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We have designed and realized an athermal 4-channel wavelength (de-)multiplexer in silicon nitride (SiN).
Minimized thermal sensitivity is achieved in a wide wavelength range by using wide and narrow waveguides with
low and different thermal-optic coefficients in the two arms of Mach—Zehnder interferometers (MZIs). The SiN
core layer and SiO, cladding layers are deposited by a low-temperature plasma-enhanced chemical vapor dep-
osition process. The fabricated MZI filter exhibits a thermal sensitivity within 2.0 pm/°C in a wavelength range
of 55 nm to near 1300 nm. Then, an athermal (de-)multiplexer based on cascaded MZIs has been demonstrated
with a crosstalk <-22 dB and a thermal sensitivity <4.8 pm/°C for all four channels, reduced by 77% compared
to a conventional SiN (de-)multiplexer. Owing to the passive operation and compatibility with the CMOS back-

end process, our devices have potential applications in 3D integration of photonics and electronics.
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1. INTRODUCTION

In the past decades, silicon-based photonic integration has
attracted great attention from the academia and industry
[1-3], since it is compatible with CMOS processes and micro-
electronic circuits. For many applications, optical filters and
(de-)multiplexers are essential components in the photonic in-
tegrated circuits [4-7]. However, a fundamental limitation of
the silicon filtering devices is the high sensitivity to ambient
temperature variation, due to the high thermo-optic coefficient
(TOC) ofsilicon (~1.86 x 1074 /°C) [8—10]. Hence, several ap-
proaches have been suggested to overcome this limitation. One
approach is to dynamically heat the devices and compensate the
shift using a feedback loop [11-14]. However, it consumes a
large amount of power and requires substantial space. Another
approach is to passively achieve thermal insensitivity by clad-
ding the waveguides with negative TOC materials [15,16], but
it is not CMOS compatible and reliable, and also complicates
the fabrication. Then, a simple and passive approach is pro-
posed based on asymmetric Mach—Zehnder interferometers
(MZlIs) [17,18], utilizing the interfering waveguides with dif-
ferent TOCs and carefully chosen lengths. For athermal silicon
MZI filters, enormous progress has been made by using the
difference between the two arms in the waveguide widch
[17-19], the waveguide type [20], the waveguide material [21],
the polarization [22], or the mode order [23]. A typical thermal

2327-9125/18/070686-06 Journal © 2018 Chinese Laser Press

sensitivity is less than +10 pm/°C over a wavelength range of
30 nm [24]. Recently, an athermal silicon (de-)multiplexer
based on cascaded MZIs has been demonstrated with a cross-
talk of ~15 dB, and a thermal sensitivity <22 pm/°C for all the
channels [25]. However, the reported performance is not very
satisfying, due to inherent high TOC and stringent fabrication
requirements of silicon waveguides.

Silicon nitride (SiN) is another common material in CMOS
processes for masking, passivation, and dielectric layers [26,27].
Compared to silicon, SiN has a much lower TOC (~2.45 x
107 /°C) and a moderate index contrast, which can reduce
the thermal sensitivity and relax the fabrication requirement
[28]. Then, SiN layers can be deposited using either low-
pressure chemical vapor deposition (LPCVD) or plasma-
enhanced chemical vapor deposition (PECVD). Using LPCVD
SiN waveguides with low loss, Dai er /. realized an array wave-
guide grating (de-)multiplexer with a thermal sensitivity of
~11 pm/°C [29], and recently Gao ez al. have demonstrated
a 4-channel (de)multiplexer based on cascaded conventional
MZIs with a thermal sensitivity of ~18.5 pm/°C [30]. By
combining slot and strip waveguides in the two arms, an athe-
rmal SiN MZI filter is achieved with a thermal sensitivity
reduced to 5 pm/°C [31]. Thus, it is expected that the SiN
(de-)multiplexer can be further optimized by cascading such
MZlIs. In recent years, PECVD SiN waveguide devices have


https://orcid.org/0000-0003-0635-2456
https://orcid.org/0000-0003-0635-2456
https://orcid.org/0000-0003-0635-2456
mailto:huangqz@mail.hust.edu.cn
mailto:huangqz@mail.hust.edu.cn
mailto:huangqz@mail.hust.edu.cn
mailto:huangqz@mail.hust.edu.cn
mailto:jsxia@hust.edu.cn
mailto:jsxia@hust.edu.cn
mailto:jsxia@hust.edu.cn
https://doi.org/10.1364/PRJ.6.000686

Research Article e O Vol. 6, No. 7 / July 2018 / Photonics Research 687

been of great interest. PECVD and LPCVD SiN waveguides
have similar propagation loss in the O-band [32,33]. In con-
trast to LPCVD, PECVD waveguides are compatible with the
CMOS backend process and more suitable for the 3D integra-
tion of photonics and electronics [32-35], due to the low-
temperature fabrication (<400°C). Recently, a 3-channel
(de-)multiplexer based on PECVD SiN waveguides has been
realized with a thermal sensitivity less than 10 pm/°C [36].
However, the thermal sensitivity of this design merely depends
on the TOC of deposited SiN, and can hardly be further
reduced without active compensation or assisted materials.
In this paper, we have demonstrated an athermal SiN-based
4-channel wavelength (de-)multiplexer fabricated at low tem-
perature. Due to the low TOC of SiN, the MZI filter combin-
ing wide and narrow waveguides exhibits a thermal sensitivity
less than £2.0 pm/°C over a wavelength range of 55 nm in the
O-band. Consequently, by cascading such MZI structures, a
low-crosstalk 4-channel wavelength (de-)multiplexer on a sili-
con substrate has been realized with a thermal sensitivity
smaller than 4.8 pm/°C for all the channels, which is the best
value reported, to the best of our knowledge. Our approach is
simple, passive, and compatible with the standard CMOS
process, leading to potential applications in the multilayer
monolithic integration of photonics and electronics.

2. DEVICE STRUCTURE AND SIMULATION

It is known that the response of an MZI depends on the phase
difference between two interfering arms and not the absolute
phase shift. Here, to minimize the thermal sensitivity, a certain
phase difference between the two arms is maintained by using
wide and narrow waveguides with different TOCs and appro-
priate lengths in the two arms when the ambient temperature
varies [19]. Figure 1 shows the schematics of the presented
athermal MZI filter and 4-channel MZI (de-)multiplexer. As
seen, there are three kinds of waveguides in the asymmetric
MZIs: normal waveguides (width: W), wide waveguides
(W,), and narrow waveguides (W3). All the splitters of
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Fig. 1. Schematics of the athermal (a) MZI filter and (b) 4-channel
MZI (de-)multiplexer.

MZIs are based on 2 x 2 multimode interference (MMI) cou-
plers with a 50:50 splitting ratio. For the MZI filter shown in
Fig. 1(a), the lengths of the wide and narrow waveguides are the
same and denoted by Z, while the total lengths of the normal
waveguides in the upper and lower arms are different by
/=L, - L,. Then, in each arm, the wide/narrow waveguide
and the normal waveguides are connected through identical lin-
ear tapers with a length of Z,. All the 90° bends in this structure
have the same bending radius.

Thus, the phase condition for the constructive interference
at the wavelength A is given by [19]

mh = ml+ (n3 - m)(L + L,), (1)

where m is an integer, representing the interference order,
and 7; is the mode effective index (the subscripts 7 = 1, 2, 3
correspond to the normal, wide, and narrow waveguides,
respectively).

Considering the wavelength dispersion, the thermal sensitiv-

ity of the MZI can be described by
A G TEELAL)
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@

where 07;/07T and n,; are the TOC and group index of wave-
guide mode, respectively.
Then, the free spectral range (FSR) of the MZI is
expressed as
/12
RN ol T O -+ L O
As shown in Fig. 1(b), the 4-channel (de-)multiplexer is
based on cascaded athermal MZI filters. In this structure,
the second-stage MZI separates the wavelength channels into
two groups with an FSR equal to twice the channel spacing.
Then, the first-stage MZI filters continue to separate the wave-
length channels with an FSR equal to four times the channel
spacing. To achieve four uniform channels, the lengths of the
normal, wide, and narrow waveguides in the MZIs are set as
illustrated in Fig. 1(b). It is seen that one arm of the lower
first-stage MZI is modified by adding normal waveguide sec-
tions with a total length of L, = A/(4n,), since there is a 7/2
phase difference in one arm of the two first-stage MZIs [37].
Here, SiN waveguides buried in SiO, with a fixed height of
400 nm are employed, as shown in the inset of Fig. 2(a). The
finite element method is used to calculate the effective index
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Fig. 2. (a) Simulated effective index and TOC of the TE;, mode;
inset: cross section of SIN waveguide. (b)—(d) Field profiles of the
TE, mode for W = 0.44 pm, 1.2 pm, and 1.8 pm, respectively.
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and TOC of the fundamental transverse-electric-like mode
(TE,) as a function of the waveguide width at 1300-nm wave-
length. In our simulation, the refractive indices of SiN and
SiO; are 1.981 and 1.446, respectively, which are the measured
results of the SiN and SiO, films deposited by PECVD in our
lab. The deposited SiN film is slightly N-rich. The TOC of
SiO, is 1.0 x 107 /°C [10], while the TOC of SiN is estimated
as 3.0 x 107 /°C, a little higher than that of stoichiometric SiN
[36]. The simulation results using the setting values are in good
agreement with our experiment. Figure 2(a) shows that both
the effective index and TOC of the waveguiding mode increase
monotonously with the waveguide width ranging from 0.4 pm
to 2.0 pm. For compactness, the MZI requires a relatively
large difference in TOC of the wide and narrow waveguides.
In this work, we choose W, =1.2 pm, W, = 1.8 um,
and W3 = 0.44 pm. Hence, we can obtain 7; = 1.71,
ny = 1.74, ny = 1.54, on, /0T =2.81x107 /°C, 0n, /0T =
2.82x 107 /°C,and dn3 /0T = 2.09 x 1073 /°C. Compared to
silicon, SiN waveguides have larger dimensions due to the mod-
erate refractive index, and thus their phase error is smaller for a
fixed fabrication error. Hence, the athermal SiN filters are more
fabrication tolerant. The field profiles of TE; mode in wave-
guides are shown in Figs. 2(b)-2(d). It is seen that the field
confinements in the SiN core of these waveguides are quite
different. In our design, we choose L, = 20 pm and bending
radius of 60 pm to reduce the propagation loss in the
tapered and curved waveguides. From Eq. (2), the condition
dA/dT = 0 should be satisfied to achieve athermal operation,
indicating that the lengths of these waveguides need to be
chosen carefully.

3. FABRICATION AND CHARACTERIZATION

To fabricate the SiN devices, we start with a clean bare silicon
wafer. First, a 2-pm-thick SiO, layer was deposited on the
wafer by PECVD at 300°C with mixture gas of SiHy, N,,
and N,O as the bottom cladding. Then, the SiN core layer
of 400 nm in thickness was deposited on the SiO, layer by
PECVD at 300°C using SiHy, N,, and NHj. After that,
the device patterns were defined in ZEP520A resist by electron-
beam lithography, and subsequently transferred to the SiN layer
by inductively coupled plasma etching technique with a depth
of 400 nm. Finally, a PECVD SiO,; layer was grown with a
thickness of 1 pm as the top cladding of devices. It is seen
that no high-temperature process is involved in the fabrication,
and the deposited films are stress free and can be thicker
if needed. Therefore, the design of the proposed devices is
flexible, and the fabrication is quite suitable for the CMOS
backend process.

Figure 3(a) illustrates an optical microscope image of the
fabricated 4-channel MZI (de-)multiplexer. Many parts of
the device are shown in detail by the scanning electron micro-
scope (SEM) images in Figs. 3(b)-3(e) before the top layer
is deposited. Here, the footprint of the 2x2 MMI is
6 pm x 34 pm. The taper length Z, is 20 pm, and the bending
radius is 60 pm for negligible radiation losses in the tapered and
curved waveguides. The total footprint of the fabricated athe-
rmal SiN (de-)multiplexer is about 1.73 mm x 0.76 mm. To
characterize the SiN waveguide devices, a broadband amplified
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Fig. 3. (a) Optical microscope image of the athermal 4-channel
(de-)multiplexer. SEM images of (b) a 2 x 2 MMI, (¢) narrow wave-
guide and normal waveguide connected by a taper, (d) wide waveguide
and normal waveguide connected by a taper, and (e) grating coupler
for vertical coupling.

spontaneous emission source is employed. TE-polarized light is
obtained utilizing an optical polarizer and a polarization
controller, and then coupled into the chip through a grating
coupler. A thermal-electric cooler equipped sample stage is used
to control the temperature of the device under test. Finally,
the transmitted light from the device is coupled out through
another grating coupler and collected by a fiber connected
to the optical spectrum analyzer or optical power meter.

4. EXPERIMENTAL RESULTS

A. Athermal MZI Filter
It is known from Eq. (2) that the thermal sensitivity of MZI is
highly dependent on L. Hence, we fabricated MZI filters with
different L, while other structural parameters are maintained,
including / = 120 pm. The normalized transmission spectra of
the MZI filters under different temperatures for L = 410 pm,
430 pum, 450 pm, and 470 pm are shown in Figs. 4(a)—4(d),
respectively. It is observed that the spectral shifts with temper-
ature for these devices are relatively small, because of the athe-
rmal design and low TOC of SiN. The transmission spectrum
is slightly red shifted for L = 410 pm and 430 pm, while it is
blue shifted for L = 450 pm and 470 pm, as the temperature
increases from 30°C to 50°C. Figure 4(e) shows the transmis-
sion spectrum for the MZI filter with Z = 450 pm in a broad
wavelength range. The averaged on-chip insertion loss of this
filter is about 2.6 dB. It is noteworthy that minor spectral shift
with temperature is seen over an 80-nm wavelength span from
1260 nm to 1340 nm.

Figure 5(a) shows the dependence of thermal sensitivity on
L for the MZI filter. The experimental results agree well with
the theoretical simulations. The thermal sensitivity varies from
positive to negative as L increases. It is expected that athermal
operation can be achieved for the MZI filter with L of around
440 pm. The slightly nonlinear d4/d7"-L curve results from the
wavelength dependence of the TOCs of SiN waveguides.
Figure 5(b) shows the measured thermal sensitivity as a func-
tion of wavelength extracted from the results in Fig. 4(e), which
is generally consistent with the theoretical curve. A thermally
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insensitive MZI filter is demonstrated with a thermal sensitivity
within £2.0 pm/°C in a wavelength range of 55 nm to near
1300 nm. The thermal sensitivity decreases with wavelength,
since the optical confinement in the SiN waveguide is reduced

(a)

o

2

| ed

o

3

£

(2]

(=4

o

'_

1296.3 1296.6 1296.9 1297.2
Wavelength (nm)
1290 1295 1300 1305 1310
Wavelength (nm)
() o . ; . . . T T
0 k- Ch. 1 Ch.2 ch.3 Ch.4 -

& L o
g 20

=

=] o~

a 30 |- 25°C 820 B T 3]
£ 30°C 5

2 35°C é 2| Bl
S 40l 40°C 2

= 45C £t !

50 C| 1301.3 13014 13015
_50 " | I | Wavelength (nm)
1290 1295 1300 1305 1310

Wavelength (nm)

Fig. 6. Measured normalized transmission spectra of (a) conven-

tional MZI (de-)multiplexer and (b) athermal MZI (de-)multiplexer.

Table 1. Room-Temperature Performance of the
Athermal MZI (De-)Multiplexer

Ch. 1 Ch. 2 Ch. 3 Ch. 4

Center wavelength (nm) 1293.6 1297.7 1301.9 1306.1

Crosstalk at center (dB) -30 -25 -22 -23

1-dB bandwidth (nm) 2.2 2.2 2.2 2.2

Insertion loss (dB) 5.5 5.2 5.5 5.5

Channel spacing (nm) 4.3 4.0 4.2
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Fig. 7. Spectral shift with temperature for (a) Ch. 1, (b) Ch. 2,
(c) Ch. 3, and (d) Ch. 4.
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Table 2. Performance Comparison of the MZI Filters and (De-)Multiplexers with Low Thermal Sensitivity (MUX,
multiplexer; IL, insertion loss; ET, extinction ratio for MZI filter; XT, crosstalk for MUX)

Ref. Material Device dA/dT (pm/°C) IL (dB) ET/XT (dB)
Dwivedi et al. [22] Silicon MZI filter <=+15 (in 40 nm) 0.3 -25
Yang ez al. [24] Silicon MZ1 filter <=+10 (in 30 nm) N.A. -30
Xing er al. [23] Silicon MZI filter <=42.5 (in 60 nm) 1 -10
Our device SiN (PECVD) MZI filter <=42.0 (in 55 nm) 2.6 -30
Hassan et al. [25] Silicon MZI MUX 4 < 22 (all channels) 4.3 -15
Gao et al. [30] SiN (LPCVD) MZI MUX 4 18.7 (central channel) 1.8 -20
Bucio et al. [36] SiN (PECVD) AMMI MUX 3 10 (central channel) 2.5 -18
Our device SiN (PECVD) MZI MUX 4 <4.8 (all channels) 5.5 -22

as the wavelength increases [38]. For the central channel of a
silicon MZI filter, recently, Hiraki ez 2/. have achieved a thermal
sensitivity of -2.8 pm/°C by changing the TOC:s of the wave-
guide materials [21], and Lee ez al. have obtained a thermal
sensitivity less than 2.0 pm/°C by combining wide and narrow
waveguides [39]. However, the thermal sensitivity will increase
as the wavelength moves away from the central channel. For
example, Dwivedi ez al. have shown that the thermal sensitivity
of a silicon MZI filter increases to ~15 pm/°C as the wave-
length shift is 20 nm [22]. Owing to the low TOC of SiN,
our MZI filter exhibits a minimum thermal sensitivity of
0.6 pm/°C, while the thermal sensitivity is still less than
2 pm/°C for a wavelength shift of 25 nm.

B. Athermal 4-Channel (De-)Multiplexer
Consequently, we fabricated a 4-channel SiN (de-)multiplexer
by cascading the MZIs according to the previous design of MZI
filters in order to achieve athermal operation. The approach has
been described in Section 2. Then, for comparison, we also fab-
ricated a conventional 4-channel SiIN MZI (de-)multiplexer
based on normal waveguides. Figures 6(a) and 6(b) show the
normalized transmission spectra of the conventional and athe-
rmal MZI (de-)multiplexers at different temperatures, respec-
tively. It is found that their spectra are both red shifted,
while the spectrum shapes remain the same, as the temperature
increases from 25°C to 50°C. The measured thermal sensitivity
is 21.29 pm/°C for the conventional 4-channel MZI
(de-)multiplexer, consistent with the theoretical prediction for
this N-rich SiN based (de-)multiplexer. In contrast, the thermal
shift for the athermal (de-)multiplexer is much smaller. Table 1
summarizes the performance characteristics of the athermal
(de-)multiplexer at room temperature (25°C). The crosstalk
is below -22 dB for all four channels. The 1-dB bandwidth
is 2.2 nm, which accounts for 52.8% of the channel spacing.
The relatively large insertion loss of 5.2—5.5 dB is mainly attrib-
uted to the 3.96-dB loss in the MMIs (0.99 dB for each MMI),
whereas the loss in strip waveguides is only 1.3-1.5 dB.
Here, the propagation loss in a normal waveguide is
4.32 dB/cm. It indicates that the insertion loss of our device
can be further reduced greatly if the MMI splitters are opti-
mized. The channel spacing is 4.0-4.3 nm, and the non-
uniformness is possibly caused by the phase error induced
by the imperfect MMI couplers [40] and the enlarged group
velocity dispersion of waveguides in a wide spectral range.
Figures 7(a)-7(d) illustrate the spectral shift with tempera-
ture for all four channels of the athermal MZI (de-)multiplexer.

The thermal sensitivities are obtained by linear fitting the
experimental results. The minimum thermal sensitivity is only
3.18 pm/°C for Ch. 2, and the thermal sensitivity is smaller
than 4.8 pm/°C for all four channels, reduced by 77% com-
pared to a conventional SiN (de-)multiplexer. To implement
4-channel (de-)multiplexing, we have cascaded multiple
MZI filters with different FSRs. Then, for athermal operation,
the optimized structure of each MZI filter is quite different.
Thus, compared to an MZI filter, the 4-channel (de-)multi-
plexer is much larger, more complicated, and more sensitive
to the fabrication errors. As a result of the non-ideally fabricated
structure, the thermal sensitivity of our 4-channel (de-)multi-
plexer is larger than that of 2-channel MZIs. Table 2 summa-
rizes the performance of the reported athermal MZI filters and
(de-)multiplexers for comparison. It is seen that our thermal
sensitivity is the smallest for either the MZI filter or (de-)multi-
plexer, owing to the low TOC of SiN waveguides and athermal
design. It is the first demonstration of an athermal MZI (de-)
multiplexer in SiN using a passive thermal compensation
method. In addition, our devices are advantageous for low-
temperature fabrication and compatible with the post-CMOS
process.

5. CONCLUSION

In summary, we have demonstrated an athermal SiN
(de-)multiplexer based on asymmetric MZIs with a combina-
tion of wide and narrow waveguides. The MZI filter exhibits a
thermal sensitivity within £2.0 pm/°C over a wavelength
range of 55 nm to near 1300 nm. By cascading the athermal
MZIs, we have realized an athermal 4-channel MZI (de-)multi-
plexer with a crosstalk <-22 dB and a thermal sensitivity
<4.8 pm/°C for all the channels. The waveguiding and clad-
ding layers of devices are grown on a silicon substrate by low-
temperature PECVD, which is post-:CMOS compatible. It is
expected that the proposed athermal devices will find potential
applications in high-density optoelectronic integrated circuits.
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