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Abstract: Si-based multilayer structures, such as porous silicon (PS) and germanium silicon (ε-Si), are widely used in 

current microelectronics and Micro-electromechanical Systems (MEMS). During the preparing process of Si-based multilayer 

structures, some inhomogeneous residual stress is induced, maybe finally leading to structure failure. Micro-Raman 

Spectroscopy (MRS) is regarded as an effective method for intrinsic stress measurement. In this work, MRS is applied to 

analysis the residual stress distribution along the cross section of Si-based multilayer structure. Raman experimental results 

show that there are noticeable residual stress in both silicon substrate and the films (including porous silicon film and 

germanium-silicon buffer layers). The residual stress is linearly varied in most regions, which leads to an overall warp of the 

structure. While nonlinear variation of residual stress appears at the interface between different films and Si-substrate. Based 

on the experimental results, a spectra-mechanical model for analyzing the transversely-isotropic material like porous silicon 

was presented. A set of detailed Raman stress relationship of porous silicon was achieved. For the study of strained silicon 

wafer, the structural analyses by using high-resolution transmission electron microscope (HR-TEM) were cooperated with the 

residual stress measurement by Micro-Raman. And an analysis procedure of the residual stress evaluation on multilayer 

germanium silicon structures was introduced. 
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1. Introduction 

Si-based multilayer structures are, and will still be in the 

imaginable future, the majority of the microelectronics and 

micro-electromechanical Systems (MEMS). For instance, 

because of its special properties including large specific 

surface area, high reactivity, diversiform topological structure 

and photo/electro-luminescence, porous silicon has been 

widely used in recent years in MEMS, 

optoelectronic/microelectronic devices and clinical 

medicine/pathology bio-sensors [1,2]. Meanwhile, strained 

silicon materials with germanium silicon buffer layers can 

improve the hole (or electron) mobilities of the NMOS (or 

PMOS) transistors, hence they have become standard units in 

current CPU and GPU chips in computers and mobile 

communication devices [3]. 

Nevertheless, intrinsic and/or processing residual stress 

always introduced into these Si-based structures during 

manufacturing [4]. Thus, it is necessary to study the 

experimental method of the effective and non-destructive 

residual stress measurement for Si-based structures or 

devices. 

Several methods have been used to characterize residual 

stresses in thin films such as curvature method [5], X-ray 

diffraction [6] and MRS [7]. Basically, curvature method 

detects the change of the substrate curvature before and after 

film deposition and calculates the stress of the film by using 

the Stoney equation [8]. This method provides an average 

stress value over the film area. Owing to its approximate 

algorithms of stress distribution, it is not suitable for a thin 

film with asymmetric stress distribution. X-ray diffraction 

measures stress by detecting the lattice deformation, and it is 

applicable to study the residual stresses in different layers in 

different depths of multi-layer structures. However, it is 

hardly applicable for the mechanical measurement on 
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microelectronic devices due to its inherent limitations in 

spatial solution and accuracy. 

In recent years, the residual stress measurement method 

based on MRS has a remarkable development for its special 

advantages such as non-destructive, noncontact, high spatial 

resolution (1µm) [9-12]. The mechanical application of MRS 

requires that the quantitative relationship between Raman 

shift and stress of the measured material is determined. Some 

common crystal materials, such as single-crystal silicon, 

polysilicon, GaN and SiC, have been well studied [13-15]. 

While quite a few materials, even including some widely-

used Si-based materials, are still requires basic investigation 

on Raman-mechanical methods [16,17]. For instance, some 

Si-based materials, such as porous silicon, have the different 

strain-stress relationship with that of the crystal silicon. Some 

Si-based alloy materials, such as germanium silicon, have 

complex Raman effects whose Raman shift is not only 

induced by strain. To measure the residual stress inside these 

materials, the Raman shift to stress relationship should be 

investigated firstly and quantificationally. 

This paper presents two methodologic works on the 

residual stress measurements of Si-based multilayer 

structures including porous silicon and germanium silicon. 

2. Residual Stress Analysis on Porous 

Silicon 

2.1. Samples and Experiments 

The PS samples were fabricated by electrochemical 

etching on 2” (100) silicon wafers (p
+
-type, 0.01~0.02 Ω·cm) 

with a 1:1 HF/ethanol solution. The PS layer was about 30µm 

in thickness and its porosity was estimated as 60% by means 

of usual gravimetric method. 

The experiments on porous silicon samples applied a 

Ranishaw RM2000 microscopic confocal Raman system with 

a 514nm Ar+ laser exciting light whose output was regulated 

to 1% (0.23mw) to avoid the laser-heating effect. A 50× 

Olympus objective was selected; hence the spot size of 

incident laser was about 2µm in diameter. 

2.2. Raman-Mechanical Model of Porous Silicon 

The spectrum of Raman scattering is composed of a few 

characteristic peaks corresponding to all the Raman-visible 

phonon modes. The location of each Raman characteristic 

peak is mostly determined by the vibration energy of its 

phonon mode, but it may vary more or less when the crystal 

lattice of the material deforms leading to an energy variation 

of lattice vibration. Take the monocrystalline silicon (abbr. C-

Si) as an example. The Raman spectrum of strain-free C-Si 

exhibits a single peak at about 520cm
-1

. This peak 

corresponds to the triply degenerate optical phonons, and its 

location may shift towards lower/higher frequencies when 

the lattice in tensile/compression, respectively. Since the 

macro-deformation of crystal (namely strain) can be regarded 

as the statistical accumulation of the micro-deformation of 

lattice, strain and stress measurement can be realized by 

detecting the Raman shift variation of the samples to be 

measured and applying the generalized Hooke’s law. 

The lattice dynamics secular equation of diamond-type 

crystal is as (1) [13]. 
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where p, q and r are material constants named as phonon 

deformation potentials, εij (i, j = x, y, z) are components of the 

strain tensor, and λ =w
2
 – w0

2
, w and w0 are the Raman shift 

of strained and strain-free sample, respectively. Besides, the 

Raman shift variation  induced by strain is smaller in 

magnitude than w0, 
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Therefore, the relation between ∆w and εij is built up by 

solving Secular (1) for the eigenvalue λ. 

As for the porous silicon in this work, a photo (Fig. 1a) of 

the cross-section sample obtained using a field-emission 

scanning electron microscope (FE-SEM) shows that the 

topological structure roughly resembles a bushy flourishing 

forest as Fig.1b illustrates. The pillars are nearly parallel with 

each other and vertical to the plane of PS film. The diameters 

of both pores and pillars are several tens of nanometers, 

about one magnitude larger than the size of grains and sub-

pores. All these measurements show that the porous silicon 

belongs to the transversely-isotropic material with diamond-

type crystal structure. 

By substituting the strain-stress relationship of the 

transversely-isotropic material into (1) and applying (2) at 

same time, the general Raman-mechanical relationship of 

transversely-isotropic material with diamond-type crystal can 

be achieved. While it should be noticed that there exists no 

normal stress on the measurement surface of material, i.e. σzz, 

σxx or σyy equals to zero on x-y, y-z or x-z surface, respectively. 

And the out-plane stress component σzz is usually negligible 

as for the film structure (shown in Fig.1(c)) without external 

loading. Hence the Raman shift to stress relationship for the 

residual stress measurement of the transversely-isotropic 

material is as follows. 
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where Ex are elastic modulus in x axis, νxy and νxz Poisson’s 

w∆
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ratios in x-y and x-z surface, respectively. 

 

Figure 1. (a) field-emission scanning electron microscopy (FE-SEM) 

photograph of PS. (b) Schematic of PS topological structure. (c) Schematic 

of macrostructure and coordinate system of PS (d) the stress state of main 

unit body. 

It can be seen from (3) that some physical and mechanical 

parameters of porous silicon material are required to 

determine the coefficients Ψ11, Ψ13 and Ψ33. These parameters 

includes w0, p and q, Ex, Ez, νxy and νxz. For the porous silicon 

with 60% porosity, p, q and w0 are regarded as approximate 

to those of single-crystal silicon since the crystal grains in 

porous silicon are dominated by single-crystal with a larger 

lattice size [18,19]. Thus, w0 = 520cm
-1

, p = −1.85w0
2
 and q = 

−2.31w0
2 

[20]. Besides, νxz = 0.09 [21]. The elastic modulus 

in x and z of porous silicon samples were detected by using a 

MTS Nanoindenter XP with by a pyramidal Berkovich 

diamond indenter, achieving Ex = 23.987GPa. The Poisson’s 

ratio νxy were measured by applying the digital speckle 

correlation method (DSCM) during step-by-step uniaxial 

compressive loading on the PS sample. The result is νxy = 

0.19. Hence the he Raman shift to stress relationship for the 

residual stress measurement of the porous silicon with 60% 

porosity is as follows. And those with other porosity can also 

be achieved by the same method, 

1

2

3

52.7                ( -

52.7                ( -

54.1       ( -

yy

xx

xx yy

w y z

w x z

w x y

σ
σ
σ σ

= − ∆


= − ∆
 + = − ∆

)

)

)

                            (4) 

2.3. Results and Discussion 

Fig. 2(a) shows the variation of Raman shift along the 

thickness direction of sample obtained by experiments, where 

the w0=519.08cm
-1

 was provided from the Raman detections 

on the stress-free wafer similar to those prepared into porous 

silicon sample. The distribution of residual stress on PS film 

layer and the substrate layer of single-crystal silicon along 

the thickness direction is shown in Fig. 2(b) by using the 

referrence shift 519.08 cm
-1

 and the Raman shift to stress 

coefficient as -52.7 Mpa/cm
-1

 and 435 Mpa/cm
-1

 for PS and 

silicon substrate, respectively. 

 

Figure 2. The distribution of (a) Raman shift and (b) residual stress in the 

PS-film structure along the thickness direction(the red line indicates the 

change trend of the residual stress). 

Fig. 2(b) shows that the residual stress in porous silicon 

material is tensile stress which is released somewhat in a 

small area near the surface. The stress inside PS is relatively 

stable with the value about 85Mpa, which has the same 

magnitude with the results obtained by using substrate 

curvature method [5], and this tensile stress is the primary 

cause of PS film fracture. The stress near the interface (or 

rather interphase) area between porous silicon film and 

silicon substrate has a large variation gradient. It changes 

sharply from tensile stress to maximum compressive stress. 

This is because numerous lattice mismatch was introduced in 

this area during the fabrication process of porous silicon. 

Except for the interface area, the compressive stress inside 

silicon substrate decreased gradually with almost linearity, 

and it can be deduced that the stress in the silicon substrate 

increased linearly to tensile stress from the stress variation 

trend given by test. It is reasonable because the tensile and 

the compressive stress of the cross section should be balance 

naturally. Therefore, the residual stress generated in PS film 

during the fabrication may cause the warpage of the whole 

structure. 

3. Residual Stress Analysis on ε-Si/Ge-Si 

3.1. Samples and Experiments 

The ε-Si/Ge-Si material in this work was prepared through 

ultra-high vacuum chemical vapour epitaxy (UHVCVD) [22]. 
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SiH2Cl2 gas was used as the Si source, GeCl4 as a Ge source 

gas, and H2 as the carrier gas. As the substrate, 5” (100) 

monocrystalline silicon wafer with 630µm in thickness was 

pre-treated by steeped in H2SO4 : H2O2 = 3:1 solution for 10 

minutes to remove the organic soil on the surfaces and then 

rinsing for 45s-50s in 10% HF solution to remove the oxide 

layer. The growth temperature was 900°C, and the pressure 

was 1.33×10
4
Pa. The component of germanium was 

increased linearly, forming a graded silicon germanium 

(GexSi1-x, x=0→0.2) buffer layer of 3µm thickness. Then, the 

growth rate was low down and the component of germanium 

was hold on to obtain a relaxed silicon germanium (Ge0.2Si0.8) 

buffer layer of 0.8µm thickness. Finally, a strain silicon cap 

layer of 10 nm was grown at 750°C and 1.33×10
4
Pa. 

The cross-section sample was prepared as follows. The Si-

based ε-Si/Ge-Si mutilayer wafer was cut to numbers of 

pieces. Two of them were pasted with ε-Si surfaces face-to-

face bonded by using epoxy resin, and two C-Si pieces, cut 

from 2” (100) monocrystalline silicon wafer with 430µm in 

thickness, were pasted outside the two ε-Si ones, respectively. 

The piece group was cut to thin strips, and then the cross-

section surfaces were polished to roughness Ra < 0.2nm. 

The Raman experiments on the cross-section sample 

applied a Ranishaw InVia microscopic confocal Raman 

system with a 532nm laser exciting light whose output was 

regulated to 10%. A 50× Leica objective was selected; hence 

the spot size of incident laser was about 1µm in diameter. 

After the Raman experiments, the cross-section sample 

was further prepared for the measurements by using 

transmission electron microscopy. 

3.2. Raman-Mechanical Model of Ge-Si 

The Raman spectrum of germanium silicon, shown in Fig 

3, has three mean peaks: Si-Si band around 500 cm
-1

, Ge-Si 

band around 400cm
-1 

and Ge-Ge band around 300cm
-1

. When 

Si element dominate the Ge-Si alloy, such as the buffer 

material in this work, the Si-Si band is enough strong and 

narrow to be applied for mechanical measurement. 

The basic Raman-mechanical model for crystal silicon (C-

Si) follows the lattice dynamics secular equation as (1). As 

for the backscattering measurement of the sample surface, 

the third eigenvalue equation is Raman visible [13]. 

 

Figure 3. Raman spectrum of germanium silicon. 
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, and 

Poisson’s Ratio µ = 0.278. Hence (5) becomes (6) in the 

biaxial stress state. 

3
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While, duo to the influence of the phonon confinement, the 

wavenumber change of Si-Si band in the Raman spectrum of 

germanium silicon is not only induced by strain. T.S. Perova 

[23]
 
presented an empirical relationships of wavenumber wSi-

Si, Ge content x and strain ε. 

Si-Si 520 68 830w x ε= − −                         (7) 

Equation (7) can be transformed into (8) 

( )3

Si Si +61.205 10 8ε w x−
−= − × ∆                  (8) 

As compared with (6), it can be seen that the Raman shift 

factor of the germanium silicon are basically similar to that 

of the monocrystalline silicon. The only difference is the 68x 

compensation of the wavenumber change for the influence of 

the phonon confinement. Therefore, the Raman-strain 

relationship of the germanium silicon in the biaxial stress 

state can be regarded as (9). 

( )3

31.209 10 68ε w x−= − × ∆ +                  (9) 

As for the backscattering measurement of cross-section 

sample, the second eigenvalue equation is Raman visible [13]. 

Meanwhile, the normal stress of cross-section surface is 

totally released and the material is in uniaxial stress state (the 

stress parallels the interface direction). Hence the Raman-

strain relationship for C-Si is (10). 
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And that for germanium silicon is (11). 

( )3

23.334 10 68ε w x−= − × ∆ +                       (11) 

3.3. Results and Discussion 

Fig. 4a shows the structure of the cross-section sample 

near the multilayer interface region. Fig.4b gives the SEM 

image of this region. Fig. 4c shows a high resolution TEM 

image achieved near the ε-Si layer and Fig. 4d is a low 

resolution TEM image near the germanium silicon buffer 

layer. It can be seen from Fig.4b~d that the strained silicon 

layers, the graded and relaxed buffer layers all have their 

designed thicknesses, via ~10nm, 3µm and 0.8µm. Besides, 

there are plenty of dislocations concentrating in the GexSi1-x 

layer. While, the Ge0.2Si0.8 layer and the Si substrate of the 

sample are clean and flat, without visible defects/dislocations. 
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Figure 4. (a) schematic of the multilayer interface region on the cross-

section sample, (b) SEM image of the region as (a), (c) high resolution TEM 

image near the ε-Si layer, (d) low resolution TEM image near the Ge-Si 

buffer layer. 

 

Figure 5. (a) Peak location image obtain by Raman mapping on the cross-

section sample, (b) Residual stress distribution along the deepness direction. 

Fig. 5a shows the image of peak location obtain by Raman 

mapping on the cross-section sample at a 50×24µm
2
 region 

near the multilayer interfaces. The step lengths of Raman 

mapping along the parallel and vertical direction to the 

interfaces are 1.2µm and 0.2µm, respectively. From both the 

Fig.5a, it can be seen that the Raman shift changes sightly 

inside the C-Si substrate but acutely inside the buffer layers. 

The residual stress of each position inside the C-Si 

substrate can be achieved directly by using (10) and 

regarding the Young’s Module of C-Si as 130GPa, where w0 

= 519.78 cm
-1

 was calibrated on a silicon wafer of the same 

production batch with ε-Si sample in this work and at the 

same day of above measurements. The residual stress inside 

the germanium silicon buffer layers were achieved by using 

(11) and regarding the Young’s Module of Ge-Si as following 

the ROM rule [24]. Hence the residual stress distribution 

along the deepness direction of this multi-layer structure is 

given as Fig. 5b. It can be seen there exists serious residual 

stress inside the buffer layers. 

4. Conclusions 

In summary, the Raman-mechanical study is based on the 

basic understanding on the wavenumber-strain-stress 

relationship. There exist a need methodologic work for some 

materials whose either former part of the relationship (viz. 

wavenumber to strain, such as the germanium silicon) or 

latter part (viz. strain to stress, such as porous silicon) are 

different with that of the traditional materials. 

In this work, a spectra-mechanical model suitable for 

transversely-isotropic material like porous silicon was 

presented. A mechanical method of the residual stress 

evaluation by amending the strain-induced Raman shift for 

the germanium silicon was investigated. Based on above, the 

distributions of residual stress along the deepness inside the 

Si-based multilayer structures were measured by using 

micro-Raman spectroscopy. 
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