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The lack of a dipolar second order susceptibility (χ(2)) in silicon due to the centrosymmetry of its 
diamond lattice usually inhibits efficient second order nonlinear optical processes in the silicon bulk. 
Recently the deposition of stressed silicon nitride layers and the corresponding inhomogeneous strain 
in silicon lead to the demonstration of second harmonic generation and electro-optic modulation in 
strained silicon waveguides. However, the respective impact of the stress/strain gradient and the 
involved interfaces was not clear. Here, we investigate the influence of the stress and the stressing  
silicon nitride layer using second harmonic generation measurements in transmission. The results  
show, that the enhancement of the second order nonlinearity arises from a constructive superposition 
of stress-induced and interface-related effects. Particularly, the stress gradient in silicon breaks the 
symmetry of the crystal lattice, while positive fixed charges at the silicon/silicon nitride interface are 
responsible for a pronounced electric-field-induced-second harmonic (EFISH) contribution. These 
results demonstrate the impact of external factors for the creation of an effective (χ(2)) in materials 
and open new perspectives for the use of second order nonlinear optical processes in silicon photonics. 

 
Although silicon photonics obtained an established 

technology basis in the last years, nonlinear optical pro- 
cesses like difference frequency generation or ultrafast 
electro-optic modulation using the linear electrooptic ef- 
fect are not possible in silicon. On a fundamental level 
this is caused by the centrosymmetry of the silicon crys- 
tal lattice, which results in a lack of a dipolar bulk (χ(2)). 
Therefore, nonlinear active devices based on silicon are 
usually fabricated by exploiting its third order nonlin- 
earity (χ(3)) [1] or combining various nonlinear materials 
with silicon [2–4]. However, since silicon exhibits a strong 
two-photon absorption in the near infrared, the efficiency 
of these processes is limited. Therefore researcher tried 
to breack the centrosymmetry of bulk silicon crystal de- 
liberately to induce a non zero χ(2) by using a free surface 
or an interface [5–8] or by deforming the silicon lattice 
through a stressing layer [9–11]. Recently, the stress- 
ing layer method was used to demonstrate second har- 
monic generation (SHG) [12] and electro-optical modula- 
tion [13, 14] in strained silicon waveguides. In both cases 
a silicon nitride (SiNx) overlayer was used to induce the 
stress inside the silicon waveguide core. However since 
some authors claim that a second order nonlinearity was 
observed from silicon nitride itself [15–19], the different 
impact of interface, stress and nature of the overlayer on 

 

  
 

  
 

FIG. 1. Reflection  Electron  Microscopy  (REM)  images  of 
the investigated waveguides facets. a) 500 nm SiO2 covered, 
named SiO2, b) 50 nm SiNx  layer, named SiN2, c) 500 nm 
SiNx completely coated, named SiN4, d) 500 nm SiN top 
coated, named SiN1 

 

 
the second order nonlinearity is not clarified yet. 

In this Letter, we investigate the influence of the stress 
and the existance of a silicon nitride overlayer on the sec- 
ond order nonlinear response of strained silicon waveg- 
uides. We will show a direct correlation of the integrated 
stress gradient in the silicon lattice (which is a measure 
of the breaking of the centrosymmetry of the Si-lattice) 
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TABLE I. Parameters of the samples investigated here. The 
reported stress values were obtained by wafer bow measure- 
ment on complete wafers coated under identical conditions as 
the respective samples. Negative stress values describe com- 
pressively stressed layer resulting in tensile stress in the silicon 
and vice versa. 

 
 

 
with the conversion efficiency for second harmonic gen- 
eration. In addition we discuss the impact of the silicon 
nitride cover layers and specifically of their interface with 
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Si. For this purpose a set of silicon-on-insulator waveg- 
uide samples was investigated under various conditions 
of mechanical stress. An overview of the different sam- 
ple structures is given in Fig. 1 and Tab. I.  The  set 
consists of a reference sample SiRef  with  uncoated  2 
µm thick Si strip waveguides resting on a buried oxide 
layer with the same thickness. Furthermore, a sample 
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SiO2 (Fig. 1 a)), whose waveguides were covered with a 
layer of stressing thermal oxide, was produced. A com- 
parison of the second harmonic (SH) conversion efficien- 
cies of both samples can be used to study the impact of 
the stress on the second order nonlinearity. Additionally, 
samples with different silicon nitride overlayers were pro- 
duced. Sample SiN0 was completely covered with a thin 
almost unstressed SiNx overlayer to investigate the influ- 
ence of the SiNx layer alone, excluding any stress related 
effects. To examine the combination of SiNx and stress 
effect, additional silicon nitride samples were processed 
with different stress extent, stress sign and layer thick- 
nesses. Except for sample SiN3, which was covered using 
low pressure chemical vapor deposition (LPCVD), all ni- 
tride covered samples were coated using the plasma en- 

 

 

FIG. 2. Simulated distribution of the stress component σxx 

along the cross section of 10 µm wide waveguides for sample 
SiRef a), SiN0 b) SiN1 c), SiN2 d) and SiO2 e), as well as the 
resulting stress gradient (arrows). 

 

 

of the second harmonic light in transmission represent a 
non-simple average of the local contributions along the 
waveguide cross section. Therefore, a total stress gradi- 
ent was used to describe the overall stress inhomogeneity 
in the various samples. This was quantified by integrat- 
ing the sum of the local gradients of the stress tensor 
components over the waveguide cross section as follows 

d σxx d σxx d σyy 

.  dx  . .  dy   . .  dx . 
 

 
to vary the stress in the deposited layer without changing 
the composition of the plasma [20]. 

To relate the second order response measured in the 
nonlinear transmission experiments with the stress state 
of the waveguides, a finite element method (FEM) model 
was employed to estimate the stress tensor across the 
waveguide cross section, where a plane stress regime was 
assumed [21, 22]. Fig. 2 shows the distribution of the 
normal stress component σxx and the local stress gradi- 
ent (arrows) for 10 µm wide waveguides of different sam- 
ples. Moreover, based on the sp3 orbital models [9, 10], a 
linear relationship between the second order susceptibil- 
ity χ(2) and the stress gradient was assumed. A rigourous 
analysis would require the study of the influence of the 
local stress gradient on the local nonlinear optical prop- 
erties of the waveguide core. However, the measurements 

dy dx dy 

A comparison of the stress distribution in the samples 
SiRef and SiN0 (Fig. 2 a) and b)) shows that the thin 
SiNx cover layer has no influence on the stress inside 
the waveguide. On the contrary, the stress distribution 
is slightly affected by the stress in the underlying oxide 
layer that is created during the fabrication of the SOI 
wafer (ΣSiRef = 436  N/m,  ΣSiN0  = 383  N/m)  [12,  23]. 
A stronger influence on the stress can be seen for the 
samples SiN1 and SiN2 with a stressed SiNx layer on top 
(Fig. 2 c) and d)). Both samples show almost the same 
Σ (ΣSiN1 = 1535 N/m, ΣSiN2 = 1559 N/m). However, as 
both samples are coated with layers of different thickness 
and stress level, the local stress gradients differ strongly 
from each other. In Fig.  2 e) the stress distribution 
in the SiO2 coated sample is shown, exhibiting a strong 

d σyy d σxy d σxy 

+ + + dA, (1) 
hanced chemical vapor deposition (PECVD) technique. 
Here, the method of dual frequency deposition was used 
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FIG. 4. SHG measurements of a 10 µm wide waveguide of 
sample SiO2 showing peaks at the fundamental (λω = 2.14 
µm) and SH wavelengths (λ2ω = 1.07 µm). The coupled av- 
erage power of the fundamental beam was about 0.15 µW. 
Inset I shows the zoom of SH peak, where the red line is the 
fitting Gaussian curve. Inset II shows the wavelength tunabil- 
ity of the SH signal. The red line is the expected relationship 
between λ2ω and λω. 

 
 
 

 
FIG. 3. Comparison between experimentally (left) and nu- 
merically (right) determined RSM. In case of a stressing layer 
the diffracted intensity shifts to higher Qz values (white line). 
The additional feature in a) and c) represents the analyzer 
streak related to the x-ray setup. The strong agreement of 
the RSM proves the accuracy of the FEM model used for the 

 

the respective cell due to the local strain. The data for 
the position of the displaced unit cells was taken from the 
FEM model that was calculated using the actual param- 
eters of the sample. For the artificial RSM the contribu- 
tion of several ridges was taken into account by summing 
over the contribution of N single ridge separated by a 
lattice constant Γ: 

calculations. 
 

total stress gradient of Σ 

 

 
= 3197 N/m. 

Atotal = Atooth · 1 + ei Qx Γ + · · · + ei QxN Γ
 

ei Qx Γ (N +1) − 1 
 

 SiO2 

To test the reliability of the employed FEM model for 
= Atooth · 

ei Qx Γ N − 1 
. (3)

 
the calculation of the stress gradients, the stress distri- 
bution in a reference system has been modeled. The 
system consists of (111) oriented, laser written [24] sil- 
icon grating structures, stressed by a 110 nm thermal 
SiO2-layer (σ = -450 MPa). The numerical results were 
used to calculate artificial reciprocal space maps (RSM), 
that were compared to experimental ones determined by 
high resolution x-ray diffraction (HRXRD) for the (111)- 
reflex. In comparison to the diffraction pattern of the 
unstrained grating (Fig. 3 a)), the strained grating ex- 
hibits to bending of its diffraction pattern in Qz direc- 
tion (Fig. 3 c)). The artificial RSMs were calculated 
using kinematic diffraction theory [25]. By this means 
the amplitude of the field scattered by a single ridge can 
be expressed as [26] 

A comparison between the experimentally determined 
and calculated RSM (Fig.3 a, c) and Fig.3 b, d), re- 
spectively) shows a good agreement for both cases - the 
stressed and unstressed geometries. This result proves 
that the FEM model is suitable to represent the actual 
stress distribution inside a stressed silicon waveguide and 
that the calculated inegrated stress gradient discussed 
above is reliable . 

To investigate the second order nonlinear optical prop- 
erties of the different samples, the SH signal from 2 mm 
long waveguides was measured in transmission using a 
tunable laser source with 100 fs-pulses at a wavelength 
of about 2200 nm. The coupling of the pump light in and 
out of the waveguides was accomplished by gold coated 
reflecting mirror objectives. By imaging the transmitted 

Atooth = 
∑ 

F exp 
(

i Q⃗  (r⃗i + u⃗(r⃗i))
) 

. (2) 
beam onto an IR Vidicon Camera, the best waveguide 
coupling was assured. The signal from the waveguide was 
also recorded by a Fourier transform infrared spectrom- 

The ridge is split into identical unit cells (10 × 10 atoms) 
with  a  form-factor  F  located  at  the  position  ⃗ri + u⃗(r⃗i). 
Here r⃗i describes the position of the cell in the unstressed 
case while u⃗(r⃗i) represents the additional displacement of 

eter (FTIR) equipped with a LN2-cooled InSb-detector, 
which allowed simultaneous recording of the signal at fun- 
damental and SH wavelengths (Fig. 4). For one spectrum 
an average of over 1000 single measurements was taken. 
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FIG. 5. Dependence of the experimentally determined non- 
linear conversion efficiency η on the total stress gradient Σ for 
10 µm wide waveguides under different stressing conditions. 
The lines are guides to the eye. 

 

 

To reduce the error when estimating the intensity of the 
SH peak,  a Gaussian curve was fitted to the spectrum 
(Fig. 4 Inset I). Inset II shows the typical linear depen- 
dence between the wavelengths of the second harmonic 
and fundamental beams for a SHG process. 

As it was not possible to estimate the exact SH inten- 
sity, no absolute χ(2) values could be calculated.  Instead, 
a relative conversion efficiency η was determined, which 
allows a comparison of the second order nonlinearities 
of the different samples measured under identical condi- 
tions. As the conversion efficiency was expected to be 
rather low, the effect of pump depletion was neglected 
here. The conversion efficiency was defined as: 

= 3197 N/m), the sample SiO2 shows a much larger total 
stress gradient, that indicates a stronger deformation of 
the Si-Si bonds in the crystalline lattice. The enhance- 
ment observed in the conversion efficiency can be thus at- 
tributed to the effect of the inhomogeneous stress inside 
the waveguide core, that agrees with earlier statements 
[12]. 

When studying the conversion efficiency of the samples 
coated with a stressing silicon nitride layer (Fig.   5),  it 
can be seen that η increases when the stress gradient 
increases. This is particularly obvious for the strongly 
stressed SiN2 sample. It has  the  same  film  thickness, 
but a very different stress level compared to the quasi 
unstressed SiN0 sample. This confirms the existence of 
the stress related effect on χ(2) also in the SiNx-stressed 
samples. 

To examine a possible nonlinear effect due to the SiNx 
layer itself, the conversion efficiencies of SiRef and the 
silicon nitride covered (but quasi unstressed) sample SiN0 
were compared. For SiN0 the conversion efficiency η is 
enhanced by a factor of approximately two compared to 
SiRef. This indicates  an  unexpectedly  strong  influence 
of the silicon nitride layer or its interface. In addition 
one notes, that this contribution adds constructively to 
the stress effect, leading to an overall stronger enhance- 
ment of the effective nonlinearity than in the case of sam- 
ple SIO2. Additional support for the superposition  of 
both effects (stress related and SiNx-related) is gained 
by adding the SiNx  layer contribution from sample SiN0 
to the conversion efficiency measured in sample SIO2. 
Interestingly, the resulting η value appears aligned with 
the trend observed for the other stressed SiNx covered 
samples (diamond marker in Fig. 5). 

The origin of the strong SH signal in the quasi un- 
stressed sample SiN0 is indeed puzzling. From the pre- 

η = 
I2ω 

ω 

(4) 
sented results, we conclude that the reason for its in- 
creased SH-intensity has to lie within the SiNx layer or 
the SiNx/Si-interface. However results and interpreta- 

that is the ratio between the SH intensity (I2ω) and the 
squared excitation intensity (Iω). 

Figure 5 relates the estimated conversion efficiency η 
to the calculated total stress gradient Σ. To ensure con- 
fidence in the obtained values, η has been evaluated from 
at least three different waveguides with identical param- 
eters. The error bars result from the maximum semi- 
dispersion of the determined values. For sample SiRef 
only a weak SH signal was generated.It is caused by con- 
tributions from the waveguide surfaces and the interface 
between silicon and native and buried SiO2 layers, where 
the centrosymmetry is locally broken. A clear increase 
of η was observed in the stressed SiO2 covered sample 
(SiO2) (Fig. 5). In this sample the interface contribu- 
tions can be considered comparable to the ones of sample 
SiRef,  since also SiRef carries a natural oxide layer of 
a few nm thickness. Instead, analyzing the mechanical 
states of the two samples (ΣSiRef = 436 N/m and ΣSiO2 

tions from literature are not conclusive in this respect. 
Previous studies on second order nonlinearity in silicon 
nitride reported the observation of a strong SHG from 
PECVD silicon nitride films grown on fused silicon ox- 
ide substrate [16], where the nonlinearity was assigned 
to a SiNx bulk origin. On the other hand, an interface- 
induced χ(2) was reported in thin film Bragg reflectors 
fabricated in various compositions of amorphous silicon 
nitride [17], in high-quality amorphous silicon nitride (a- 
Si1−xNx:H) Fabry-Perot microcavities [18] and in multi- 
layer silicon-oxy-nitride (SiON) waveguides [19]. Fur- 
thermore, a SH signal was generated in PECVD silicon 
nitride ring resonators [15], where the nonlinearity was 
attributed to the interface between the silicon nitride and 
the silicon oxide. In our case, the high index contrast in 
the present waveguides implies a strong confinement of 
the guided mode to the silicon core, which may exclude 
a deeper penetration of the mode into the silicon nitride 
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layer. Thus a contribution from a however possible sili- 
con nitride bulk χ(2) seems negligible in our case. 

To then clarify the impact of the SiNx/Si-interface 
we investigated the charge state of the SiNx layers. 
Capacitance-Voltage (C-V) measurements were carried 
out at SiNx-layers which were deposited in the same way 
as the samples SiN0 and SiN1 (see supplementary infor- 
mation). For both cases a very similar fixed areal charge 

density of σfix = 1.5 · 1012cm−2 and σfix = 1.2 · 1012cm−2 
was found for the SiNx-layers. Since the thickness of 
the SiNx-layers has no impact on the absolute charge of 
the layers, we conclude that the observed positive fixed 
charges are located within a very thin sheet close to the 
Si/SiNx-interface. For the given charge densities electric 
fields of 2.3 105V/cm and 1.8 105V/cm at the interface 
are obtained, respectively [27]. These fields are strong 
enough to create an inversion layer in the silicon, and al- 
though the electric field drops fast in an inversion layer, a 
sizeable field of the order of 104  V/m still penetrates for 
a few 100 nm into the silicon. In this region the electric 
field breaks the centrosymmetry of the silicon band struc- 
ture, so that electric field induced second harmonic gener- 
ation (EFISH) emerges from there. Consequently, in our 
waveguides the SiNx-related enhancement of the SHG in 
absence of stress can be attributed to the EFISH-effect 
in the space charge layer close to the Si/SiNx-interface. 
Note, that in silicon technology EFISH is a known effect. 
For example, it was thoroughly investigated at MOS- 
capacitors [28], where a voltage was applied across the 
MOS-structure generating electric fields of the order of 
105 V/cm in the silicon space charge layer.  As a result, 
a manifold enhancement of the SH signal was observed 
in reflection from the dielectric/semiconductor interface 
of the MOS-structure. 

Moreover, the similarity of the measured fixed charge 
density of the two samples is also surprising in a different 
way. Although the deposition regimes for the SiNx-layers 
were quite different to obtain the different stress levels, 
the same charge density was obtained. From this we 
might conclude that all our investigated SiNx-layers have 
the same fixed charge density and with this the same level 
of EFISH appears in all the SiNx-coated samples. This 
further supports our earlier assumption that we can add 
the same offset in SHG-enhancement to the conversion 
efficiencies of all SiNx-covered samples in Fig. 5. 

In conclusion, the influences of the inhomogeneous 
stress and the presence of a silicon nitride layer on the 
second order nonlinearity in silicon waveguides could be 
separated. Both schemes enhance the nonlinear optical 
response of the waveguides. While the stressed layers cre- 
ate an inhomogeneous strain field within the silicon and 
break its centrosymmetry in this way, the enhancement 
due to the SiNx  alone was attributed to the fixed pos- 
itive charges close to the Si/SiNx-interface, which lead 
to a strong electric field in the silicon near the interface 
and cause a pronounced EFISH contribution. It was also 

found, that both contributions add up constructively, 
which allows the combination of both methods to fur- 
ther enhance the effective nonlinearity of the waveguides 
in the future. 
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