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Strained silicon-on-insulator (sSOI) substrates were characterized using multi-wavelength, high resolution, polychromator-
based micro Raman spectroscopy and normal incidence optical reflectance spectra measurement. Significant Raman shifts
towards the lower wavenumber side, corresponding to tensile stress, and broadening of the Raman peak in sSOI thin films
were observed. The stress and crystallinity of sSOI were characterized from the shift and full-width-at-half-maximum data.
The thickness of strained Si and buried oxide film of sSOI was estimated from the optical reflectance. Multi-wavelength
Raman and optical reflectance measurement, when used together provide a useful and practical non-destructive stress, and
structural characterization technique for nano-scale sSOI.
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Introduction

Strain engineering has been a key research area for

channel mobility enhancement for over a decade. High

mobility of a strained Si channel has been widely

used in high performance, complementary metal-oxide-

semiconductor field effect transistors (CMOSFETs)

[1-3]. For further device performance enhancement, stress

and strain engineered Si, SiGe/Si, strained silicon-on-

insulator (strained SOI or sSOI) and strained Si

grown on a relaxed SiGe-on-insulator (SGOI) have been

explored [1-7]. The sSOI configuration is believed

to be suitable for 45 nm generation and smaller devices

in high speed and broadband communications appli-

cations. 

Nano-scale strained Si and ultra-thin silicon-on-

insulator (SOI) substrates are intended for fully depl

eted (FD) device applications to reduce short channel

effects in CMOSFET with a design rule of 45 nm

generation [8]. Since devices are directly fabricated on

SOI or sSOI substrates, the properties of the basic

materials must be well characterized and monitored.

Non-destructive and easy-to-implement in-line char-

acterization techniques must be developed for commercial

applications.

Raman spectroscopy is a non-contact and nonde-

structive characterization technique which is very sen-

sitive to strain and stress in semiconductor crystals

such as Si, Ge, Si1-xGex, GaAs, GaN, SiC etc [9-12].

There are several recent publications on Raman char-

acterization of SOI and sSOI substrates at a single

excitation wavelength of choice [13-15]. By changing

the wavelength of the illuminating signal, we obtain

information from different depths. The probing depth

of Raman measurements strongly depend on the light

absorption properties of materials being examined at

the excitation wavelength [16-19]. Since SOI and sSOI

substrates are combined with a variety of Si top layer

and buried oxide (BOX) thicknesses, the excitation

wavelength should be chosen carefully. Unlike bulk Si

substrates, SOI and sSOI substrates always show

distinctive color due to the structure originated inter-

ference fringes. Probing depths of a given excitation

wavelength can vary significantly, depending on the

structure of the SOI and sSOI substrates. Very high

resolution, multi-wavelength Raman measurements

are required to properly characterize SOI and sSOI

substrates. For statistically meaningful characterization

and monitoring of high quality crystalline semiconductor

materials, very high spectral resolution, measurement

repeatability and long term stability (< 0.1 cm−1) are

required. Conventional monochromator-based, compact

Raman systems with moving mechanical and optical

components cannot provide the stringent performance

required for semiconductor material characterization.

A polychromator-based, high resolution multi-

wavelength micro-Raman spectroscopy system (MRS-

300) has recently been developed by Yoo, et al. and

various characterization applications on Si stress in

flash memory devices, Si stress surrounded by Cu

filled through silicon vias (TSVs) and Si1-xGex/Si have

been reported [16-19]. Raman signals from Si are

measured and intensity, shift in wavenumber (cm−1),

full-width-at-half-maximum (FWHM), and asymmetry

of the measured Raman peaks, are extracted and
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interpreted as quality factors for determining crystallinity,

strain, stress and defects. Non-destructive depth profiling

capability has also been demonstrated by extracting

Raman signals from different excitation wavelengths.

Experiments

We have applied multi-wavelength Raman spectros-

copy to sSOI samples with different top Si layer and

BOX layer thicknesses. The stress and crystallinity of

sSOI were characterized from the shift and FWHM of

Raman peaks. The structure of the samples was analyzed

from normal incidence optical reflectance spectra. The

thickness of the strained Si film and BOX film of sSOI

on Si (100) estimated from the reflectance spectra was

compared with cross-sectional transmission electron

microscopy (X-TEM) images. 

Two sSOI samples with different top Si layer and

BOX layer thicknesses were prepared. The strain and

stress of the top Si layer of the sSOI samples are

expected to differ from other samples because of the

differences in the top Si layer and BOX layer thicknesses.

For comparison purposes, one commercially available

SOI sample and one bare Si sample were added as

references. Raman measurements were done on all four

samples using the MRS-300 system under excitation

from three different wavelengths (457.9, 488.0, and

514.5 nm) from an Ar+ laser [16-19]. Additional Raman

measurements were taken from all four samples using a

separate UV Raman system under 363.8 nm excitation

for surface (shallow penetration of ~ 5 nm from the

surface) characterization and comparison with the

visible wavelength Raman results (with much deeper

penetration).

 

Results and Discussion

Figs. 1(a) ~ (c) show normalized Raman spectra from

a bare Si reference sample (A), an SOI sample (B),

and two sSOI samples (C and D) under four different

excitation wavelengths, along with relative probing

depths of the various excitation wavelengths in a bulk

Si sample and samples with a BOX layer. The probing

depth in the bulk Si sample was estimated from

optical absorption coefficients of Si at the appropriate

excitation wavelength. SOI and sSOI substrates always

have distinctive color due to the interference of light at

the boundaries of each layer. Interpretation of multi-

wavelength Raman measurements can provide additional

insights into the samples.

UV Raman spectra of two sSOI samples (C and D)

are very different from the other samples. The nominal

thicknesses of sSOI films of the samples C and D are

10 and 14 nm, respectively. The nominal thicknesses of

the top Si films of sample B is 50 nm. Sample C, with

the thinnest nominal sSOI film (10 nm), showed both a

strained Si peak at 509.94 cm−1 and a small bulk Si

peak from substrate at 520.30 cm−1. Sample D, with the

nominal sSOI film thickness of 14 nm, showed only

one peak at 513.49 cm−1. The SOI sample (B) and bare

Si sample (A) showed one Raman peak at 519.75 and

520.30 cm−1, respectively. The UV Raman spectra C

and D clearly demonstrate the tensile strain increase

with the decrease in the film thickness of sSOI. The

tensile stress can be calculated from the magnitude of

the Raman peak shift towards the lower wavenumber

side (closer to) the stress free Si peak (520.30 cm−1).

One wavenumber (1 cm−1), shift reduction, is equivalent

to the increase in the tensile stress of 434 MPa [10, 12].

The estimated tensile stress of the samples C and D

from UV Raman measurements, are 4.50 GPa and

2.96 GPa. The SOI sample (B) showed tensile stress

of 673 MPa while the bare Si sample (A) was nearly

stress-free. 

All visible wavelength Raman spectra showed a very

strong peak at 520.30 cm−1 due to the deeper probing

depth of the excitation wavelengths. The thin sSOI

samples C and D, which showed significant UV

Raman peak shifts towards the lower wavenumber side

(tensile strain), showed a small second peak at almost

the same position as the UV Raman peak. It is quite

interesting to see the small second peak from thin sSOI

films increase its intensity with longer excitation

wavelength (i.e. probing depth is getting deeper). It

is the opposite phenomenon from our expectations

from bulk Si measurement experience, as illustrated

in Fig. 1(b). It can be interpreted as the effect of

optical interferences between boundaries of the layered

Fig. 1. Raman spectra (a) of four different samples, relative prob-
ing depths of various excitation wavelengths in (b) un-doped
bulk Si and (c) SOI substrate.
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structures of the sSOI samples as illustrated in Fig.

1(c). When the sSOI layer is thicker than the penetration

depth of the excitation wavelength, only one peak from

the sSOI layer is observed under UV Raman meas-

urement. Since the Raman signal provides weighted

average information from the surface to the probing

depth, observation of the substrate peak is very important

for proper characterization of the sSOI layer. Multi-

wavelength Raman characterization including a longer

wavelength with a deeper probing (penetration) depth

of intended sSOI film thickness adds an important

dimension to the characterization. Figure 2 shows the

normal incidence optical reflectance spectra from sam-

ples A ~ D in the wavelength range of 200 ~ 1100 nm.

Four dotted vertical lines, at Raman excitation wave-

lengths, were added for easy comparison and proper

interpretation of the Raman spectra measured at different

excitation wavelengths. The thickness of the top Si

layer and BOX layer of SOI and sSOI samples can be

estimated by analyzing the reflectance spectra, assuming

a Si/SiO2/Si multilayer model. The thicknesses of the

Si film and the BOX layer estimated from the reflectance

spectra, has been summarized in Table 1 with nominal

thicknesses provided by SOI and sSOI manufacturers

and physical thicknesses determined by X-TEM images.

The Si stress values estimated by UV Raman spectra

(of the top Si layers) were also summarized in the table.

The thickness estimated by optical reflectance spectra

and X-TEM images are in reasonably good agreement

with the nominal thickness values provided by the

sample manufacturers, except for ultra-thin sSOI sample

(C). The magnitude of error in thickness estimation

using reflectance spectra tends to increase as film

thickness becomes thinner. The error also increases

when the sample structure becomes more complex due

to the increase of the degrees of freedom. X-TEM

images of two samples (C and D) with reference SOI

(B) are shown in Fig. 3. Prior to X-TEM analysis, thin

Al film was deposited on the samples for protecting

the surface of sample and higher contrast images. X-

TEM analysis can provide very vivid images of sample

structure, but it is less practical because of its destructive

nature and extensive sample preparation requirement.

Furthermore, it only provides localized information due

to the nature of its high magnification analysis. Stress

or strain in thin Si film cannot be detected from X-

TEM images unless micro-beam electron diffraction

images are taken separately. The stress and strain of the

sample can be relaxed during sample preparation.

Even though the thickness of thin sSOI samples es-

timated by the optical reflectance spectra may contain

relatively large errors, it is still attractive as a non-

destructive monitoring and quality control technique.

Since the BOX layer thickness is generally thicker, and

its variations are relatively small, it is possible to

develop practical thickness estimation algorithms, with

higher accuracy for SOI and sSOI samples, after

getting enough cross-referenced data between reflectance

spectra and X-TEM images. SiO2/Si, SOI and sSOI

samples have two common materials, SiO2 and Si,

however they behave substantially different from an

optics point of view, depending on the thickness and

stacking order. Interpretation of Raman spectra from

multilayer samples, such as SOI and sSOI, must be

Fig. 2. Optical reflectance spectra of various samples in the
wavelength range of 200 ~ 1100 nm with colored arrows indicating
four Raman excitation wavelengths used in this study.

Fig. 3. Cross-sectional TEM images of silicon-on-insulator wafer
(sample B) and two strained silicon-on-insulator wafers (sample
C, D). All samples were capped with thin Al films for protecting
the surface of sample and higher contrast images.
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done carefully because the optical properties of the

samples are significantly different, depending on struc-

ture, at a given wavelength as seen in Fig. 2.

These optical property differences have caused un-

expectedly higher sensitivity of thin sSOI samples

(samples C and D) at 514.5 nm excitation, with the

deepest probing depth, in bulk Si. As seen in Fig. 2, the

reflectance values of samples C and D are the highest

at 514.5 nm compared to other visible excitation wave-

lengths. The majority of the probing light was reflected

or rejected (i.e. only small portion of probing light

actually penetrated into the sample, including the bulk

Si). In other words, the effective penetration depths of

514.5 nm probing light in sSOI samples C and D might

have been shallower than the other visible probing

wavelengths of 457.9 and 488.0 nm.

UV Raman peaks from thin sSOI samples also show

asymmetric shapes suggesting stress and strain in thin

sSOI films are not uniform throughout the probing

depths. The thin sSOI film (sample C) showed a

broader peak than the thick sSOI film (sample D).

The larger FWHM of UV Raman peak of sample C

suggests the sSOI film has large strain, stress and

crystallinity variation within the probing depth (~ 10 nm)

compared to bare Si (A).

 

Conclusion

In conclusion, Multi-wavelength micro Raman and

spectral reflectance measurement techniques have been

applied to SOI and sSOI sample characterization and

compared the results with X-TEM analysis results. We

can conclude that the high resolution multi-wavelength

Raman measurement, with spectral reflectance analysis,

provide important insights for proper characterization

of multilayer samples with nano-scale strained Si film.
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