light is then collected with a
single-mode lensed fiber (OZ Optics) attached to a v-groove fiber holder (FH, Thorlabs HFV002),
and connected (FC/APC) to a power sensor (PS, Keysight 81634B). Input and output device
coupling alignment is realized with 3-axis piezo-controlled flexure stages (Thorlabs MAX312).
Waveguide loss characterization is accomplished by replacing the TL with an optical frequency
domain reflectometry (OFDR) unit (LUNA OBR 4400) for these measurements [49].

TL jumtwl CL fud PBS fu FL FH M= PS

(g

Fig. 4. Schematic of the experimental setup to measure transmission spectra. The optical
beam drawn in blue is in a PM fiber, the red one in free-space, and the green one in a
single-mode fiber. Yellow boxes represent 3-axis flexure stages.
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4. Results and discussion
4.1.  Waveguide transmission

The blue and the black curves in Fig. 5(a) respectively show one off-chip transmission spectrum
T,, and the value T, averaged over all straight waveguide measurements (N,, = 43). These
values are obtained by normalizing the straight waveguide spectra to the transmission of the TL
connected directly to the PS with the PM fiber. The standard deviation o is then extracted, along
with the coefficient of variation [50]: V;, = a-/TW. This parameter, plotted in Fig. 5(b), does not
explicitly depend on the transmittance. It represents variations between samples by normalizing
the standard deviation (o) to the mean value (TW). Therefore, it is suitable for describing the
relative uncertainty on the coupling efficiency (77).

T, (dB) + 18 dB

1560 1563 1566 1569 1572 1575 1578
Wavelength A (nm)

Fig. 5. (a, left axis) One off-chip transmission spectrum 7, measured for a straight wave-
guide and (a, right axis) transmission spectrum 7'y, averaged over all straight waveguide
measurements. (b) Spectrum of the coefficient of variation V4.

Fluctuations in 7y, between measurements either arise from variation in  or from on-chip
scattering. To investigate this, the OFDR signal of a spiral waveguide covering 5 mm? is
acquired and plotted in Fig. 6. These data suggest that on-chip scattering is completely uniform.
Consequently, the values of V;, obtained in Fig. 5(b) are only due to variation in 1 between
measurements. A dual fit with logarithmic and constant dependencies is used to extract a loss
coefficient @ = 70.9(2.0) dB/m, where the number in parentheses is the standard uncertainty
referred to the corresponding last digits of the quoted result. Although this value is comparable to
similar Si waveguides [48], a fabrication process with reduced impurities and sidewall roughness
is accessible and likely to improve it [51].

4.2.  On-chip AWG transmission

On-chip transmission spectra t, are extracted for each channel of an AWG using the waveguide
normalization method [19]. Results are presented in Fig. 7(a) and discussed in Sect.4.2.1. A
more accurate extraction by the AWG-ring method of the same data is plotted in Fig. 7(b) and
discussed in Sect.4.2.2. The dynamic range of each AWG channel is usually characterized in
terms of the loosely defined crosstalk (XT) [3]. A more rigorous and relevant figure-of-merit is
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Fig. 6. OFDR signal (in blue) of a spiral waveguide with a dual fit (in red).

the 3-dB cumulative crosstalk (CXT). For channel x, it is defined as:

/3.dB,x Ta,x da

N ’
fms,x (Zyzki ta’y - ta,x) da

where the integrals span the 3-dB spectral bandwidth around the peak of each channel denoted by
x or y. This parameter is indicated with disks in Fig. 7 for each AWG channel x = 1,2, ..., Nep.
Another convenient quantity is the mean 3-dB CXT per channel, defined as:

CXT, =

C))

- 1 Nen
XT = CXT, . 10
Nch—1; x (10)

The crosstalk scales with the number of channels, so XT is suitable for comparing different AWG
designs.

4.2.1. Waveguide method

With the waveguide normalization method [19], on-chip transmission of an AWG is extracted as:
Iy = Ta/Tw, (1)

where 7, is its off-chip transmission and Ty, is the off-chip transmission of a nearby straight
waveguide (see Fig. 5). The coeflicient of variation V;, has a spectral average given by:

Af
(V) = / Vi da, (12)
Ay

A — Ao
with 49 = 1560 nm and A¢ = 1578 nm. The uncertainty on t, is then [50]: At,|(y) = V2(Vi).

Values for Af,, XT, the minimum peak channel loss (Lpp), and the maximum peak channel loss
(Lmax) are listed in Table 2. While these values reveal good performance of this Si AWG, the
relative uncertainties are large.

4.2.2. AWG-ring method

With the AWG-ring method, #, is extracted from Eq. (5). Its uncertainty can be evaluated once
those on 7,0, 7. max- It min, and T are found. The transmission 7y, ; of a straight waveguide denoted
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Fig. 7. On-chip transmission spectra #, extracted for each channel of a single AWG.
Normalization is performed (a) with the waveguide method and (b) with the AWG-ring
method. Disks indicate the 3-dB CXT for each channel with their respective uncertainty.

[ has a coeflicient of variation Vj, ;, calculated within a spectral range 64. The uncertainty on
each 7; is given by:

Ny N,
1 w S
AT, = Vol (Am=1; ) » (13)
' NWNS ; mZ:I : l

where Ny = (A — Ag)/dA and A, = A9 +mdA. For (6) and (7), 64 is 3/2 the AWG channel spacing,
and for (8), it is 3/2 the AWG-ring free spectral range (FSR). These values correspond to the
spectral range that is necessary to interpolate each expression in Eq. (5). When evaluating (13)
for each T} appearing in (6) and (7), the spectral range is 4 = 3.0 nm and AT; = 2.95 %. For (8),
64 = 0.1 nm and AT; = 2.93 %.

The coupling parameter 7 is extracted from the UMZI transmission spectra [48] and plotted in
Fig. 8 along with its uncertainty A72. This includes uncertainty due to 5 and additional variation
arising from fabrication. The parameter Ar? has a spectral average (A72) = 2.92 %.

Near critical coupling, where 7 = tf [46], additional uncertainty is introduced when interpolat-
ing the T; min values, which should vanish. Due to the finite FSR of the AWG-ring, interpolated
values for T min are not accurate as tf approaches 7. The value of 7 should thus be smaller than
t, for a ~2-dB bandwidth within the peak transmission of each channel to provide sufficient
extracted data of #,. However, decreasing 7 increases T;. min near the peak channel transmittance and
subsequently increases the absolute uncertainty on #,. From these considerations, the following is
chosen: 7 = V0.15 = —4.12 dB. This allows to resolve a ~2-dB bandwidth for channels with
—2-dB peak transmittance.
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Fig. 8. Coupling parameter 72 (left axis) extracted from the UMZI transmission spectra. The
uncertainty At? is plotted on the left axis in dotted black lines and on the right axis in blue.

The AWG on-chip transmittance ¢, is extracted in Fig.9, using the model expressed in
(3). Substituting the values of AT2, AT 0, ATy max, and ATy min in the uncertainty propagation
equation [50] obtained from (6), (7), and (8) allows to extract Az, for each case of the AWG-ring
method. These values are listed in Table 2.

O PR T T [ T T T N T T TN N TN T S NN S T SN NN SN T 0
%? )
= 10 A -1 2
~ -4-.‘“
° I -
= L [S)
3 -20 & Iy —; -2 8
S 5 (5a) |a [ 4
x (5b) [
A (5¢) | | i
.30 Tttt -3

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
Wavelength A (nm) - 1570.1 nm

Fig. 9. Calculated AWG-ring on-chip transmission spectrum (left axis) and (right axis)
extracted AWG on-chip transmittance. The grey and the light-green areas respectively delimit
the uncertainties from the conventional and the present methods.

Table 2. Summary of on-chip AWG transmission #,.

Method Az, (%)  XT(dB)  Luin (dB)  Liax (dB)

©) 6.65 -29.05(28) 0.98(29) 1.72(29)
) 274 -29.08(12) 1.18(12)  1.60(12)
(8) 3.07  -29.09(13) 1.22(13)  1.52(13)
(11) 13.74  =29.09(56) 0.95(60)  2.26(60)

On-chip AWG transmittance is extracted by applying (6), (7), and (8) to the measured AWG-
ring off-chip transmission spectrum. This is illustrated in Fig. 10, where the transmittance near
the peak of channel #5 is plotted. The AWG transmittance extracted using (6), (7), and (8)
have overlapping uncertainty ranges, as expected, and (7) is the most accurate. Outside a 1-dB
bandwidth from the resonance, the uncertainties increase drastically as critical coupling occurs
and tf approaches 7. However, these data are not needed for normalization.

The entire transmission spectrum of an AWG-ring is now used to extract 7, for each AWG
channel. From AWG-ring data shown in Fig. 11, the transmission within ~1 dB of the peak for
each channel of 7, are extracted. Normalization is performed in Fig. 7(b) on transmission data of a
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Fig. 10. (Left axis) Measured AWG-ring off-chip transmission spectrum 7; and (right axis)
AWG on-chip transmission spectrum 7, extracted using the 3 expressions introduced in Eq.

(5).

single AWG with the peak channel transmission obtained from (7), shown in Fig. 11. Results are
listed in Table 2. The peak channel wavelength is measured in three AWGS, revealing a standard
deviation of ~138 pm. Therefore, the loss may be overestimated with the AWG-ring method due
to misalignment of the channels, i.e. the values in Table 2 may be at most 0.16 dB higher than
the actual loss. In addition, the value for XT is, to our knowledge, the lowest reported for a Si
AWG [19]. This crosstalk level is likely limited by the thickness variation of the Si core [18,52].
Contributions to Ly, are due to reflections at the FPR-AW transition (~0.55 dB), the grating
side-order excitations (~0.47 dB), the limited grating aperture (~0.09 dB), and scattering loss
(~0.08 dB).

Measured T, (dB)
Extracted t_ (dB)

1578

1566 1569

Wavelength A (nm)

1572 1575

Fig. 11. (Left axis) Measured AWG-ring off-chip transmission spectrum 7; and (right axis)
on-chip transmission spectra f, extracted for each AWG channel using (7).

5. Conclusion

A low-loss Si AWG operating in the near-infrared is demonstrated with accurately reported peak
channel transmittance and crosstalk level. An AWG-ring is proposed and used to characterize the
peak transmittance of each AWG channel. Compared to the uncertainty on #, obtained with the
waveguide normalization method, an improvement by 80.1 % is demonstrated with (7). On-chip
transmission is demonstrated in the range of 69-76 % with crosstalk per channel of —29 dB. While
this work reports on a low-loss AWG, more advanced design [16] and improved fabrication [51]
are expected to further reduce the loss and the crosstalk. The AWG-ring method proposed
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here should be used to measure incremental progress on AWG design, thus yielding significant
improvements in total transmission efficiency for AWGs with large numbers of channels.

Funding

Air Force Research Laboratory (AFRL) (FA8650-17-C-5402); Office of Naval Research (ONR)
(N00014-13-C-0147); N. V. acknowledges support from the Swiss National Science Foundation.

Acknowledgments

The authors thank Michael L. Davenport for fabrication advice, Alexander Spott for helpful
feedback, and the UCSB Nanofabrication Facility for technical support.

Disclosures

The authors declare that there are no conflicts of interest related to this article.





