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Abstract

Laser micro-Raman spectroscopy was used to examine silicon wafers precision machined by diamond tools, and the results were compared with
transmission electronic microscopic results. It was found that near-surface amorphous layers were generated by machining and there was a strong
correlation between the thickness of the amorphous layer and the Raman intensity ratio of the amorphous phase to the crystalline phase. This finding
provides the feasibility of a fast, inexpensive, nondestructive and quantitative measurement approach for subsurface damages of semiconductor
materials by using laser micro-Raman spectroscopy. The effective measurement range was experimentally investigated and the sensing limits were
theoretically discussed from the aspect of light scattering and light absorption with a double-layer material model.
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1. Introduction

Single-crystal silicon is not only a dominant substrate mate-
rial for the fabrication of microelectronic and micromechanical
components but also an important infrared optical material
[1,2]. Although silicon is a nominally brittle material, it can be
deformed in a ductile manner in precision machining processes,
yielding continuous ductile chips and smooth surfaces [3-8].
However, machining will inevitably cause subsurface damages
such as phase transformations, dislocations and potential micro-
cracks. It is the depth and nature of the subsurface damages that
influences the mechanical, optical and electronic performances
of silicon products [9]. Usually, subsequent chemical etching
and/or chemo-mechanical polishing (CMP) processes are nec-
essary to remove the subsurface damage layers for defect-free
silicon substrates. A recent work of the present authors has also
demonstrated that nanosecond-pulsed laser irradiations can be
used to reconstruct the machining-damaged silicon substrates
to perfect single crystalline structures, which provides the pos-
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sibility of a new processing technique for high quality silicon
wafers [10].

In order to determine optimal processing conditions for the
CMP and laser irradiation, quantitative measurement of the sub-
surface damage depth is an essential step. Quick, nondestructive
and low-cost measurement of subsurface damage depth has
become a subject of concentrated research interests in the semi-
conductor manufacturing industry. Small-tool polishing and
slanted polishing methods can be used to measure the depth of
microcracks induced by machining [11]. However, these tech-
niques are not sufficiently sensitive for measuring the depths of
the phase transformation layers which are usually ranging from
ten-nanometer level to the submicron level.

A number of previous authors used cross-sectional trans-
mission electron microscopes (TEM) to observe the subsurface
microstructures of machined silicon wafers. TEM studies of
diamond-turned silicon surfaces conducted by Shibata et al.
revealed that a 150-nm-thick amorphous layer was formed by
machining, below which is a region of crystal about 2-3 um
deep deformed by shear dislocation loops [12]. The TEM
results of Jeynes et al. showed that a 110-nm-thick amorphous
layer, below which a dislocated crystalline region about 260 nm
deep, was formed during diamond turning [13]. Puttick et al.
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demonstrated that the total depth of the subsurface damages,
including amorphous layers and dislocations, of both diamond
turned and ground silicon is in the range of 100—400 nm [14].

TEM enables precise measurement of subsurface damages.
However, to make a TEM specimen, the workpiece needs to
be processed to extremely thin, namely in 10-100 nm level, by
ion milling or focused ion beam (FIB) techniques. From this
point of view, TEM method is a destructive evaluation method,
also expensive and time consuming. On the other hand, recently,
the needs for rapid and nondestructive measurement of sub-
surface damage depth at a low-cost keep increasing. This is
due to the fact that the depth of subsurface damages changes
significantly with machining conditions such as depths of cut,
tool geometries and crystal orientations of workpiece, and it is
still difficult to precisely predict the relationship between the
subsurface damage depth and the machining conditions.

In the present work, we attempted to measure the depth of the
phase transformation layer resulting from diamond machining
by using laser micro-Raman spectroscopy. We proposed a new
parameter based on Raman spectra, namely Raman intensity
ratio, and investigated the relationship between this ratio and the
TEM results. It is expected that this parameter can be used for
quantitative measurement of subsurface damage depth of silicon.
This measurement method, if successful, will be very quick,
inexpensive and completely nondestructive. Other advantages
of laser Raman measurement include that it can be done at room
temperature, in air and without contacts. It can also be used
for on-machine measurement and mapping of specific surface
areas. Furthermore, the measurement of subsurface damages can
be combined with residual stress measurement by using a single
Raman system.

2. Laser Raman spectra analysis

Laser micro-Raman spectroscopy has been known as a pow-
erful characterization technique for various semiconductor and
insulator materials. The Raman effect is based on the inelastic
scattering of laser [15]. Fig. 1 schematically shows the principle
of laser scattering. Scattering occurs when a beam of monochro-
matic light passes through a crystal, and the scattering involves
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Fig. 1. Schematic model of laser scattering.

Rayleigh scattering and Raman scattering. The Rayleigh scat-
tering is caused by the elastic collision between the incident
photons with the phonons in materials, thus generates light
with the same vibration frequency as the incident ray. On the
other hand, the Raman scattering is induced by the inelastic
collision between the incident photons with the phonons in mate-
rials, hence produces light with different vibration frequency.
In the Raman scattering, the scattered light with vibration fre-
quency vi — VR is called Stokes, and those vi +vr is called
anti-Stokes, where vg (vg >0) is the Raman shift. The Raman
shift is strongly influenced by microscopic structural changes,
impurity and residual strains, which lead to changes in phonon
frequencies, broadening of Raman peaks, and breakdown of
Raman selection rules.

Laser Raman can detect the presence of amorphous silicon
as well as residual stresses in silicon wafers. For bulk crystalline
silicon (c-Si), the triple degenerate optical phonons display in
the first-order Raman spectrum a sharp peak at the Raman
shift of 521 cm™!, and for amorphous silicon (a-Si), the first-
order Raman spectrum reflects the phonon density of states and
presents an optical band peak at 470cm~! [16-18]. Raman
scattering has been used to detect the structural change and
residual stress of silicon in scratching, dicing, lapping, grind-
ing and diamond turning processes [19-24]. Chen et al. also
attempted to measure the depth of subsurface damage by incor-
porating laser Raman with repetitive chemical etching processes
[25]. However, to date, no literature can be found on completely
nondestructive and quantitative measurements of the subsurface
damage depth by using laser Raman only.

In most of previous works, qualitative detection of structural
changes of materials has been carried out using Raman shift
information, whereas the intensity information of the Raman
scattering has not been effectively used. In the present work,
we attempt to use the Raman intensity to characterize the thin
amorphous layers on the crystalline bulk material. In order to
compare the intensities of Raman scattering from the amorphous
region and that from the crystalline region, we propose a new
parameter, namely Raman intensity ratio r, to represent the rel-
ative significance of the two phases. Raman intensity ratio r is
defined by

_Ia
=1

where I, is the total Raman intensity of the amorphous silicon,
and I, is the total Raman intensity of the crystalline silicon. It can
be seen that the bigger the value of r, the thicker the amorphous
layer. In the equation, the total Raman intensities, I, and I,
are defined as the integrations of the amorphous and crystalline
Raman peaks with respect to the Raman shift. Compared to the
maximum peak value, the total Raman intensity can precisely
represent the laser scattering at different vibration frequencies.

On many occasions, the Raman spectra of a machined sur-
face contain two neighboring peaks: a sharp crystalline peak at
521 cm™! and a broadband amorphous peak around 470 cm™!
[21-24], and the two peaks overlap each other, as schematically
shown in Fig. 2(a). For this reason, it is difficult to directly obtain
the integrations of Raman intensities of individual peaks from
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Fig. 2. Curve fitting method for separating Raman peaks: (a) comparison of
experimental Raman spectra and fitted curve; (b) separated Raman peaks of
amorphous and crystalline silicon.

the raw Raman spectra. Raman peak separation from the spectra
is necessary.

Curve fitting is an effective technique for separating overlap-
ping peaks. Gaussian distribution and Lorentzian distribution are
two common functions used for fitting light spectra in optical
area. Generally speaking, the Gaussian distribution, also known
as the normal distribution, is suitable for fitting broadband curves
in continuous probability problems; whereas the Lorentzian dis-
tribution is suitable for describing the line shape of spectral lines
which are broadened by various mechanisms such as collision,
or other sharp peaks in spectroscopy. In the present work, for the
fact that the amorphous peaks in the Raman spectra are broad-
band ones while the crystalline peaks are sharp ones, we used
the Gaussian distribution for fitting amorphous peaks and the
Lorentzian distribution for fitting crystalline peaks, respectively.
In this way, higher fitting accuracy can be achieved compared
to using either single fitting function.

The functions of Gaussian distributions fg, and Lorentzian
distribution f; . with respect to Raman shift v can be shown as
follows:
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where v, and v, are the Raman shifts, #, and A are the heights,
b, and b, are the half-power bandwidths of the amorphous and
crystalline peaks, respectively. Therefore, the Raman intensity
ratio r in Eq. (1) can be obtained by
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To automatically perform curve fitting of the Raman peaks, a
computer program based on the least squares method was devel-
oped in the present work. Using the program, the synthetic curve
fca +fLc, namely the sum of the amorphous peak and the crys-
talline peak, can be fitted to coincide with the experimental
Raman spectra in a few tens of seconds. It should be pointed
out that the baseline of Raman spectra, where the theoretical
Raman intensity is zero, sometimes goes up and down due to
the background noise or drift of the Raman system. To avoid
the drifts and noises, at first we offset the baseline of the Raman
spectra to zero before curve fitting.

An example of curve fitting result is given in Fig. 2(a). It
can be seen that the fitted curve fg, +fi.c is generally consistent
with the experimental Raman spectra and the fitting error is
ignorable. Then the curves fg, and fi. are separated and the
parameters hy, he, by and b can be simply readout from the
individual curves of fg, and fi ¢, as shown in Fig. 2(b). Finally, the
Raman intensity ratio r can be calculated immediately according
to Eq. (4). Next, the relationship between the Raman intensity
ratio and the thickness of the amorphous layer will be examined
experimentally.

“

3. Experimental procedures
3.1. Machining tests

In the present experiments, plunge-cutting method is used
for obtaining a continuous change in depth of cut during one
single cut. The cutting tool is subjected to a transverse feed in
the horizontal direction while the depth of cut changes contin-
uously in the vertical direction. In this way, microgrooves with
varying depth can be produced. The longitudinal cross-section
of the microgroove is schematically shown in Fig. 3. Machining
tests were done with an ultraprecision lathe Toyoda AHN-05,
which enables tables to move under four-axis (XYZB) numeri-
cal control at a stepping resolution of 1 nm. The cutting tool is
made of single-crystal diamond and has a nose radius of 10 mm.
The tool rake angle was changed from 0° to —60°, and depth of
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Fig. 3. Schematic model of a plunge-cut microgroove.
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cut was changed from 0 to 500 nm. The cutting speed was fixed
to 500 mm/min. As workpiece, an electric device grade n-type
single-crystal silicon (1 00) wafer was machined. The wafer is
150 mm in diameter, 550 pm in thickness and obtained with a
chemomechanical polished finish. As lubricant and coolant, the
Bluebe #LB10 cutting oil was used in the form of mist jet.

3.2. Laser micro-Raman tests

The machined silicon samples were examined using a laser
micro-Raman spectroscope, NRS-3100, produced by JASCO
Corporation (Tokyo, Japan). The wavelength of the laser was
532 nm and the output laser power was set to 10 mW. A 100x
objective lens with a numerical aperture (NA) of 0.95 was used
so that the focused laser spot size was 1 wm. This spot size was
easily to be pointed to any locations within the machined groove
to investigate the subsurface damages at different depths of cut.
In order to diminish experimental errors, all of the measurements
were performed under the same strictly controlled conditions at
room temperature.

3.3. TEM observations

In order to confirm the depth of the subsurface damages and
compare with the laser micro-Raman results, cross-sectional
observations of the specimen were performed with a TEM. The
TEM samples were cut out from the silicon wafer and thinned to
about 100 nm by the FIB technique to enable electron transmis-
sion. The TEM we used was H-9000NAR, produced by Hitachi
Ltd. (Tokyo, Japan). The acceleration voltage used for TEM
observations were 300kV. To protect from possible damages
from the FIB, carbon (C) and tungsten (W) coatings were made
on the samples.

4. Results and discussion
4.1. Typical Raman spectra

Two typical examples of Raman spectra will be shown here.
Fig. 4(a) is the Raman spectrum of a surface machined at a
depth of cut of 60 nm. There are two characteristic peaks in
the spectrum: a sharp peak at 521 cm™! and a broadband peak
centered at 470 cm™!. This is the typical Raman spectrum for
a diamond-machined silicon surface, which demonstrates that
the near-surface layer has been transformed into the amorphous
state. However, the crystalline peak is still significant in the spec-
trum, indicating that the amorphous layer is relatively thin so that
the Raman response from the bulk crystalline region could be
strongly detected from the surface.

Fig. 4(b) is the Raman spectrum of a surface machined at a
depth of cut of 120 nm. The broadband peak at 470cm™' has
grown significantly compared to that in Fig. 4(a), whereas the
peak at 521 cm™! becomes extremely small. The lack of fea-
ture at 521 cm™! is indicative of the increase in the thickness
of amorphous layer. That is, the Raman-scattered light from the
deep bulk crystalline region becomes very weak.
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Fig.4. Laser micro-Raman spectra of surface regions machined at various depths
of cut: (a) 60 nm and (b) 120 nm.

4.2. TEM observation results

Cross-sectional TEM observations were done for five sam-
ples. Fig. 5(a) is a TEM micrograph of the sample machined
under the same conditions as that shown in Fig. 4(a). An aver-
agely 63-nm-thick grey layer can be seen under the cut surface.
It is empirically assumed that this grey layer should be the
machining-induced phase transformation layer. Below the phase
transformation layer, there is a thin dislocated layer with a few
dislocations extending into the deep region.

Fig. 5(b) is a TEM micrograph of the sample machined under
the same conditions as that shown in Fig. 4(b). In this case, the
grey layer is approximately 125-nm-thick, significantly thicker
than thatin Fig. 5(a). Below the grey layer, intensive dislocations
can be seen in the crystalline region.

To confirm the microstructure of the grey layers, selected area
diffraction analysis was made using the same TEM. Fig. 6 shows
the diffraction pattern of the grey layer shown in Fig. 5(b). In the
figure, only halo rings are shown, verifying that the grey layer
just beneath the machined surface is amorphous.

4.3. Comparison of Raman and TEM results

Raman intensity ratios were calculated according to the
method mentioned in Section 2, and plotted in Fig. 7 against the
thickness of amorphous layers measured by TEM. Because the
Raman intensity ratio undergoes drastic changes to the change
of amorphous layer depth, the logarithmic coordinate was used
for the vertical axis of the graph. In the figure, an error bar is
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Fig. 5. Cross-sectional TEM micrographs of the samples machined at various
depths of cut: (a) 60 nm and (b) 120 nm.

given to the leftmost data point, showing the variation range of
the Raman intensity ratio during five Raman measurements at
the same point. Error bars of other data points were not given
because they were too short to be clearly shown in the figure.
Although the number of data points is limited, a clear correla-
tion can be identified between the Raman intensity ratio and the

Fig. 6. Selected area diffraction pattern of the grey layer in Fig. 5(b). The halo
rings indicate a complete amorphous structure.

depth of amorphous layer. It is noteworthy that the correlation
is approximately linear within the experimental range. There-
fore, by utilizing the linear relationship, it is possible for us to
quantitatively measure the depth of amorphous layers using the
Raman intensity ratio.

4.4. On the effective measurement range

It must be pointed out that the Raman intensity ratio is
meaningful only when both the crystalline peak and the amor-
phous peak simultaneously appear in the Raman spectra. If the
amorphous layer is too thin to generate detectable Raman scat-
tering around 470 cm ™!, or the amorphous layer is too thick to
let the Raman-scattered light from the bulk crystalline region
(521 cm_l) to be detected from the surface, there will be only
one visible peak in the Raman spectra. On those occasions, the
Raman intensity ratio cannot be calculated. In other words, there
are an upper sensing limit and a lower sensing limit in the depth
range of the amorphous layer.

1000
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Fig. 7. Plot of Raman intensity ratio versus amorphous layer thickness.
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Fig. 8. Raman spectra showing only crystalline peak (a) and only amorphous
peak (b).

For example, Fig. 8(a) shows Raman spectra of a machined
silicon surface at a depth of 5 nm. No obvious amorphous peak at
470 cm™! can be found in the Raman spectra and there is only a
sharp peak at 521 cm™!. This result indicates that the machining-
induced amorphous layer is too thin to cause detectable Raman
scattering. Fig. 8(b) shows the Raman spectra of the surface
machined at a depth of 150 nm. In this case, although a very sig-
nificant broadband peak is shown around 470 cm™~!, no peak can
be identified at 521 cm™!, which indicates that the amorphous
layer is excessively thick.

To find the sensing limits of amorphous layer depth, Raman
test points were moved along the plunge-cut microgroove.
Assuming that the thickness of the amorphous layer is propor-
tional to the depth of cut in plunge cutting, we found that the
upper and lower sensing limits were around 10 and 150 nm,
respectively.

It is also considered that near the sensing limits, the corre-
lation between the Raman intensity ratio and the amorphous
layer thickness shown in Fig. 7 will become nonlinear. Due to
the high cost of TEM sample preparation, it is not realistic to
experimentally identify the exact trend of the curve around the
sensing limits by TEM observation. Alternatively, we carried
out an analytical prediction on this issue in the appendix of
this paper by modeling the laser absorption and laser scatter-
ing with an amorphous/crystalline double-layer material model.
From the analysis in the appendix, we found that the theo-
retical relationship between the Raman intensity ratio and the
amorphous layer thickness is approximately linear in the range
from 20 to 140nm; whereas beyond this range, nonlinearity
occurs. Fortunately, the range of 20-140nm covers most of
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Fig. 9. Micrograph of the plunge-cut microgroove for Raman tests at high laser
intensity levels.

the machining-induced amorphous layer depths reported in the
literature [10,12-14,26,27]. Therefore, a linear approximation
is applicable to silicon surfaces produced by various preci-
sion machining processes, including single-point machining and
abrasive machining. It should be pointed out that for abrasive-
machined surfaces, Raman spectra may change significantly
with test point locations. One of the reasons for this phenomenon
might be the nonuniformity of subsurface microstructure result-
ing from multipoint abrasive grains with irregular shapes.

4.5. On the laser intensity level

As known from the appendix, theoretically the sensing limits
of laser Raman can be extended by using a higher laser intensity
level. In order to verify this effect, Raman tests were done at an
elevated laser intensity level of 30 mW, three times that of the
usual level (10 mW), while other conditions were kept the same.
Fig. 9 is a micrograph of the plunge-cut microgroove where the
Raman test points are marked by numbers 1-4. The depths of
cut for points 14 are 30, 45, 60 and 75 nm, respectively, within
the ductile machining regime.

Fig. 10(a) shows the Raman spectra of the four test points
at the usual laser intensity level (10 mW). It can be seen that
from point 1 to 4, the height of crystalline peak becomes lower
and lower while the amorphous band becomes more and more
obvious, indicating a growing amorphous layer with depth of
cut. Fig. 10(b) is the Raman spectra of the same test points at the
elevated laser intensity level (30 mW). Compared to Fig. 10(a),
the intensities of both the crystalline peaks and the amorphous
peaks have become stronger for all the points. This fact demon-
strates that by using higher laser intensity levels, the sensitivity
of Raman system can be significantly improved. However, it
is also noticed that in Fig. 10(b), the results of points 3 and 4
involve new peaks at 510 cm~!. As known from previous studies,
these new peaks correspond to micro-crystalline silicon (poly-
crystalline silicon, p-Si) [28]. Therefore, it can be said that at
this laser intensity level, recrystallization of amorphous silicon
has occurred, which is similar to the phenomena in laser crys-
tallization processes [29,30]. In this case, precise measurement
of the amorphous layer depth will be difficult.

Several other techniques may be used to extend the effective
measurement range of the proposed method. One is to use longer
exposure time and higher resolution detectors. Another way is to
use multi-wavelength lasers as excitation source for the Raman
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Fig. 10. Raman spectra of the four test points marked in Fig. 9, obtained at
different laser intensity levels: (a) 10 mW and (b) 30 mW.

system, which enables variable penetration depths of lasers into
the silicon wafer. These issues will be further investigated in the
future.

5. Conclusions

Laser micro-Raman spectroscopy has been used to exam-
ine silicon wafers plunge-cut by diamond tools, and the Raman
results were compared to the TEM results. The following con-
clusions have been obtained:

(1) A new parameter called Raman intensity ratio was proposed
to represent the significance of machining-induced amor-
phization of silicon. The ratio can be simply obtained from
the Gaussian- and Lorenzian-fitted curves of the Raman
peaks.

(2) A strong correlation can be identified between the logarithm
of Raman intensity ratio and the thickness of amorphous
layer, and the correlation is approximately linear within the
experimental range.

(3) The upper and the lower sensing limits are approximately
10 and 150 nm, respectively. Near the sensing limits, nonlin-
earity occurs to the correlation between the Raman intensity
ratio and the amorphous layer thickness.

(4) At an elevated laser intensity level, the sensitivity of the
Raman system can be significantly improved, but amor-
phous silicon undergoes micro-crystallization.

The present work has demonstrated the feasibility of fast,
nondestructive, inexpensive and quantitative measurement of

machining-induced subsurface damages of silicon by using laser
Raman spectroscopy. Upon calibration, this method should also
be applicable to other materials. Future work includes perform-
ing on-machine mapping measurement by using the proposed
measurement method to assist the investigation of subsur-
face damaging mechanism and the improvement of subsurface
integrity of semiconductor substrates and optical components.
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Appendix A
A.l. Laser intensity loss in Raman scattering

In order to understand the correlation between the Raman
intensity ratio and the amorphous layer thickness, theoretical
analysis will be carried out in this section by considering the
laser intensity loss due to absorption and scattering. First, we
discuss the laser response using a single-layer material model
as shown in Fig. Al. Consider a small volume element in the
material the thickness of which is dz and the distance from which
to the surface is z. If we suppose that the initial intensity of the
incident laser is Iy, and when reaching the volume element the
intensity becomes I, and that the absorption coefficient and the
scattering coefficient are k and oy, respectively, then the laser
intensity loss d/, caused by the volume element can be written
as

dl; = —kl;dz — o051, dz = —(k + 04)I; dz (A1)

Incident
laser [,

Intensity loss
z due to scattering
I, & absorption

:5’“

Fig. Al. Schematic model of laser intensity loss due to scattering and absorption
in a single-layer material.
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The boundary condition at the surface (z=
after integration we obtain

0) is I;=1Iy. Thus,

I; = Iy exp{—(k + 05)z} (A2)

For simplicity, we define a total intensity loss coefficient (atten-
uation coefficient) « as

o =K+ 0o (A3)
Then Eq. (A2) becomes
I, = Ipexp(—az) (A4)

Next, we consider laser scattering from the volume element.
The intensity of the scattered light from the volume element d/,
can be written as

dI{, = ogI, dz = o3Iy exp(—az)dz (A5)

As shown in Fig. A2, while the laser scatters towards all direc-
tions, only the upward scattered light ydI;, can be finally
detected from the surface, where y is the ratio of the upward
scattered light to the totally scattered light. The upward scat-
tered light is further attenuated due to absorption and scattering,
thus the final output light at the surface d/g; becomes

dls; = ydl; exp(—az) = yoslp exp(—2az) dz (A6)

Therefore, using the boundary condition /g, = 0 at the surface, we

can obtain the totally upward scattered light from the subsurface

region as
YOs

Is; = S—Io{l — exp(—2az)}

o (A7)

A.2. Maximum sensing depth

Next, we use a double-layer material model to represent the
subsurface structure of machining-damaged silicon wafers. As
shown in Fig. A3, crystalline silicon is covered by an amorphous
silicon layer of depth d,. Here we suppose the minimum light
intensity which can be detected from the surface by the Raman
system is Inyip Which corresponds to a sensing depth D (D >d,).
If the exposure time and sensitivity of the detector are fixed, Inin
will be a constant.

,4
a-Si d %
Interface ¢
é]‘"

Fig. A3. Laser scattering model for a double-layer material structure, showing
the maximum sensing depth.

D
c-Si

-.!--

Consider a small volume element located at a depth D. When
the incident laser Iy reaches the volume element, the intensity
Iop will be

I()D = I() exp{—Otada - ac(D - da)} (AS)

where o, and « are the total intensity loss coefficients of a-Si
and c-Si, respectively. Then the upward-scattered light from this
element will be attenuated again by the crystalline region and
the amorphous layer before reaching the surface. Thus, Iiin can
be expressed as

Inin = 1 n EXp(—atady)= V mm exp{—ac(D—dy)} exp(—aad,)
= yosclop exp{—ac(D — dy) — aada}
— 200,d,}

= yosclo exp{—2ac(D — dy) (A9)

where o is the scattering coefficient of c-Si. For simplicity, we
let

B = vosc exp{—2ac(D — dy) — 2aad,} (A10)
Then Eq. (A9) can be changed into
Imin = Blo (AT1)

To find the relationship between D and d, using Eq. (A10),
we consider a boundary condition D =d,, which means that the
amorphous layer has just the thickness to isolate the scattered
light from the crystalline region. In this case, only the amorphous
peak will be seen in the Raman spectra. Thus 8 becomes

B = yosc exp(—2aady-limit) (A12)

where dj_Jimit 1 the upper sensing limit as mentioned in Section
4.4. Thus, from Eqgs. (A10) and (A12), we can obtain a function
between D and d, as

D= (1—) dy + 2 timic (A13)
o ¢
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Fig. A4. Double-layer material model for calculating the Raman intensity ratio.

Using Eq. (A13), we can find the maximum sensing depth D
when a near-surface amorphous layer of thickness d, exists.
In this function, dy-imit & 150 nm according to the experimen-
tal results in Section 4.4; the attenuation coefficients for the
532 nm green laser in a-Si and c-Si are oy = 1.5 x 10° cm™! and
ac=1x10*cm™!, respectively [31].

A.3. Theoretical Raman intensity ratio

Finally, we discuss the theoretical relationship between the
Raman intensity ratio and the thickness of the amorphous layer.
As shown in Fig. A4, we consider laser scattering from the amor-
phous region and that from the crystalline region separately.
According to Eq. (A7), the totally scattered light intensity from
the amorphous layer should be

YO
Isa — 5 sa

In{1 — exp(—2aad,)} (Al4)

Oa
Because the intensity of incident laser at the amorphous—
crystalline interface is

loc = Iy exp(—aady) (A15)

according to Eq. (A7), the intensity of the upward-scattered
light from the crystalline region I} at the amorphous-crystalline
interface is

(of
I, = ga” Ioe [1 — exp{—2ae(D — dy)}]
C
— g‘;“ Ipexp(—ctady) [1 — exp(—20e(D — dp))]  (Al6)
C

Then the light intensity at the amorphous surface I becomes

Isc = I, exp(—aady)

o
- ’;a” Iy exp(—2atady) [1 — exp{—20e(D — dy))]
C

(A17)
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(7]
c 10
]
£
&
=S
[v]
o
0.1 L '
0 50 100 150

Thickness of a-Si layer d, nm

Fig. AS. Comparison between the theoretical relationship and the experimental
results of Raman intensity ratio and amorphous layer thickness.

From Egs. (A9) and (A12), we can obtain the Raman intensity

ratio r as
e @ _ OsaOlc expRaad,) — 1

Isc B Uiscaa 1 — exp{—2ac(D — d,)}

(A18)

If we denote 7 as the ratio of o, to o, and use Eq. (A13) to
substitute D in the above equation, then we obtain

o expaady) — 1

(A19)

! naa 1 — exp{—2a(da limit — da)}
To determine the value of the constant 1, we substituted the
experimental data of r and d, in Fig. 7 into Eq. (A19) and the
average of n was obtained to be 8.84. Finally, the following
equation can be obtained to describe the relationship between
the Raman intensity ratio and the depth of the amorphous layer.

exp(0.03d,) — 1
1 —exp{—0.03 x (150 — d,)}

In Fig. AS, the curve of Eq. (A20) is plotted together with the
experimental data from Fig. 7. It is clear that the theoretical rela-
tionship between the Raman intensity ratio and the amorphous
layer thickness approaches a linear one within the range from 20
to 140 nm, and beyond this range nonlinearity occurs. Eq. (A20)
can be also deformed into the following equation:

8.84 + 15r
8.84 +0.167r

r=0.589 x (A20)

dy = 33.3 x ln{ (A21)

Using Eq. (A21), the thickness of the amorphous layer can be
readily calculated from the Raman intensity ratio.
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