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Optical Second- and Third-Order Nonlinearities in Plasma-
Enhanced Chemical Vapor Deposition-Grown Silicon

Oxides and Silicon Nitrides

Laurids Wardenberg,* André Kiihling, and Jérg Schilling

Optical second- and third-order nonlinearities (2’ and x(®)) in nonstoichiometric
silicon oxides and silicon nitrides grown by plasma-enhanced chemical vapor
deposition are investigated by second-harmonic generation (SHG) and electric
field-induced second-harmonic (EFISH) measurements. The free-space SHG
measurements with a fundamental wavelength of 1030 nm allow us to determine
the bulk y? values of both material platforms for various material compositions.
It is demonstrated that the bulk ¥? values can be strongly enhanced by
increasing the silicon content, reaching maximum values of the main y( tensor
component of xgl = 6.8pm V! for silicon-rich nitrides and xgl =8.0pmV~!
for silicon-rich oxides. EFISH measurements demonstrate that the y? values can
be pushed even further by adding a static electric field to the materials. Similar to
the y@ values, the y®) values are strongly enhanced by increasing the silicon

content, leading to a maximum 23, value of ~0.5 x 10" m?V 2 for the

following its discovery.’~®! The linear and
nonlinear optical properties can be tuned
by changing the deposition parameters of
the PECVD process.”! Here, the gas flow
ratios of the precursor gases SiH,, NHj,
and N, play a key role for the resulting opti-
cal properties. In general, a higher fraction
of SiH, in the used gas mixture leads to a
higher fraction of silicon in the deposited
silicon nitride. PECVD-grown silicon-rich
nitride (SRN) exhibits an increased refrac-
tive index and stronger absorption in the
visible and near-IR region compared to
stoichiometric silicon nitride (SizNy).l'"
In addition, it has been shown that a higher
refractive index is associated with an
enhanced optical second-order nonlinearity

silicon-rich nitrides and ~1.0 x 10~'® m?V~2 for the silicon-rich oxides.

1. Introduction

As a complementary metal-oxide semiconductor (CMOS)-
compatible material platform with its advantageous optical prop-
erties, such as high refractive index and low losses in the IR
spectral region, silicon nitride is widely used for passive inte-
grated photonic structures, for example, low-loss waveguides,
Mach-Zender interferometers, and ring resonators.!"™* Besides
that, the sizeable but rather unexpected optical second-order non-
linearity (y®)) of silicon nitride grown by plasma-enhanced
chemical vapor deposition (PECVD) has been known for more
than a decade and has gained a lot of interest in the years
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in SRN.*”) Besides the peculiar second-
order nonlinearity, SRN exhibits a large
classic third-order nonlinearity (y*)) up
to 10718 m?V~2, comparable to that of
silicon. ! These second- and third-order nonlinear properties
expand the field of applications of SRN from passive structures to
active structures capable of manipulating the wavelength of light,
such as second-harmonic generation (SHG) and third-harmonic
generation (THG) in waveguides and ring resonators, four-wave
mixing (FWM), supercontinuum generation, and parametric
down-conversion."*~% Moreover, the large third-order nonline-
arity can be utilized to further control and enhance the y by
applying a static electric field to the material.”-""! This so-called
electric field-induced second-harmonic generation (EFISH)
effect connects the applied static electric field strength Epc with
the y(® of the material to create a quasi- y(

[11-16

22 =37 Epc (1)

quasi

With this method a maximum y? value of multiple
10 pm V™! was achieved in SRN.”) Most studies targeting the
topic of tunable nonlinearities are limited to SRN with a refrac-
tive index of n < 2.2 in the near infrared.[®”?3 In this work we
expand the investigations of the material platform to silicon-rich
nitrides with refractive indices up to n < 2.7 to test the limits
of the achievable y® and to give a complete overview from
nitrogen-rich silicon nitride to high-refractive-index SRN.
Furthermore, we apply the same concept to PECVD-grown sili-
con oxides, a so-far mostly unexplored material platform for
effective SHG and EFISH applications, which has been shown
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to exhibit third-order nonlinearities similar to those of SRN.[**
Compared to silicon nitride, silicon oxides have the advantage of
an even larger refractive index tuning range extending also to
lower refractive indices of n > 1.45. Our SHG and EFISH meas-
urements allow the determination and direct comparison of the
second- and third-order nonlinearities of both material platforms
using the same deposition and characterization method. This
demonstrates the novel finding that silicon nitride is not the only
PECVD-grown material exhibiting sizeable optical second-order
nonlinearities and might indicate that PECVD itself is a poten-
tially interesting tool for creating various second-order nonlinear
materials.

2. Experimental Section

All samples consisted of a fused silica substrate coated with a
PECVD-grown material, either silicon nitride or silicon oxide.
For the deposition of silicon nitride, we used a PECVD recipe
with SiH,, NH3, and N, as precursor gases, where the total gas
flow and the flow of N, were fixed at 1000 and 950 sccm, respec-
tively. The flowrate ratio of SiH, and NH; was then varied to cre-
ate silicon nitrides with various silicon fractions, for example, a
ratio of 1:1 leads to stoichiometric silicon nitride. The deposi-
tions were processed at a temperature of 300 °C, a pressure of
500 mTorr, and radiofrequency (RF) power of 50 W. To deposit
silicon oxide, different PECVD process parameters were used. As
precursor gases we used SiH,, N,O, and Ar. The total gas flow
and the flow of SiH, were fixed at 1080 and 45 sccm, respectively.
To tune the silicon fraction of the silicon oxides, the ratio of SiH,
and N,O was changed by varying the flow of N,0. To maintain a
total gas flow of 1080 sccm the flow of Ar was adjusted accord-
ingly. Other process parameters were the temperature of 300 °C,
the pressure of 500 mTorr, and the RF power of 13 W. The
PECVD-grown films were investigated by ellipsometry to obtain
basic properties such as layer thickness and the refractive index.
The results are shown in Figure 1. The thicknesses of the depos-
ited films were in the range of 100-1600 nm.
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For EFISH measurements, where a static electric field was
applied to the investigated material while measuring the SHG
intensity simultaneously, electrodes were added to the sample
design. For that purpose, we coated the fused silica substrate with
a4 nm thin layer of chromium before we added the PECVD-grown
material. After deposition of the silicon oxide or silicon nitride, we
coated another layer of 4 nm chromium on top by sputter deposi-
tion. This led to a structure where the material under study was
sandwiched between the two chromium electrodes and it allowed
to apply a homogeneous static electric field to it (see Figure 2). Note
that the chromium layers acted as semitransparent electrodes.

3. Free-Space Measurements

To characterize the optical nonlinear properties of PECVD-grown
silicon nitride and silicon oxide, we perform free-space SHG and
EFISH measurements. For both types of measurements, the
same setup is used, but the sample design differs (see section 2).
A YD:KGW laser with a wavelength of 1030 nm, a pulse duration
of 180 fs, and a repetition rate of 1 kHz is used as the source for
the fundamental beam. We used an average power of 100 mW,
which corresponds to a peak power of ~1 GW. The setup
includes a half-wave plate, a polarizer, and a 1030 nm bandpass
filter before the sample and multiple 515 nm bandpass filters and
a polarizer behind the sample (see Figure 3). The 1030 nm band-
pass filter suppresses potential SHG light mixed in with the
fundamental beam before reaching the sample, while the com-
bination of the half-wave plate and the polarizer allows to change
the linear polarization direction and power of the fundamental
beam. The multiple 515 nm bandpass filters behind the sample
separate the SHG and fundamental beams by suppressing the
fundamental beam and transmitting the SHG beam emitted
from the sample. The second polarizer determines the polariza-
tion direction of the measured SHG signal. In the following, we
refer to the polarization configuration of the fundamental and
the SHG beam as s—s, s—p, p-s, or p—p, where the first letter
describes the polarization of the incident fundamental beam
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Figure 1. Refractive indices of the a) PECVD-grown silicon nitrides and b) silicon oxides at the fundamental wavelength 1030 nm and the SHG wavelength

515 nm.
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Figure 2. Schematic image of the sample design for EFISH measurements.
Reproduced with permission.*®! Copyright 2024, Optica Publishing Group.
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Figure 3. Schematic image of the setup used for SHG and EFISH meas-
urements. The half-wave plate in combination with a polarizer (P) allows to
adjust the intensity and polarization direction of the fundamental beam,
long-pass filter, and short-pass filter separate pump and SHG radiation prior
to sending the SHG beam through an analyzer (P) into the detector (PMT).
Reproduced with permission.®*! Copyright 2024, Optica Publishing Group.

and the second letter the polarization of the created SHG beam,
for example, p—s means p-polarized fundamental beam in and
s-polarized SHG beam out. For each measurement, the polariza-
tion stays fixed. The sample, located between the two different
bandpass filters, is mounted on a rotation stage to allow to vary
the angle of incidence during the measurements. The SHG sig-
nal is finally detected by a photomultiplier.

3.1. SHG Measurements

First, the SHG measurements are carried out on the samples
with PECVD-grown materials on fused silica substrates without
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chromium electrodes. The SHG intensity is measured while
rotating the sample and therewith changing the angle of incidence
from —60° to +60°. A typical result is shown in Figure 4a,b.
Besides the angle of incidence, the measured SHG intensity
depends significantly on the polarization configuration. For s—p
and p-p configuration, an SHG signal is detected, while for s—s
and p-s configuration the SHG signal vanishes. This is the case
for all silicon nitride and silicon oxide samples and is a strong
indication that all films exhibit an in-plane isotropy (symmetry
group C,,). This finding matches very well with the results in
the literature.”

3.2. EFISH Measurements

To perform EFISH measurements, the samples with additional
chromium electrodes are used. The angle of incidence stays fixed
at 22.5° for all measurements while the applied static electric field
is varied. Similar to the SHG measurements, no s-polarized SHG
was observed for all polarization configuration, indicating that in-
plane isotropy remains preserved. This is the case for all silicon
nitride and silicon oxide samples. Since the SHG intensity Isyg
is proportional to the square of y{?), according to Equation (1),
this leads to SHG intensity proportional to the square of the
applied static electric field strength

2 2
Isug ~ ‘)(Elu)asil ~ Epc’ 2)

Such a typical EFISH response curve is shown in Figure 5.

In contrast to Equation (1), the minimum of the SHG intensity
is not at Epc = 0Vm™". This can be explained by describing the
total ¥ as the sum of the quasi-y® of the EFISH effect and
field-free bulk y(?) of the material (see Section 3.1)

) )

@ _ @2
Xtotal = Abulk +x quasi (3 )

Since the sign of the quasi-y'®' depends on the sign of Epc,
both parts of the total y?) can sum up (equal signs of ;(](i)lk and

(b) p-p

0,5 = experimental data
" —— theoretical fit ngt
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Figure 4. Measured SHG intensities depending on the angle of incidence for a) s—p configuration and b) p—p configuration. Fits according to

Equation (5).
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Figure 5. Measured SHG intensity depending on the applied static electric
field strength. Fit according to Equation (2).

@
X quasi

the minimum of Isy is found where both balance each other out

) or counteract (different signs). If ;(](ﬁk and )(f]i)asi counteract,

2 2
o = el (4)

4, Evaluation

4.1. Determination of y(2) Tensor Components

To evaluate the data from the field-free SHG measurements and to
determine the effective y(?) values, an air—film—substrate—air model
suggested by Herman and Hayden is applied, which describes the
transmitted SHG intensity I,,, from a thin film by
_ 1287 (1) ()* (8)* (27L\ 2, 2,22

¢ (g co86,,)? 4 o et
Sil’lz (l//) + Sinhz (Sm - 6200)

V/Z + (6(11 - 620))2

IZm (6)
()

exp(—=2(8,, + 824))

1%, t%sw , and t2 are standard Fresnel transmission coefficients,
which are frequency, polarization, and angle dependent. They
describe the transmission at the air-film (af), film-substrate
(fs), and substrate—air (sa) interface, respectively. n,, is the
refractive index of the film at frequency 2w, L is the thickness

of the film, I, is the intensity of the fundamental beam at the

sample surface, and )(g% is the effective second-order susceptibil-
ity value of the investigated film (see Equation (9) and (10)).
Furthermore, the &’s and the y are related to absorption and
phase mismatch between fundamental and SHG beam within
the film, respectively. Here the relations are

2zl
Y= e (1, co8 6, — 1y, COS Oy, ) (6)

2zl k,

5 =~
@ A cosf

@
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and

5 2zl Ky,
207 ) cos by,

®)

where the k’s are the imaginary parts of the refractive index at the
frequencies w and 2w. As Equation (6) shows, the value of
depends on the dispersion of the material and the angle of inci-
dence. Therefore, the term in Equation (5) containing y gives rise
to the Maker fringe patterns, which can be seen for large angle of
incidence in Figure 4a,b. The measured SHG intensities are
compared via Equation (5) to the SHG response of a phase-
matched BBO crystal with a thickness of 10 pm and a known
% value. This results in angle-dependent effective y?) values
of the investigated films. A typical dataset is shown in Figure 6.

Since we already know that the films exhibit a C,,, symmetry,
we can describe the measured effective y® values for s—p and
p—p polarization configuration by!?®!

spiyd = 72 sin6,, 9)
p-pixe = £k sin 20, cos by,

(10)
+ §in 0y, (y12hcos26,, + y12sin20,,)

For symmetry group C,, it applies that ;(Efx)z = %(sz)x = ){@ =

)(1(,2, and y2, = ;(g,; while all other tensor components apart form
722 vanish. The notation we use here includes x and y as two
orthogonal in-plane directions and z as the film normal. By fit-
ting the angle-dependent effective ¥ values according to
Equation (9) and (10) (see Figure 6a,b), we can extract the non-

vanishing tensor components ;(,(Ci)z, )(g)x and )(,(ZZZ)Z from our meas-

urments. The results for the main component ;A}ZL depending on
the refractive index of the material at 1030 nm wavelength are
shown in Figure 7. The margin of error for y?) is +13%, arising
from fluctuations of the intensity of the input beam (£5%),
noises and counting errors of the photomultiplier tube (PMT)
(£10%), and inhomogeneity of the deposited film thickness

(£5%). For 72 and 42, the results can be found in the
Supplement 1. Note that for refractive indices larger than

~2.1, the increase of ;((Zzz)z depending on the refractive index
exceeds Miller’s rule (see Supplement 1).12”)

To confirm that the SHG signal has a bulk and not a surface
origin, we measured the SHG response for different layer thick-
nesses of the PECVD-grown materials. The result for silicon
nitride and silicon oxide is shown in Figure 8. The fact that
the measured SHG intensity rises with the square of the layer
thickness L is typical for a bulk response. This is shown in
Figure 8 by fitting the data to

Igng ~ 2 (11)

The results for the silicon nitride samples we obtained from
the free-space SHG measurements match very well with the y(?)
values given in the literature.l Yet an explanation for this bulk
2 is still pending.

Table 1 presents an overview of the main components of y?)
of silicon nitride reported in the literature up to now, including
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Figure 6. The intensities of Figure 4 are translated into ;(gg values by Equation (5) and shown here in diagram a,b), respectively. Fits according to

Equation (9) and (10), respectively.
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Figure 7. Determined main components of the field-free y(? tensor

depending on the refractive index at 1030 nm of the different silicon
nitrides (red) and silicon oxides (grey).

different wavelengths, refractive indices, and deposition meth-
ods. Our results (Figure 7) fit well to these reported values.
To our knowledge, no y?) values have been reported in the liter-
ature for silicon oxide yet.

4.2. Determination of the xiil,

To evaluate the EFISH measurements and to determine the main
¥ -tensor components, we first have to transform the measured

EFISH intensities (see Figure 5) into voltage-dependent 752, values

(see Figure 9). Since we already determined the field-free bulk pre
values of the PECVD-grown materials in Section 4.1, we can use

these values as the EFISH-;(&ZZ)Z values at 0 Vm ™. This allows an

Adv. Photonics Res. 2025, 6, 2400142 2400142 (5 of 8)
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Figure 8. SHG intensities measured for films with different thicknesses of

silicon nitrides (red) and silicon oxides (gray). Fits according to
Equation (11).

easy transformation from voltage-dependent intensities into
voltage-dependent )((Zi)z values. As predicted by Equation (1), the
EFISH- ;(,(ZZZ)Z values exhibit a linear voltage dependency (see Figure 9).

To receive the ;((Zi)zz values of the investigated materials, the

voltage-dependent 7%, values are evaluated according to

Equation (1), which gives

dr2, 3)
= 222z 12
= = 12)

Of course, the data can also be evaluated using the minimum

of the voltage-dependent ;(g)z values according to Equation (4),

where the following applies
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Table 1. ¥ main components measured for various silicon nitrides.

n )(ETZ‘;H [pmV7] Alnm] Deposition method Year
1.94 2.5 1064 PECVD 201206!
2.02 28.6 800 Magnetron sputtering 2013123
2.25 68.8 800 Magnetron sputtering 2013123
2.35 10.1 800 Magnetron sputtering 2013123
1.99 2.4 800 PECVD 2016!%
1.96 0.3 1550 LPCVD 2017834
1.9 0.8 1064 PECVD 201719
2.01 1.7 1064 PECVD 20171
217 5.1 1064 PECVD 20171
1.9 2.4 1040 PEVCD 20191
225 8 1040 PEVCD 201917
1.9 0.38 1550 PEVCD 2019
2.25 1.25 1550 PEVCD 2019
1.87 0.01 1030 PECVD This work
2.24 2.6 1030 PECVD This work
2.68 6.8 1030 PECVD This work
= experimental data
2,5 - .
A linear fit
2,04
2
€ 1,54
K=
sN
=
1,0
0,5+
010 T T T T T T T T T T 1
-40 -20 0 20 40 60
E [MV/m]

Figure 9. Determined main components of the y? tensor depending on
the applied static electric field strength. Fit according to Equation (1).

@

X zzz,bulk (1 3 )

= ‘ 3)( (zaz)zz E min

Here, ;((Zzz)zbulk is the field-free bulk ;&L tensor component and
Enin is the applied static electric field strength at the minimum of
the voltage-dependent )((Z?z values. Both evaluation methods lead
to the same results. The determined ;(?Z)ZZ values of all investi-

gated silicon nitride and silicon oxide films are displayed in

the diagram in Figure 10. The margin of error for ;((ZQZ is
+17%, arising from the uncertainty of )((zi)z,bulk (£13%), noises

and counting errors of the PMT (£10%), and uncertainty of
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Figure 10. Determined ;(EQZ values of the silicon nitrides (red) and silicon
oxides (gray) depending on the refractive index at 1030 nm wavelength.
The stars represent the y®) values given in the literature for stoichiometric
nitride and oxide, respectively. Note that the red star represents the litera-
ture value for stoichiometric nitride at 1550 nm wavelength and is there-
fore put in brackets.

the applied DC field (+5%). Note that the y©3) values of stoichio-
metric silicon nitride and silicon oxide given in the literature

align very well with the measured ;(QZZ values in this
manuscript.2%2831

Table 2 provides an overview of y* and n, measurements
performed by other groups over the last three decades. It includes
different methods such as Z-Scan, self-phase modulation
(SPM), FWM, and THG. Our EFISH measurements add a new
determination method to this repertoire and deliver complemen-
tary and new data, especially for the material platform of silicon
oxides.

5. Discussion

By conducting free-space SHG measurements, we observed a
surprising field-free bulk 4 in silicon oxides, as large as the
well-known bulk y® in silicon nitrides. For both material plat-
forms, the main component of the y?-tensor significantly
increases with rising silicon content and a corresponding higher
refractive index. For refractive indices larger than 2.4, the y(?)
main component of both materials exceeds that of traditional
nonlinear crystals such as BBO.’? For silicon oxides, the

field-free bulk ;(E,i)z could be increased by a factor of ~#80 between
the sample with the lowest refractive index and the sample with
the highest refractive index. The nitrides show a field-free bulk
)(g)z enhancement of afactor of ~23 between stoichiometric
nitride and the SRN with the highest refractive index. This dem-
onstrates a widely tunable and controllable optical second-order
nonlinearity by material composition in both material platforms.

Furthermore, the ;(izz)z can be additionally tuned by applying a
static electric field (EFISH effect). The strength of this effect
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Table 2. ¥ and n, values measured for various silicon nitrides and silicon oxides in chronological order.

Material n 73 %1071 m2y? ny, x 10713 cm?w™! Alnm] Deposition method Measurement method Year
SiN, 1.91 - 0.024 1548 PECVD Kerr 200818
SiN, 1.96 - 0.009 1550 LPCVD SPM 20102
SiN, - - 10000 800 Magnetron sputtering Z-Scan 2012024
SiN, - - 400 000 1400 Magnetron sputtering Z-Scan 201204
SiNy - 28.4 20 1064 Magnetron sputtering Z-Scan 201789
SiN, - 89 62.7 1550 Magnetron sputtering Z-Scan 20178
SiN, 2.01 - 0.025 1550 PECVD FWM 20171
SiN, 2.49 - 0.16 1550 PECVD FWM 201702
SiN, 2.71 - 0.21 1550 PECVD FWM 201712
SiN, 2.01 - 0.07 1550 PECVD FWM 2018129
SiN, 1.99 - 0.056 1550 Magnetron sputtering FWM 202087
SiN, 2.5 1.56 125 1550 PECVD FWM 2024091
SiN, 3.2 12.6 76 1550 PECVD FWM 2024
SiN, 1.96 0.02 0.014 1030 PECVD EFISH This work
SiN, 2.24 0.34 0.19 1030 PECVD EFISH This work
SiN, 2.68 49 1.91 1030 PECVD EFISH This work
Sio, 1.45 0.002 - 1064 Fused silica THG 2000837
SiO, - - 35000 800 Magnetron sputtering Z-Scan 201214
Sio, 1.45 - 0.0022 1030 Fused silica SPM 20199
SiO, 1.45 - 0.0022 1550 Silica glass SPM 202387
SiO, 1.68 0.01 0.008 1030 PECVD EFISH This work
SiO, 2.06 0.27 0.18 1030 PECVD EFISH This work
SiO, 2.64 11.1 451 1030 PECVD EFISH This work

is related to the third-order nonlinearity of the material. This
allows us to determine the y) values of the investigated silicon
nitrides and silicon oxides. Similar to the bulk y2) values, the y(®)
values are strongly enhanced by increasing the silicon content
and the corresponding refractive index. This leads to a y()
enhancement of afactor 100 from stoichiometric nitride to
SRN. For silicon oxide, the enhancement is even stronger with
a factor #5000 between stoichiometric oxide and the oxide with
the highest silicon content. Comparing the y(®) values of nitrides
and oxides with comparable refractive indices, it can be seen that
the y® of the oxides exceeds that of the nitrides by at least a fac-
tor 2. This makes silicon oxide an even more effective EFISH
material than silicon nitride.

6. Conclusion

In summary, this work provides an overview over the optical sec-
ond- and third-order nonlinearities of PECVD-grown silicon
nitrides and silicon oxides. PECVD-grown nonstoichiometric sil-
icon oxides, alongside the well-known PECVD-grown nonstoi-
chiometric silicon nitrides, are introduced as promising
candidates for nonlinear electro-optic applications on chip due
to their CMOS compatibility and the enhanced and widely tun-
able optical second- and third-order nonlinearities.
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