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Abstract
Silicon photonics has emerged as one of the most prominent technological platforms for photonic integration. Compared 
with silicon, silicon nitride has a much broader wavelength transparency range, lower propagation loss, and less sensitivity 
to temperature changes, making it suitable for the manufacture of passive devices. However, silicon nitride films deposited 
directly on the wafer by low-pressure chemical vapor deposition exhibit large tensile stress, which may cause cracks. In 
the work presented herein, a process was developed to fabricate crack-free 400-nm-thick silicon nitride films based on the 
200-mm complementary metal–oxide–semiconductor platform. The silicon nitride films were deposited in two steps, each 
followed by annealing. During the annealing, Si–H and N–H bonds in the film were broken and Si–N bonds were formed, 
thus improving the uniformity of the film and releasing the stress. Fourier-transform infrared measurements indicated that 
the films were in near-stoichiometric condition. Wafer-level testing showed that the propagation loss of an 800-nm-wide 
strip waveguide was 0.5 dB/cm to 0.7 dB/cm for the C-band. The insertion loss of waveguide crossing was approximately 
0.15 dB, and the crosstalk was below –43 dB. The insertion loss of 1 × 2 multimode interference was less than 0.3 dB, and 
the nonuniformity was smaller than 10%.
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Introduction

Silicon photonics provides a key technological platform 
that paves the way for large-scale photonic integration, 
featuring low cost and compatibility with complementary 
metal-oxide–semiconductor (CMOS) processes.1,2 This has 
led to its widespread application in several domains such as 
high-speed optical transceivers, laser radar, sensing, quan-
tum computing, and neuromorphic networks.3–8 However, 
some of the intrinsic properties of silicon pose challenges 
to the performance of devices in these applications; For 
instance, although conducive for the realization of opti-
cal switching, the high thermooptical coefficient of silicon 

makes silicon-on-insulator (SOI) devices strongly sensitive 
to temperature variations. In addition, the existence of two-
photon absorption makes SOI devices potentially inefficient 
in applications with high power density or for all-optical 
processing.9 Compared with silicon, silicon nitride and sili-
con dioxide have lower index contrast and higher mode limi-
tation in waveguides, which relaxes the fabrication tolerance 
and reduces the sidewall roughness scattering. The bandgap 
of silicon nitride is about 5.0 eV, making it transparent in the 
wavelength range from visible to mid-infrared.10 Further-
more, the thermooptical coefficient of silicon nitride is one 
order of magnitude smaller than that of silicon, so silicon 
nitride devices can maintain stable performance at various 
temperatures. Finally, silicon nitride exhibits negligible two-
photon absorption at a wavelength of 1550 nm.11 All these 
properties make silicon nitride an ideal material for use in 
passive photonic devices.

Silicon nitride films are usually deposited by low-pres-
sure chemical vapor deposition (LPCVD) at high tem-
perature (> 800°C) or plasma-enhanced chemical vapor 
deposition (PECVD) at low temperature (< 400°C).12 In 
fact, the composition of such films tends to deviate from 
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stoichiometric Si3N4 due to the formation of N–H bonds 
during the deposition process.13,14 N–H bonds exhibit a 
strong absorption peak near a wavelength of 1520 nm,15 
which increases the propagation loss of the waveguide. 
Deposition of silicon nitride films by LPCVD at high 
temperatures provides sufficient energy to break the N–H 
bonds, making them more suitable for the manufacture of 
low-loss photonic devices. However, LPCVD-based sili-
con nitride films that are deposited directly on the wafer 
show high tensile stress, and the wafer will crack if the 
stress exceeds the strength of the silicon nitride films.16

In the work presented herein, high-quality 400-nm-thick 
silicon nitride films were obtained on the 200-mm CMOS 
platform through LPCVD and annealing in two steps, 
which can effectively solve the problem of stress in the 
deposition process. The whole fabrication process of the 
silicon nitride films is first described. Then, the properties 
of the silicon nitride films and the performance of wafer-
level optical passive devices are discussed.

Experimental Procedures

The whole process for forming 400-nm-thick silicon nitride 
films was carried out on the 200-mm CMOS platform, as 
shown in Fig. 1. The fabrication started with 3-μm-thick 
thermal oxidation of the silicon substrate.

Deposition of Silicon Nitride Films

Silicon nitride films were deposited by LPCVD in two steps 
to reduce the stress. With the increase of the mean free path 
of gas molecules, the diffusion rate of molecules is acceler-
ated at low pressure, thus improving the deposition rate of 
films.17 At the same time, at low pressure, gas molecules 
have less chance of collision in the transport process, so 
there is less possibility of generating contaminants on the 
film surface. As a result, LPCVD-based silicon nitride films 
have less particle pollution and high uniformity of thickness.

To obtain 400-nm-thick films, the first deposition thick-
ness was 250 nm and the second deposition thickness was 
200 nm, because subsequent processing, such as annealing 
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Fig. 1   Cross-section of 400-nm-thick silicon nitride films pro-
cess flow: (a) 3-μm-thick thermal oxidation of the silicon substrate, 
(b) first deposition of 250-nm silicon nitride films by LPCVD, 
(c) annealing at 1050°C for 9 h and chemical–mechanical polish-

ing (CMP), (d) second deposition of 200-nm silicon nitride films 
by LPCVD, (e) CMP, (f) lithography and etching, (g) annealing at 
1050°C for 9 h, and (h) deposition of 3-μm-thick silicon dioxide as 
upper cladding
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and chemical–mechanical polishing (CMP), would make 
the films thinner. The films were deposited in an Applied 
Materials Centura SiNgen single-wafer reactor with SiH4/
NH3/N2 as source gases under 3.67 × 10−2 kPa pressure at 
800°C. During the second deposition, the wafer was rotated 
by 45° in order to distribute the uniaxial strain through the 
overall film thickness and reduce the accumulation of tensile 
stress.16 After deposition of the silicon nitride films, CMP 
was used to reduce the surface roughness, which is benefi-
cial to reduce light scattering from the surface and grain 
boundaries.18 The surface roughness of the silicon nitride 
films was investigated by atomic force microscopy (DIMEN-
SION ICON) over an area of 5 µm × 5 µm; the results are 
shown in Fig. 2. The root-mean-square roughness (Rq) of the 
surface was about 0.036 nm.

Hyperthermal Annealing

During hyperthermal annealing, Si–H and N–H bonds in 
the film are broken and Si–N bonds are formed, releasing 
H atoms, which makes the films more compact and thinner. 
Due to the film densification and viscous flow, the residual 
stress in the silicon nitride films increased at the early stage 
of annealing and then decreased in the subsequent annealing 
process.19 The silicon nitride films were annealed at 1050°C 
for 9 h in N2 atmosphere. The first annealing process was 
carried out after the first deposition of silicon nitride films, 
while the second annealing was carried out after lithogra-
phy and etching. This is because etching can release some 
stress to prevent the films from cracking at the early stage 
of annealing.

Lithography and Etching

During the lithography process, 800-nm-thick photore-
sist was used for spin coating. Deep-ultraviolet (DUV) 

lithography was used to define the waveguide and device 
patterns on the photoresist as a soft mask. An inductively 
coupled plasma (ICP) etching process was utilized to trans-
fer the patterns from the photoresist layer to the silicon 
nitride films. CF4 and CHF3 were used as etching gas under 
4.26 × 10−3 kPa pressure, and the SiO2 buried oxide was 
used as an etch-stop layer. The etching selectivity of the 
photoresist against the nitride layer was about 1:1. Scan-
ning electron microscopy (SEM) of waveguides was used to 
analyze the etching morphology (Fig. 3). The actual width 
of the waveguide obtained by etching was 808 nm (versus a 
designed width of 800 nm), and the sidewall inclination was 
about 85.5°, which satisfies the requirements for photonic 
devices.

Results and Discussion

Film Analysis

Thickness Analysis

A thin-film thickness measurement system (Nanometrics 
Nanospec 9100) was used to measure the thickness of the 
silicon nitride films. Figure 4a, b shows representative thick-
ness maps of silicon nitride films deposited by LPCVD. It 
can be seen that the film thickness after the first deposition 
was uniform, with an average of 249.5 nm and a standard 
deviation of 4.90 nm (< 2%). The uniformity of the films 
was worse after the second deposition, because the process 
parameters were adjusted to reduce the stress during the sec-
ond deposition.

The final thickness of the films was about 385 nm, 
which is mainly caused by annealing and CMP. As 
shown in Fig. 4c, about 10 nm of silicon nitride film was 
removed by CMP each time. Annealing is the main reason 
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Fig. 2   AFM images of surface of 400-nm-thick silicon nitride films (after CMP): (a) 2D and (b) 3D plots
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leading to the reduction of thickness. The thickness of 
the films decreased from 249 nm to 231 nm after the first 
annealing. Because of the atomic rearrangement during 
annealing, film densification occurred and the thickness 
decreased. The thickness change due to film densification 
can be described by an exponential function with a time 
constant, which is considered to be the film relaxation 
time.20 The relationship between the film thickness and 
annealing time can be described as follows:

where h(0) and h(∞) denote the initial thickness and the 
thickness of the film after infinite annealing time, respec-
tively. τ is the time constant, having an empirical value of 
about 22 min at 1100°C.19 Therefore, it can be calculated 
that each annealing will reduce the thickness of the silicon 
nitride film by about 7%, which is consistent with the experi-
mental results.

(1)h(t) = [h(0) − h(∞)]e−
t

� + h(∞),

FTIR Analysis

Fourier-transform infrared (FTIR) spectroscopy is an impor-
tant tool for characterizing silicon nitride films. It is gener-
ally used to obtain information about the bonding configura-
tion and composition of films. The wavelengths of peaks in 
the FTIR spectrum reflect the chemical bonding structure 
in the molecule, which can be used to identify the composi-
tion of the film. FTIR measurements were carried out in the 
mid-infrared region from 400 cm−1 to 4000 cm−1 for the 
silicon nitride films by using a Thermo-Nicolet 6700 FTIR 
spectrometer (Fig. 5). Bands were observed at 470 cm−1, 
840 cm−1, 1150 cm−1, 2180 cm−1, and 3350 cm−1, which 
correspond to Si–N symmetric stretching, Si–N asymmetric 
stretching, N–H wagging, Si–H stretching, and N–H stretch-
ing modes, respectively.21,22 The signals for Si–H bonds at 
2180 cm−1 and N–H bonds at 3350 cm−1 disappeared after 
annealing, indicating their breakage at high temperatures.

(a)

500nm

85.5

(b)

250nm

808nm

745nm

396nm

Fig. 3   SEM of 800-nm-width strip waveguide: (a) top view at 30°; (b) cross-section view

(a) (b) (c)

Fig. 4   The thickness of silicon nitride films: (a) representative map (after first deposition), (b) representative map (after second deposition), and 
(c) box plot of each process
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The inset of Fig. 5 shows that the intense absorption band 
corresponding to the Si–N asymmetric stretching mode was 
shifted from 830 cm−1 to 845 cm−1 after the two annealing 
processes, and the blue shift of the band positions indicates 
a decreasing Si content.23 The Si–N asymmetric stretching 
mode can be assigned as transverse optical (TO) for light at 
normal incidence, and the TO band positions increase lin-
early with increasing Si/N ratio x according to the relation24

where x is the N/Si ratio, �TO(x) is the TO band position, 
and �TO(4∕3) is the TO band position for the stoichiometric 
condition, having a value of about 840 cm−1.25 According to 
Eq. 2, it can be calculated that the silicon nitride films after 
two annealing processes were close to stoichiometric Si3N4.

Residual Stress and Refractive Index

The level of residual stress is an important characteristic of 
silicon nitride film, being composed of thermal stress and 
intrinsic stress. The thermal stress is caused by the mismatch 
of thermal expansion coefficient between the film and sub-
strate. The intrinsic stress is caused by lattice mismatch, 
crystallization, crystallite coalescence at grain boundaries, 
and phase transformations.26 Tensile stress exceeding the 
film strength will cause cracks in the wafer. The silicon 
nitride films were deposited on the buried oxide layer via 
LPCVD in two steps, each followed by annealing, which 
can effectively overcome the problem of excessive stress.

The residual stress (measured by a Toho FLX-2320-S thin 
film stress machine) and the refractive index at a wavelength 
of 633 nm (measured by a Nanometrics Nanospec 9100) of 
the silicon nitride films after each step of the process are 

(2)�TO(x) = 21.4(x − 4∕3) + �TO(4∕3),

shown in Fig. 6. The stress of the films decreased from about 
1200 MPa to 1050 MPa after annealing. This is because, 
with the increase of temperature, the activation energy of 
nitrogen and silicon atoms in the films are increased, which 
causes the defects formed during the deposition process, 
such as vacancies, interstitials, and dislocations, to recom-
bine or move to grain boundaries and disappear. As a result, 
the intrinsic stress of the silicon nitride films is reduced. In 
addition, annealing can release H atom in the films, and as 
the film becomes silicon rich, its refractive index increases.

Optical Measurements

Strip Waveguide

The strip waveguide is a fundamental device in silicon pho-
tonics. The performance of waveguides directly affects the 
entire photonic integration circuit, but also indicates the 
quality of silicon nitride films. The single-mode condition 
of a strip waveguide simulated by the finite-difference time-
domain (FDTD) method is shown in Fig. 7a; the width of 
the single-mode waveguide was designed to be 800 nm. The 
cut-back method was used to measure the propagation loss 
for a wafer-level waveguide.27 In this case, the propagation 
loss can be extracted by fitting a linear model to the meas-
ured optical transmission values (dB) as a function of length 
(cm), as the slope of the line corresponding to the best fit 
provides an estimate of the waveguide loss. This method is 
a powerful tool that removes the influence of factors such as 
coupling loss and bend loss.

A tunable laser was employed as the input light source, 
and a polarization controller was connected to the laser 
source to tune the input light to be transverse electric (TE) 
polarization. The laser source was coupled to the chip 
through a focusing grating coupler. The length of the wave-
guides was designed to be 4 cm, 6 cm, 10 cm, 20 cm, and 
30 cm, respectively. As shown in Fig. 7b, c, the propagation 
loss of the 800-nm-wide waveguide was approximately 0.5 

Fig. 5   Absorbance spectra of silicon nitride films; Inset: absorption 
spectrum of Si–N asymmetric stretching peak

Fig. 6   Residual stress and refractive index of silicon nitride films
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dB/cm to 0.7 dB/cm for the C-band, indicating that the sili-
con nitride films can satisfy the requirements for low-loss 
passive photonic devices. The loss was less than 0.5 dB/cm 
in the center of the wafer, but about 0.9 dB/cm at the edge 
of the wafer. This is because, at the edge of the wafer, the 
thickness of the silicon nitride films decreased and the con-
finement of the field was weakened, resulting in higher loss.

Furthermore, a comparison of the propagation losses at 
a wavelength of 1550 nm for the different silicon nitride 

waveguides deposited by LPCVD is presented in Table I. 
Compared with other waveguides of the same thickness, the 
waveguide deposited in two steps showed lower propagation 
loss, and this process could be used on larger-size wafers.

Waveguide Crossing

A waveguide crossing is a key device in optical communica-
tion networks and data centers, mainly being used to achieve 
crossing connections between multiwavelength networks.31 
Thus, achieving crossings with low loss and low crosstalk 
is very important for photonic integration. Figure 8a shows 
the optical power profile at a wavelength of 1550 nm passing 
through the crossing according to the 3D-FDTD simulation. 
The footprint of the crossing was 60 μm × 60 μm. A SEM 
image of the waveguide crossing is shown in Fig. 8b. The 
measured spectra shows that the insertion loss of waveguide 
crossing was approximately 0.15 dB, while the crosstalk was 
below −43 dB over the wavelength range from 1520 nm to 
1600 nm.

(a) (b) (c)

Fig. 7   Strip waveguide: (a) single-mode condition, (b) wafer-level loss measurements, and (c) histogram of propagation loss

Table I   Summary of propagation losses (at 1550  nm) for silicon 
nitride waveguides deposited by LPCVD

Size of 
Wafer 
(mm)

Dimensions, 
Height × Width 
(nm × nm)

Propagation 
Loss (dB/cm)

Ref.

/ 400 × 1000 1.3 28
/ 400 × 1000 0.72 29
100 800 × 800 0.37 30
200 730 × 750 1.7 16
200 400 × 800 0.5–0.7 [Current work]

(a) (b) (c)

Fig. 8   Waveguide crossing: (a) 3D-FDTD simulated profile, (b) SEM, and (c) measured spectra
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MMI

Multimode interference (MMI) offers the advantages of low 
insertion loss, large bandwidth, simple structure, and strong 
fault tolerance, being widely used in wavelength division 
multiplexing (WDM), optical switching, and other fields.32,33 
Figure 9a shows the optical power profile at a wavelength 
of 1550 nm passing through a 1 × 2 MMI according to the 
3D-FDTD simulation. The length of the MMI section (LMMI) 
was 81.5 μm, and the width of the MMI section (WMMI) 
was 12 μm. The SEM image is shown in Fig. 9b. The 1 × 2 
MMI, as the 3 dB splitter, has the cascade testing structure 
shown in Fig. 9c. It was measured that the insertion loss of 
MMI was lower than 0.3 dB while the nonuniformity was 
less than 10%.

Conclusions

Crack-free 400-nm-thick silicon nitride films were suc-
cessfully deposited by LPCVD using the 200-mm CMOS 
platform. LPCVD was applied in two steps to reduce the 
tensile stress in the silicon nitride films effectively. FTIR 
spectra showed that the silicon nitride films were close to 

stoichiometric Si3N4, indicating that the films will have bet-
ter optical performance. CMP was used to reduce the sur-
face roughness after deposition and thus reduce the light 
scattering from the surface and grain boundaries. A strip 
waveguide with propagation loss as low as 0.5 dB/cm for the 
C-band was obtained using this process. In addition, other 
low-loss passive devices such as a waveguide crossing and 
MMI were demonstrated, promoting high-performance and 
large-scale silicon-based photonic integration.
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