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We describe work to quantify the effects of structured dielectric thin films, such as SiNx, 

at the surface of III-V semiconductors, in terms of strain engineering with applications to 

photonic components such as waveguides and lasers. We show that the strain in the 

semiconductor can be engineered by controlling the stress in the dielectric thin film by 

tuning its deposition process. In the first part of this study, we describe how we can control 

the amount of this built-in mechanical stress, in the case of SiNx, over a large range, from 

highly tensile (300 MPa) to highly compressive (-800 MPa), using two different kinds of 

plasma-enhanced chemical vapor deposition reactors: a standard capacitively-coupled 

reactor with radio-frequency excitation and an electron cyclotron resonance reactor with 

micro-wave excitation. We focused on characterizing and understanding these thin films' 

optical and chemical bonding properties through spectroscopic ellipsometry and Fourier 

transform infrared spectroscopy. We have also studied their mechanical properties 

experimentally using the wafer curvature measurement technique, microstructure 

fabrication, and nano-indentation measurements. In the second part, we show accurate 
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measurements of the strain distribution induced within GaAs wafers when such thin films 

are structured in the shape of elongated stripes of variable width, using standard optical 

lithography and plasma etching. For this, we map the anisotropic deformation, measuring 

the degree of polarization of the spectrally integrated photoluminescence (PL) generated 

within GaAs by excitation with a red laser. PL from the bulk cubic semiconductors such 

as GaAs and InP is unpolarized, whereas anisotropic strain produces some degree of 

polarization. These maps were measured either from the semiconductor surface or from 

cleaved cross-sections. They provide a detailed and complete image of the crystal 

deformation in the vicinity of the structured stressor film. Finally, we have performed some 

finite element simulations trying to reproduce the experimental maps. This investigation 

covering the different steps, including control of the built-in stress within the SiNx thin 

films, mapping of the anisotropic deformation field generated within the semiconductor 

beneath the structured films, and numerical simulation of these effects, allows us to propose 

a set of recipes that can be employed for strain engineering of III-V photonic components. 

Our simulation scheme is helpful for the design of the photonic components, e.g., to predict 

the local changes in the refractive index due to the photo-elastic effect. 

 

 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.11

16
/6.

00
01

35
2



 

 3 

I. INTRODUCTION 

Strain engineering in photonic devices appears in different areas of investigation. 

Examples are the control of optical waveguides1–3 during their fabrication, the optimization 

of the performance of diode lasers through the introduction of epitaxial strain in the 

quantum well (QW) active layer4,  or the monitoring of the perturbation in laser diode 

operation induced by mechanical stress resulting from the packaging of a laser diode chip5. 

Strain in semiconductor materials such as Si, GaAs, or InP and their compounds also 

modifies their dielectric response6. When the distortion is small enough, a linear 

relationship approximation between the change in the inverse dielectric function and the 

strain can be assumed, described by the photo-elasticity tensor. This approach has been 

widely used to describe the effect of strain on the refractive index at energies smaller than 

the band gap1. Because of their cubic crystal symmetry in the un-deformed state, Si, GaAs, 

and InP are normally characterized by a single isotropic refractive index. Any strain that is 

not hydrostatic modifies the refractive index into a matrix with some degree of anisotropy.  

Consequently, strain can introduce materials-related local birefringence, which 

may combine with the geometrical birefringence in a waveguide2. Strain in a waveguide 

can change the geometrical properties of the optical mode, the cutoff thickness, change a 

single-mode waveguide into multi-mode, change the waveguide's polarization properties, 

and affect its propagation losses1. Built-in strain in epitaxial QWs is generally incorporated 

during the growth of the active layer of semiconductor lasers. However, in general, this 

strain cannot be considered small enough for the linear relationship to hold4. To account 

for the effect of strain in this regime, for energies above the bandgap, a calculation of the 

modifications of both the valence and the conduction bands must be performed4. Strain in 

QWs is used to tune the optoelectronic characteristics such as gain and the polarization of 
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the stimulated emission4. Strain resulting from the packaging of a laser diode chip may 

affect both the optical transitions within the QW and the refractive index of the waveguide. 

Two "opposite" strategies for strain engineering, considering the effects of the 

mechanical strain on the photonic device, can be pursued. In the first strain engineering 

strategy, strain is considered a problem, and efforts are made to minimize the presence of 

strain in order to avoid any deleterious effect. In the second strategy, strain is considered a 

means to control the material's properties and is deliberately introduced in the 

semiconductor material to control its local properties and thus enhance some 

performance(s) of the photonic device. 

The possible origins of strain in photonic devices can roughly be divided into three 

classes: 

1. Strain caused by the presence of a layer or layers of material(s) with different 

mechanical properties at the surface of the device: for example, metal or 

dielectric layers. These are, in general, deposited above room temperature. This 

induces a strain field within the semiconductor because these layers possess an 

intrinsic built-in strain and because of the differential thermal expansion. This 

type of strain can be deleterious to any kind of photonic device if not controlled. 

Still, it can also be used to tune the local optical properties of the semiconductor 

through the "stressor" concept7. 

2. Epitaxial strain in the device's active layer, for example, in the QW of a 

semiconductor laser. This strain often is controlled during the epitaxial growth 

and is used to optimize the device's performance. 

3. Strain occurring during the back-end or packaging part of the fabrication 

process. In general, this is caused by the combination of different materials in 

the photonic module or the package. The magnitude should always be 

monitored to assess the device reliability, but measurements can be more 

difficult at this stage. 
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This paper describes our investigations on the effects of SiNx stressor structures on 

the strain profiles in their underlying GaAs substrates. Such stressor structures have been 

used to fabricate photo-elastic waveguides in these materials3,8 as well as in Si-based 

materials9,10. The first stage of our study deals with the control of the built-in stress in SiNx 

thin films obtained by plasma-enhanced chemical vapor deposition (PECVD). Numerous 

publications have already covered this field11; however, it is important for us to describe 

how we control this starting point of the built-in stress in our SiNx thin films by tuning 

some of the PECVD process parameters. The built-in stress was deduced from wafer 

curvature measurements. The optical and chemical bonding properties of the thin films 

were assessed from variable angle spectroscopic ellipsometry (VASE) and Fourier 

transformed infra-red spectroscopy (FTIR). The mechanical properties of the thin films 

(Young's modulus) were estimated from nano-indentation measurements and observations 

of the shape of test structures after partial release of the films from their substrate. In the 

second stage, the SiNx thin films were structured into elongated stripes by optical 

lithography and etching. This generates a strain field in the underlying substrate with strong 

spatial modulation, especially near the stripe edges. This strain field was determined 

experimentally using spatially resolved photoluminescence (PL) measurements. The 

specificity of our PL set-up is the analysis of the degree of polarization (DOP) of the PL, 

which was shown to provide a unique insight into the anisotropic strain5,12. This technique 

produces detailed maps of the anisotropic strain field by scanning the laser beam, either 

from the top surface or the cleaved surface below a SiNx stripe. In the third stage, we 

propose some schemes for the numerical simulation, using finite element tools, of the strain 

fields described previously. The simulation results are compared with the measurements. 
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We conclude by a discussion in which we emphasize the importance of controlling all these 

steps of the overall strategy in order to better predict the final specifications of photonic 

device such as passive waveguides fabricated using the concept of strain engineering. 

 

Various issues discussed in our work have already been addressed in other papers1–

3,12–14. A small fraction of these papers deals with the complete sequence of steps that must 

be covered to fully monitor the effect of strain on a specific photonic device3. Our main 

objective is to show how important it is to couple the best possible knowledge on 

controlling the built-in stress in the stressor layers with the most accurate strain 

measurement methods to develop efficient strain engineering techniques for photonic 

devices based on III-V semiconductors. 
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II. EXPERIMENTAL 

A. Plasma enhanced chemical vapor deposition of SiNx thin 

films 

Amorphous SiNx thin films were deposited on Si and Si-doped GaAs substrates using 

a commercial Corial-D250 capacitively coupled plasma (CCP) and a specially designed 

electron cyclotron resonance (ECR) PECVD reactors. The CCP reactor operates with 

radiofrequency (RF) power at 13.56 MHz, while the ECR system uses 2.45 GHz 

microwave (MW) frequency to yield the electron cyclotron resonance condition at 875 G, 

provided by an electromagnet. The details of the ECR PECVD system were presented in a 

previous study15. Before deposition, the substrates were dipped in HF:H2O (1:20) for one 

minute to remove the native oxide layer.  

For the thin films deposited with the CCP reactor, SiH4, Ar, NH3, and N2 were used 

as gas precursors, and the flow rates were kept constant at 20, 400, 50, and 250 sccm, 

respectively, and the total pressure was equal to 1500 mTorr. The substrate heater 

temperature was set to 280°C for all samples, and the RF power was varied from 20 to 170 

W. The deposition rates ranged from around 50 to 90 nm.min−1. 

 In the ECR PECVD reactor, SiH4, Ar, and N2 were used as gas precursors and the 

flow rates were kept constant at 2.8, 2.4, and 10.8 sccm, respectively. The total pressure 

was 1.7 mTorr. The substrate heater temperature was set to 350°C, which corresponds to 

120°C at the sample surface, and the MW power coupled to the plasma was adjusted from 

400 to 600 W. The deposition rates varied from around 1 to about 1.8 nm.min−1. 

Si substrates were used for the systematic study of the optical and mechanical 

properties of the SiNx thin films as a function of the deposition conditions. However, for 
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the second stage of this study (described in part C), we had to grow the SiNx thin films onto 

GaAs substrates and process these thin films into elongated stripes. Thin films on GaAs 

were deposited using the same reactor conditions as for the growth on Si substrates. We 

measured the built-in stress in these thin films deposited on GaAs substrates using the 

wafer curvature measurement method. Still, we did not perform any systematic study, 

contrary to what was done for Si substrates.  

 

B. Characterization of the as-deposited thin films 

1. Built-in stress from wafer curvature measurement 

We evaluated the built-in stress in the deposited thin films using the standard 

method of wafer curvature measurement in the framework of the Stoney model16. The 

curvature was measured before and after the deposition using a Tencor - Alpha Step 200 

Stylus profilometer. Variation of the RF power injected into the CCP reactor yields variable 

residual stress from tensile (+ 300 MPa) to compressive (– 400 MPa), as illustrated in fig. 

1. The higher the deposition power, the more compressively strained the film. Figure 1 also 

shows that the ECR PECVD SiNx films were all compressively strained, and higher 

injected microwave power yields less compressively strained films. 

 

Figure 1: Built-in stress versus excitation power for (a) 500 nm SiNx films deposited 

within the CCP reactor and (b) 500 nm SiNx films deposited within the ECR reactor. 

Substrate: Si. 
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As shown in fig. 1, we can obtain thin SiNx films with built-in stress between about 

– 790 MPa (compressive) and + 300 MPa (tensile) by only modifying the deposition power 

of the PECVD systems. 

 

 

2. Spectroscopic ellipsometry 

We used an M-2000U ultraviolet-visible J.A. Woollam variable angle 

spectroscopic ellipsometer (VASE) to measure thin films' absorption and refractive index. 

All results described here were obtained at a 70° incident angle. Subsequently, we 

evaluated the refractive index and the absorption of the thin films as a function of the 

wavelength using the Tauc-Lorentz model17,18. The optical bandgaps of the films can be 

extracted from the Tauc plots shown in Figure 2 (b).  

 

 

Figure 2: Effective refractive index at 632 nm (a) and Tauc plots derived from the 

optical absorption measurements (b) of the 500 nm SiNx films deposited within the CCP 

reactor. Substrates: Si. 

 

Figure 2 (a) shows only a slight increase in the refractive index (1.88<n<1.89) as a function 

of the deposition power for the SiNx films deposited within the CCP reactor, while fig. 2 

(b) shows that the optical band gap increases significantly from 3 eV to 4 eV with 

increasing deposition power.  

 

3. Fourier transform infrared spectroscopy 
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The chemical bond vibration modes of the SiNx films were analyzed by Fourier 

Transform Infrared Spectroscopy (FTIR). We performed the measurements using a 

BRUKER Hyperion 3000. The SiNx films deposited in the CCP reactor were 1.5 µm thick 

on double-side polished (DSP) Si substrates, while the samples fabricated in the ECR 

reactor have a thickness of 500 nm. All measurements were performed under ambient 

conditions, and the observed absorption range was from 300 to 4000 cm-1.  

As discussed in19, the typical vibration modes of SiNx are associated with the Si–N 

bonds in the stretching vibration mode at about 830–890 cm−1 and the N–H bonds in the 

bending and the stretching vibration modes at 1175 cm−1 and 3335 cm−1, respectively.  

The FTIR spectra of SiNx deposited in the CCP reactor using different RF powers 

(50 W, 80 W, 130 W) are shown in fig. 3.  

 

Figure 3: FTIR spectra of 1.5 µm SiNx films deposited by the CCP reactor at 50, 

80, and 130 W deposition power: Substrate: Si. (a) FTIR absorption range for SiNx from 

300 to 4000 cm-1, (b) Si-H absorption peak intensity, (c) N-H absorption peak intensity. 

 

We notice in fig. 3 (b) that the intensity of the Si-H absorption peaks increases when 

the deposition power increases from 50 to 130 W, whereas the absorption intensity for Si-

N bonds remains virtually constant (Fig. 3 (a)). 

 

Figure 4. FTIR Spectra of 500 nm SiNx thin films deposited in the ECR reactor at 

different deposition powers (400 W, 500 W, 600 W). Substrate: Si. 
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Contrary to the above, the FTIR spectra of SiNx thin films deposited within the 

ECR reactor show virtually constant absorption in the Si-H and N-H bonds when the 

deposition power changes (see Figure 4).  

 

4. Nano-indentation and other investigations of the mechanical 

properties 

Mechanical properties of SiNx materials have been intensely studied13,20 in relation 

to their extensive use in a broad range of applications such as Micro Electro Mechanical 

Systems (MEMS), microelectronics, and photonic devices. In the present study, Young's 

modulus and hardness were determined by nano-indentation measurements using a 

NanoTest Vantage instrument, with a maximum load of 1 mN and an average penetration 

depth through the samples of 50 nm. The recommended penetration depth21 is 10% of the 

film thickness to avoid substrate effects and obtain more accurate results. The force load 

versus the penetration depth is recorded. Young's modulus and hardness are calculated 

from the load-depth curves using Oliver and Pharr's analysis21. 

 

Figure 5: Young's modulus and hardness from nano-indentation for 500 nm SiNx 

films deposited in the CCP reactor with 130 W RF power (compressive built-in stress: -

300 MPa). Substrate: Si. 

 

Figure 5 shows that the Young's modulus and the thin film hardness increase with the RF 

power.  
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We have also used doubly clamped microbeams fabricated from films with well-

controlled built-in compressive stress to evaluate some of the elastic properties of these 

thin films. 

 

 

Figure 6: Cross-sectional schematic view of the process steps for the fabrication 

of a SiNx microbeam on top of a Si substrate using SiNx compressively strained films. 

 

Figure 6 shows a schematic of the process for the fabrication of a SiNx microbeam. After 

etching of the dielectric thin film into 15 µm wide stripes, we release the SiNx microbeams 

from the Si substrate using wet etching with tetramethylammonium hydroxide (TMAH) 

(5% solution at 85 C°). TMAH is known to produce anisotropic etching of Si. Figure 7 

shows a scanning electron microscope (SEM) image of such a microbeam obtained after 

etching and releasing a SiNx film deposited on Si by PECVD with initial compressive built-

in stress of – 300 MPa.  

 

Figure 7: SEM image of a micro-beam fabricated from a SiNx film deposited on a 

Si substrate using a CCP reactor with 130 W RF power (compressive built-in stress: -300 

MPa) 

 

We used the micro-beam buckling test to evaluate the Young's modulus of SiNx thin films 

whose built-in residual (compressive) stress was previously deduced from wafer curvature 

measurements. We took the value of the Poisson's ratio from the literature22 (ν=0.23). The 

procedure is described below: 
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First, we assume that the micro-beam has a uniform compressive residual stress σ along its 

entire length before it is released from the substrate. Once released from the substrate, the 

micro-beams regain their equilibrium length without mechanical stress and tend to bend 

perpendicular to the compression plane; thus, a buckling phenomenon is observed. The 

deformation of the microbeam was measured with a commercial Olympus confocal 

microscope with a blue laser diode to get as high an accuracy as possible on the 

measurement of the vertical profile of the released micro-beams ( 50 nm). Then, a curve 

fitting of the data was performed to extract the elongation of the micro-beams ∆𝐿 𝐿0
⁄ , 

where 𝐿0 is the initial length of the micro-beam before the release. This 

measured elongation can be correlated to Young's modulus E by the following formula: 

𝐸 ≈  𝜎𝑠𝑡𝑜𝑛𝑒𝑦 (
1

1−𝜈

∆𝐿

𝐿0
)
−1

 (1) 

  

We assume that the elongation of the microbeam is induced only by the magnitude of the 

built-in compressive stress. We have performed these measurements on the compressive 

SiNx thin films and calculated the Young's modulus values using a Poisson's ratio of 0.2322. 

Figure 8 shows the Young's modulus of compressively strained SiNx films using the 

microbeams technique and nano-indentation. 

 

Figure 8: Young's modulus of SiNx films with compressive built-in stress 

deposited on Si using a CCP reactor  

The Young's modulus values deduced from nano-indentation measurements appear higher 

than those deduced from the microbeams elongation, except for thick films. We can notice 

a slight increase in Young's modulus for the nano-indentation measurement while Young's 
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modulus measured from the microbeams elongation seem unchanged and slightly decrease 

for large compressive stresses. 

C. Mapping of the anisotropic strain by measurement of the 

degree of polarization of the photoluminescence 

We measured the degree of polarization of the PL (DOP-PL) to locally investigate 

the anisotropic part of the strain tensor. The DOP-PL results from the anisotropic 

deformation of a nominally cubic crystal. More precisely, the DOP-PL signal is related to 

the difference in the normal strain coefficients with two orthogonal directions in the plane 

perpendicular to the laser beam used for these measurements. We define the DOP of PL 

for material under study as 

𝐷𝑂𝑃𝑦 =
𝐿𝑥−𝐿𝑧

𝐿𝑥+𝐿𝑧
  (2) 

where 𝐿𝑥 and 𝐿𝑧 are the measured irradiance for light polarized along the x and z 

direction, respectively. In equation 2, "y" denotes the propagation direction for both the 

excitation laser beam and the detected PL signal beam, "x" and "z" are two directions in 

the perpendicular plane. We refer the reader to23 for the experimental details as well as the 

associated formalism. The principle of the DOP-PL measurement is to excite the PL at 

room temperature, using a 635 nm red laser focused on the surface of the sample. Thus, 

the substrate emits PL radiation polarized according to the stress state of the 

semiconductor. Note that the DOP-PL technique uses the spectrally integrated PL signal.  

After deposition on full (100) GaAs wafers, the built-in residual stress in the SiNx 

thin films was determined from wafer curvature measurements. All the SiNx thin films used 

in this part were fabricated using the CCP reactor, with deposition conditions identical to 
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those investigated previously for Si substrates. Note that the measured built-in stress was 

relatively similar (+/- 30 MPa) for films deposited under identical conditions on GaAs and 

Si substrates. Using the Stoney model24, we verified that the measured built-in stresses 

were scaled correctly with Young's modulus of GaAs and Si values. The small difference 

observed can be related to the thermal component of the residual stress, which is different 

because the coefficients of thermal expansion of the two substrates are different. SiNx films 

were subsequently patterned by photolithography and etched by reactive ion etching using 

an SF6 plasma. We performed DOP-PL measurements to map the magnitude and the 

distribution of residual mechanical stresses in GaAs (100) and InP (100) substrates induced 

by the presence of strained SiNx stripes on the top. Only results for GaAs are described and 

discussed in this paper for simplicity. However, results for InP were qualitatively similar. 

 

 

Figure 9: Geometry of a SiNx stripe on an InP or GaAs (100) substrate 

 

The DOP-PL as measured on the cross-section is related to the strain by the 

following formula5 (see fig. 9 for the x, y, and z axes): 

 𝐷𝑂𝑃𝑦 = −𝐶 · (𝜀𝑥𝑥 − 𝜀𝑧𝑧)  (3) 
 

where (𝜀𝑥𝑥 − 𝜀𝑧𝑧) denotes the difference in the normal components of strain. 

For the top surface measurements, the DOP formula is: 

 
 

𝐷𝑂𝑃𝑧 = −𝐶 · (𝜀𝑥𝑥 − 𝜀𝑦𝑦)  (4) 
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The DOP constant C depends on the semiconductor material, and it has been 

reported5 that C = C = 50 +/- 10 for GaAs. Thus, a positive DOP signal indicates that the 

crystal deformation is locally more compressive (or less tensile) in the x-direction than in 

the z-direction for the case of the (110) cross-section measurements. 

We scanned the samples with a step of 0.5 µm and a laser spot diameter of the order 

of a micrometer. The sensitivity of this technique to local strains is very high; strains as 

low as 10-5 can produce detectable DOP-PL signals. Thus, we can measure the anisotropic 

stress associated with a precision of the order of MPa.  

 

1. Top surface measurements 

 

Figure 10 shows DOP-PL measurements performed from the top surface across the 

stripe on a GaAs sample. 

 

Figure 10: DOP-PL top surface GaAs for two different SiNx 20 µm stripes (initial 

residual stress before etching: 285 MPa tensile in red (50 W) and -293 MPa compressive 

in blue (130 W)) deposited by a CCP reactor on a GaAs substrate. 

Due to the limited penetration of the excitation laser, the PL signal collected in this 

configuration is a weighted average of the PL signal in the 100 nm absorption depth in the 

substrate material beneath the surface. The stripes have widths in the µm range (e.g., 20 

µm in the case shown in fig. 10) and lengths in the mm range. This allows us to consider 

these stripes as infinite in length from the point of view of the strain tensor12. For a stripe 

that is infinite along the y-direction, it has been shown that the plane strain approximation 

in the (x,z) plane is valid for these samples12. Therefore 𝜀𝑦𝑦 can be considered negligible. 
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Consequently, for the top surface measurements, a positive DOP-PL signal indicates 

perpendicular compressive strain. . Sharp peaks can be observed near the stripe edges, with 

opposite signs inside versus outside the stripe. This behavior of the perpendicular strain is 

the signature of the discontinuity occurring after etching the stressor films and was first 

analyzed more than thirty years ago in the framework of the edge force model24. This model 

was further sophisticated, considering that the stress in the thin films undergoes relaxation 

near the edges (see discussion in12). Other interesting features are revealed by the DOP-PL 

line scans in fig. 10. First, the DOP-PL signal remains finite near the stripe center. This 

shows that the strain cannot be considered biaxial near the stripe center, even if this stripe 

is "broad". Second, the perpendicular strain propagates in the semiconductor outside the 

stripe over distances of several tens of µm.  
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2. Cross-section measurements 

 

In this part, we illustrate the use of cross-section mapping with the DOP-PL 

technique beneath stripes with different widths and residual stresses. After carefully 

cleaving the sample through the SiNx stripe, we performed measurements from the cross-

section to investigate the strain distribution induced by the stressor stripe. 

 

 

Figure 11: DOP-PL cross-section of GaAs for two different SiNx stripes (20 µm 

stripe in tension at 164MPa (a) and 50 µm stripe in compression at -280MPa (b)) 

deposited within the CCP reactor on GaAs substrates. 

Interestingly, fig. 11 shows that the anisotropic deformation in the semiconductor 

bulk remains significant to more than 10 microns in-depth for both the 20 µm wide tensile 

stripe and the 50 µm wide compressive stripe. However, the sign of the residual stress in 

the dielectric thin film reverses the sign of the anisotropic strain.  

 

III. Finite element simulations 

A mathematical description of the strain effects produced by stressor films is 

required to calculate the modifications expected from strain engineering using such films 

and further to predict the changes occurring on photonic devices. In order to have an 

efficient tool for the design of photonic components, we chose a finite element approach. 

Different sets of differential equations were included to account for linear elasticity for the 

different materials involved (semiconductor substrate and dielectric stripe stressor) and for 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.11

16
/6.

00
01

35
2



 

 19 

thermal expansion of the different materials since the thin films are deposited above room 

temperature. 

We used COMSOL Multiphysics® for our numerical approach to the coupling 

between different mechanisms of deformation. In addition to this choice, an important issue 

is choosing between a two-dimensional (2D) versus a three-dimensional (3D) simulation. 

When the designed components have a dimension that is "long enough" (such as stripes 

whose length is of the order of at least 100 times the perpendicular dimensions – width and 

thickness), the 2D with plane strain assumption25 is appropriate. It allows for an accurate 

calculation of local materials' properties affected by stress (such as the refractive index) in 

any cross-section. We have checked the validity of the 2D simulation for long devices such 

as stripe stressors at the surface. 

After choosing the adequate configuration, the next step is translating the state of 

mechanical stress in the thin film into the numerical simulations. Different routes have to 

be taken, depending on what we know about the origin of stress (intrinsic stress due to the 

details of the deposition process itself or stress due to the coefficient of thermal expansion 

(CTE)) and the geometrical details of the device being considered. To illustrate this 

consideration, let us take two simple cases and comment on the possible choices: 

1) Stress engineering based on a stripe stressor thin film at the semiconductor 

surface (such as illustrated in the experimental results in figs. 10 and 11): we 

can either assume that the strain field results from the cooling down of the 

sample comprising two materials with different CTEs or assume that etching 

was performed at room temperature through a thin film with initial built-in 

stress. The second assumption seems more physically realistic since the cooling 
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down step is performed before etching the stripe. However, we have checked 

that both assumptions yield very similar strain/stress distributions. For the 

second assumption, we have defined the difference in CTE in such a way that 

the biaxial thermal stress is equal to the initial built-in stress. 

2) Evaluation of the effect of deposition of a thin film dielectric layer on top of a 

device with 3D structuration, such as an etched semiconductor stripe: in this 

case, the only way we can run a simulation is through assuming different CTEs. 

However, for this to be valid, the mechanical properties of the dielectric thin 

film need to be the same on the horizontal surfaces and on the etched vertical 

walls (for an etched semiconductor stripe with vertical walls, for example), 

which is difficult to check experimentally. 

We have tried validating our numerical simulation approach by comparing it with 

the DOP-PL profiles and maps. In the following, the COMSOL simulations were 

performed using a two-dimensional plane strain model with standard free surface 

conditions and prescribed displacements. We have considered the stress in the thin film 

assuming an initial stress condition (bi-axial stress equal to the built-in stress deduced from 

the curvature measurements). We took the elastic properties for the GaAs substrate from 

the literature26 and our experimental determination (see section II) for the deposited SiNx 

thin film. 

A. Comparison of simulations with DOP-PL line scans on the 
top surface: 

We cannot use equation 4 directly because the normal deformations 𝜀𝑥𝑥  and 𝜀𝑦𝑦  vary 

(strongly) along the vertical dimension z (see fig. 9 for the x, y, and z axes). A generalized 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.11

16
/6.

00
01

35
2



 

 21 

formula of DOP-PL, taking into account the penetration depth of the excitation laser beam, 

has been proposed and validated against experimental data12 using a generalized analytical 

model for the deformations. However, applying this formula in the framework of our 

numerical simulations performed with COMSOL Multiphysics, even in the 2D approach, 

revealed computationally intensive. To provide a simple comparison of our simulation 

approach with the experimental data from the top surface, we applied equation 4, taking 

the values 𝜀𝑥𝑥 calculated at the penetration depth of the excitation laser beam at 635 nm. 

This penetration depth is defined as 
1

𝛼
 where α is the absorption coefficient. This 

approximation is validated because the material around this penetration depth has the 

highest contribution to the DOP-PL signal, taking into account the strong variation of 𝜀𝑥𝑥 

as a function of z close to the surface and the z-dependence of the incoming laser excitation. 

𝜀𝑦𝑦 was taken to be zero, as explained above. The resulting experimental and numerical 

line scans are shown in figure 12. As can be seen, the agreement is satisfactory. 

(determination coefficient R2 =0.78).  

 

Figure 12: A comparison of DOP-PL simulations with DOP-PL line scans on the 

top surface of a 20 µm SiNx stripe with 164MPa tensile stress. 

 

B. Comparison of simulations with DOP-PL maps on the 
cleaved surface: 
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Figure 13 shows a simulation of the DOP-PL signal from the cross-section. For this 

configuration, the problem of the depth-dependence of the normal deformations 𝜀𝑥𝑥 and 

𝜀𝑧𝑧 does not occur if one assumes that the cleaved surface only modifies elements of the 

strain tensor with a component along the y axis. Fig. 11 shows a comparison of our 

experimental and simulated results for the DOP-PL on cleaved cross-sections in areas close 

to SiNx stripes with different widths and built-in stresses; we performed the simulation to 

compare with the experimental maps of fig. 11.  

 

Figure 13: A comparison of DOP-PL simulations with experimental DOP-PL for 

two different SiNx stripes, a 20 µm stripe in tension 164MPa (a) and its simulation (c), and 

a 50 µm stripe in compression -280MPa (b) and its simulation (d), on GaAs substrates. 

 

Fig. 13 shows details of the simulated DOP-PL signal, which are not all identified 

on the experimental map, especially at the edges. We attribute this to the limited spatial 

resolution ( 1 µm) of the experimental DOP-PL maps. We notice good agreement with 

the experimental mapping in fig 13 (a) and (b). The anisotropic deformation in the 

semiconductor bulk remains significant more than 10 microns in depth. 
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IV. DISCUSSION 

The experiments described in this paper aimed to show how important it is to 

control the deposition conditions during the SiNx PECVD process to produce stressor 

layers and how the built-in stress in SiNx thin films affects the underlying GaAs substrate.  

First, we have controlled the built-in stress in our SiNx thin films by tuning the 

deposition power of the CCP and ECR PECVD systems. The built-in stress was deduced 

from wafer curvature measurements. We observed that the deposition power affects the 

built-in stress of the thin films differently in the two systems. Therefore, a better 

understanding of the residual stress during the growth of thin films on semiconductor 

substrates is required. We assume that the changes in built-in stress are mainly due to 

microstructural and/or chemical bonding modification within the deposited films resulting 

from the ion bombardment13 during the deposition. We assessed the thin films' refractive 

index and absorption from spectroscopic ellipsometry and the hydrogen incorporation from 

FTIR measurements to investigate the microstructure of the films. We assume the porosity 

of our amorphous films constant since the refractive index does not change significantly; 

however, the deposition power influences the defects concentration in the SiNx films. As 

discussed in26, the main defects in amorphous SiNx films are the Si and N dangling bonds. 

We measured an increase in the optical band gap at high deposition power, which we 

attribute to a decrease of deep states associated with dangling bonds. Since there is enough 

hydrogen in the mixture to passivate all the dangling bonds, we assume that the hydrogen 

concentration in the films determines the optical bandgap. In the FTIR results, we noticed 

that at low deposition power, the films tend to be more hydrogenated, which leads to a 

lower optical bandgap and more tensile residual stress. We have measured the mechanical 
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properties of the thin films (mainly bi-axial Young's modulus) from nano-indentation and 

measurements of the shape of microbeams after partial release of the films from the 

substrate. The Young's modulus values deduced from nano-indentation measurements 

appear higher than those deduced from the microbeams elongation, except for thick films, 

where the effect of substrate interaction on the nano-indentation measurements is less 

significant. However, the Young's modulus difference between these two methods was 

expected because they use different principles. The nano-indentation induces elastic and 

plastic deformation on the thin films, whereas the microbeam technique does not apply any 

external stress or deformation to the films. We assume that other reasons may explain this 

difference, such as the impact of TMAH on the SiNx microbeams' microstructure. As 

discussed in27, the compressive built-in stress would also affect the nano-indentation results 

by increasing the Young's modulus values. As a matter of fact, the estimation of SiNx films' 

Young's modulus using different methods is not trivial and deserves more detailed studies 

in the future. 

Second, the SiNx thin films were structured into elongated stripes by optical 

lithography and etching. The stripes generate a strain field in the underlying substrate with 

strong spatial modulation, especially near the edges. There is a clear correlation between 

this controlled built-in stress and the resulting local deformation in the semiconductor 

material. We determined the strain field beneath the stripes experimentally using spatially 

resolved analysis of the degree of polarization of the photoluminescence. The simulation 

results, using finite element tools, agreed with the experimental measurements and could 

be used to design devices such as photo-elastic waveguides and explain the effects 

observed by manufacturers of such devices. We chose not to cover too many examples of 
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such studies in this short review; however, we give references where the reader can find all 

the necessary details. 

Our approach to the control and characterization of stress presented in this paper 

should prove very useful in the strain engineering of photonic devices using stressor layers 

deposited by PECVD systems. 

 

V. CONCLUSION 

In this work, we first focused on the deposition techniques themselves (standard 

CCP- PECVD and ECR-PECVD) to obtain the best possible control of the dielectric thin 

films (structure and built-in stress). Then, we described the results of physical 

characterization of the thin films themselves using VASE, FTIR, nano-indentation, and 

profilometry. We also characterized the semiconductor material near the dielectric thin film 

structure using DOP-PL. Some of the deposition and characterization techniques were 

developed in our laboratories, allowing us to go beyond standard approaches. The third 

focus is on modeling the behavior of the different thin film systems investigated, especially 

the induced mechanical stress distribution into semiconductor materials by the presence of 

thin-film dielectric structures. Several approaches were developed for modeling. However, 

we chose to investigate only one example in this paper. 
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