
JOURNAL OF APPLIED PHYSICS VOLUME 94, NUMBER 5 1 SEPTEMBER 2003
Determining the material structure of microcrystalline silicon
from Raman spectra
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An easy and reliable method to extract the crystalline fractions in microcrystalline films is proposed.
The method is shown to overcome, in a natural way, the inconsistencies that arise from the regular
peak fitting routines. We subtract a scaled Raman spectrum that was obtained from an amorphous
silicon film from the Raman spectrum of the microcrystalline silicon film. This subtraction leaves us
with the Raman spectrum of the crystalline part of the microcrystalline film and the crystalline
fraction can be determined. We apply this method to a series of samples covering the transition
regime from amorphous to microcrystalline silicon. The crystalline fractions show good agreement
with x-ray diffraction ~XRD! results, in contrast to crystalline fractions obtained by the fitting of
Gaussian line profiles applied to the same Raman spectra. The spectral line shape of the crystalline
contribution to the Raman spectrum shows a clear asymmetry, an observation in agreement with
model calculations reported previously. The varying width of this asymmetrical peak is shown to
correlate with the mean crystallite size as determined from XRD spectra. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1596364#
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I. INTRODUCTION

Hydrogenated amorphous silicon~a-Si:H! has been stud
ied for application in solar cells for several decades. Now
days, microcrystalline silicon (mc-Si:H) also receives much
attention because it is a suitable material for application
the intrinsic layer in the bottom cell of thin-film tandem sol
cells. To study the material properties, the complete se
analysis techniques used ina-Si:H research~reflection/
transmission spectroscopy, subgap absorption, dark and
toconductivity, etc.! can be copied, although carefully.1 In
addition, the study of this material should also include
determination of the crystalline fraction, becausemc-Si:H
silicon is a heterogeneous material and consists of crysta
and amorphous regions. The fraction of crystalline mater
the crystallite size, and the grain boundaries have an im
tant influence on the optical and electrical properties that
relevant for application in solar cells. Void and grain boun
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aries, for example, could contain a high density of recom
nation centers, whereas a high crystalline fraction is likely
increase the mobility of the charge carriers.

Four techniques are commonly used to analyze the st
tural properties ofmc-Si:H: high-resolution transmission
electron microscopy~HRTEM!, x-ray diffraction ~XRD!,
spectroscopic ellipsometry~SE!, and Raman spectroscop
However, none of these techniques leads to an unambigu
determination of the crystalline fraction inmc-Si:H films.
First, HRTEM is a complicated technique and its respect
images have a poor contrast on amorphous material, so
gions where amorphous and crystalline material overlap
the sample will appear to be fully crystalline in the tw
dimensional image. Therefore, it is difficult to determine t
crystalline fraction in microcrystalline material from thes
images, unless the crystalline fraction is so small~smaller
than a few percent! that the crystals do not overlap in th
image. Particle sizes, though, can be extracted. Second, X
is an easier technique, but a reasonable scan takes at le
h for films of about 500 nm thick. Also, it is not straightfo
ward to extract the crystalline fraction, although some
searchers reported doing so.2,3 The average particle size ca
be extracted from the XRD peak widths. Third, SE is
il:
2 © 2003 American Institute of Physics
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simple and easy measurement technique. It gives the die
trical constant as a function of energy, which is fitted with
model containing parameters like film thickness and crys
line and void fractions.4 However, it is not unambiguous a
to which model is accurate and realistic.

A fourth technique to analyze the structural properties
Raman spectroscopy. Most methods used in literature to
tain crystalline fractions from Raman spectra are based
peak fitting and suffer from interpretation problems. For e
ample, often, three peaks instead of two~one for the crystal-
line and one for amorphous part! are necessary to fit th
experimental data. The need for three peaks is often
plained by introducing an extra phase in the material. F
thermore, the crystalline fractions that result from peak
ting are very sensitive to the choice of input parameters,
whether peak positions are allowed to vary and the rang
data points that is included in the fitting procedure.

In this article, we will first review reported methods
obtain information on the material structure from Ram
spectra. Then, we propose an alternative approach to sep
the amorphous and the crystalline contributions to the
man spectrum of the microcrystalline silicon film that is
be examined. This method is applied to a series of silic
films that covers the transition from amorphous to micro
rystalline. We will show that this technique automatica
resolves several problems related to the methods used i
erature. Finally, we shall compare crystalline fractions o
tained with this method with results from XRD analysis a
Gaussian line profile fitting procedures on the same sam
and present our conclusions.

II. RAMAN SPECTRUM OF MICROCRYSTALLINE
SILICON

A. The Raman spectrum

In a solid, a small part of the energy of an incomin
photon can be used to excite a lattice vibration~phonon!. The
remaining energy escapes as a photon with a slightly sm
energy compared to the incoming photon. This energy s
is denoted as a Raman shift. In a crystalline solid, the m
mentum conservation law selects only phonons with z
momentum, because the momentum of the photon is ne
gibly small. In monocrystalline silicon, only the optical ph
non with energy 64 meV has zero momentum and this le
to the sharp peak at a Raman shift of 520 cm21 @Fig. 1~a!#. In
a-Si:H, the momentum selection rule is relaxed and a var
of phonon modes and energies are allowed.5 A broad peak
centered at 480 cm21 now dominates the Raman spectru
@Fig. 1~b!#. mc-Si:H can be considered as a mix of crysta
line Si ~c-Si! anda-Si:H. The Raman spectrum, however,
not simply the sum of a monocrystalline silicon and an am
phous silicon spectrum, as can be seen in Fig. 1~c!. This is
due to the fact that the Raman spectrum of a small crysta
is different from a Raman spectrum of monocrystalline s
con. It is not straightforward how to determine which part
the spectrum is due to the crystalline fraction and which p
can be attributed to the amorphous fraction inmc-Si:H. This
determination is necessary, though, in order to extract
crystalline fraction from Raman spectra.
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B. Ways to get the material structure from Raman
spectroscopy

We will first shortly review several techniques that ha
been reported to separate the Raman spectra into a crysta
and an amorphous contribution. The simplest way is jus
compare the peak height at 520 cm21 to the peak height a
480 cm21 ~e.g., see Ref. 6!. This comparison gives only a
very rough estimate of the crystallinity of the material. Pe
fitting is more frequently used to unravel the spectrum. F
example, two peaks~Gaussian or Lorentzian line profiles!
can be used, one to describe the crystalline part and one
the amorphous part, but this procedure does not lead
good fit to the measured Raman spectrum. Furthermore
low-energy peak, which is attributed to the amorphous fr
tion, tends to shift to higher energies than the expec
480 cm21. As we will show later, this shift is not due to
shift of the amorphous transverse optical~TO! phonon en-
ergy, but to the change in the Raman peak shape of the c
talline fraction. In order to obtain a good fit to the measur
spectra, at least three peaks are necessary.2,7 The third peak is
then attributed to surface modes7 or to hexagonal ordered
silicon.2

The peak fitting routines described herein require t
extra peak because the peak shape of the crystalline pa
asymmetric and varies for different samples. As calcula
by Richteret al.5 and Campbellet al.,8 the crystalline peak
width and position is influenced by the crystallite size a
shape. For example, calculations show that this peak
comes more and more asymmetric for smaller crystal
sizes. Touiret al.9 account for this by using two asymmetr
cal Lorentzian line profiles to obtain a good fit to their spe
tra. They find peaks around 500 cm21 and 520 cm21 ~and so
do we with our samples as we will show in Sec. IV D!,
which they attribute to two distinct crystallite sizes. How

FIG. 1. ~a! Raman spectrum of monocrystalline silicon.~b! Raman spectrum
of a-Si:H. ~c! Summation of~a! and ~b! ~solid line!, scaled before summa
tion by the eye so that the peak and the ‘‘bump’’ in~c! fit the peak and the
‘‘tail’’ of the Raman spectrum ofmc-Si:H ~dashed line!.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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ever, the idea of two crystallite sizes is not attractive,
cause a continuous distribution of sizes seems more lik
Furthermore, only the TO phonon mode ofa-Si:H is in-
cluded in the fitting procedures mentioned herein, while
amorphous longitudinal optical~LO! phonon mode, and
maybe even the Si–H wagging mode at 660 cm21 and the
transverse acoustic~TA! phonon mode of the amorphou
fraction, have an influence on the microcrystalline Ram
spectrum in the energy region of the crystalline feat
~around 520 cm21). In addition, the amorphous peak in th
Raman spectrum ofmc-Si:H has been reported to shift t
higher energy with increasing crystalline fraction. This sh
is attributed to an extra TO band at about 490 cm21, indicat-
ing a secondary phase in the amorphous material.10 We also
observe this apparent peak shift~Fig. 2!.

In contrast to the Raman signal of the small crystalli
in mc-Si:H, the Raman signal ofa-Si:H is shown to vary
only slightly between different samples. Spectra taken fr
some of our own amorphous samples deposited under di
ent processing conditions show no significant differences
the range investigated~Fig. 3!. In line with this result, Ishi-
dateet al.11 found TO phonon energy shifts of only a fe
cm21 and peak width variations of a few percent at mo
when the hydrogen content is varied from 6 to 18 at. %. T
strongly suggests that the Raman spectrum of the amorp
fraction in mc-Si:H can be represented by the Raman sp
trum of a-Si:H. Therefore, it must be possible just to subtra

FIG. 2. The amorphous peak of the Raman spectrum ofmc-Si:H seems to
shift to higher energies with increasing crystalline fraction. Inset: The am
phous contribution plus the crystalline contribution make the microcrys
line spectrum. The addition of the sloped shoulder of the crystalline co
bution seems to shift the maximum in the spectrum of the amorph
sample to a higher energy in the spectrum of the microcrystalline sam
This shift could abusively be interpreted as a shift of the amorphous
phonon energy.
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the amorphous contribution to the Raman spectrum
mc-Si:H with the help of a Raman spectrum of an amo
phous film. The advantage is that in the unravelling of t
Raman spectrum ofmc-Si:H, not only the TO phonon mode
of the amorphous component, is taken into account but a
the other phonon modes. After the substraction, change
the peak shape of the crystalline contribution to the Ram
spectrum ofmc-Si:H become clearly visible. The appare
peak shift shown in Fig. 2 can now be explained in a natu
way as illustrated in the inset of Fig. 2: When the TO phon
peak in the Raman spectrum of ana-Si:H film is added to the
asymmetrical sloped shoulder of the Raman peak of the c
talline fraction inmc-Si:H, then the position of the peak i
the resulting line shape is expected to shift.

III. EXPERIMENT

We deposited two series of silicon films of about 600 n
thick on Corning glass C1737 and@100# oriented, slightly
n-type,c-Si substrates simultaneously, using expanding th
mal plasma chemical vapor deposition.12 Details on the
deposition setup are reported elsewhere.13 The first series of
samples is deposited using an Ar flow of 1200 sccm, a2

flow of 600 sccm, and a varying SiH4 flow from 0.5 to 10
sccm. The second series is deposited using a constant4

flow of 5 sccm and a varying hydrogen flow. The argon flo
was set at twice the hydrogen flow. A third series of samp
is deposited using a pure H2 plasma with a H2 flow of 2000
sccm and a varying SiH4 flow on glass and Al foil and the
films are about 5000 nm thick.

The Raman spectra of the silicon films on the glass s
strates are measured using a Raman microscope~Renishaw-
~Gloucestershire, UK! Ramascope system 2000, gratin
1800 lines/mm! in a backscattering geometry with a 2 mW
Ar laser at a wavelength of 514.5 nm focused in a spot
about 1mm. On the samples onc-Si substrates of the third
sample series, one XRD measurement is carried
~Bruker–Nonius~Delft, The Netherlands! D5005 u/u dif-
fractometer with diffracted beam graphite monochroma
wavelength Cua!. On these samples three with Al sub
strates, XRD measurements are also carried out to determ
the crystalline fraction.

r-
l-
i-
s

le.
O

FIG. 3. Raman spectra of foura-Si:H films with varying refractive index
and hydrogen content.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp



ra

ck
gt
po

a
ta

T
tsi

t t

ent.
the

-
so
mp
a-
n

on.
fol-

re-
ong
man
the
n in

le
ed

ited
of

ine
he
he
ak.

on
lso

tal
e,
ore
rgy
o is

ne
c

e

ry
ne
ide

3585J. Appl. Phys., Vol. 94, No. 5, 1 September 2003 Smit et al.
IV. RESULTS AND DISCUSSION

A. Splitting a Raman spectrum into a crystalline and
an amorphous contribution

In order to split the Raman spectrum of amc-Si:H film
into a crystalline and an amorphous contribution, we subt
a scaled Raman spectrum of ana-Si:H film ~Fig. 4!. The
result is denoted asmc-Si:H2A3a-Si:H2B, whereB is a
flat background to correct for the dark counts and ba
ground light. Because of differences in signal stren
~caused by differences in sample alignment and film com
sition! the amorphous spectrum is scaled by factorA before
subtraction. The values for this constant and background
obtained in a least-squares routine, realizing that the crys
line contribution to the spectrum ofmc-Si:H cannot contain
peaks at the amorphous acoustical phonon energies.
means that the residue in the regions in the spectrum ou
the TO phonon peak~we take the region 200 cm21 to
440 cm21 and 560 cm21 to 850 cm21) should be minimized.

The resulting crystalline part of the spectrum shows
flat background, as can be seen in Fig. 4. The features a
low-energy side of the TO crystalline peak at 520 cm21 in
the amorphous and in the microcrystalline spectra~in the

FIG. 4. From a Raman spectrum ofmc-Si:H ~thick line!, a Raman spectrum
of a-Si:H ~thin line! is subtracted to obtain the contribution of the crystalli
fraction. The scaling factor for the amorphous contribution and the flat ba
ground are obtained in a least-squares procedure. For comparison, th
man spectrum of monocrystalline silicon is shown also~dashed line!. The
inset contains a magnification of the TO phonon peak region.

FIG. 5. XRD measurements of a series of samples deposited using a va
SiH4 flow. Samples deposited using a SiH4 flow up to 5 sccm show crystal-
linity.
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energy range of 150 cm21 to 480 cm21) that are attributed to
the LA, TA, and LO amorphous phonon modes are abs
Moreover, the broad features at the high-energy side in
amorphous and microcrystalline spectra at about 650 cm21

and 950 cm21, which are attributed to two-phonon excita
tions in a-Si:H and to the Si–H wagging mode, are al
subtracted correctly. The only feature that remains is a bu
at 960 cm21. This feature is due to the two-phonon excit
tion process inc-Si ~it can also be noticed in the Rama
spectrum ofmc-Si:H in Fig. 4! and should therefore be
present in the Raman spectrum of the crystalline fracti
These observations strongly suggest that the procedure
lowed splits the Raman spectrum ofmc-Si:H into the amor-
phous and the crystalline contributions. The small uncor
lated residue that is obtained after the subtraction is str
evidence for the assumption that the shape of the Ra
spectrum ofa-Si:H used in this procedure is the same as
shape of the Raman spectrum of the amorphous fractio
mc-Si:H.

B. Raman spectrum of the crystalline fraction

In Fig. 5, the XRD measurements of the first samp
series~see Sec. III! are presented and it can be conclud
that the samples deposited with SiH4 flows from 0.5 to 5
sccm contain a crystalline fraction and the sample depos
with a SiH4 flow of 10 sccm does not. The Raman spectra
the silicon films are split into an amorphous and a crystall
contribution following the procedure just described. T
crystalline part of the Raman spectra is shown in Fig. 6. T
spectra are normalized to the maximum of the Raman pe
For comparison, the Raman spectrum ofmc-Si:H is also
shown in Fig. 6. Clearly, the peak of the crystalline fracti
in mc-Si:H is broader than the monocrystalline peak. It a
clearly shows an asymmetry. Richteret al.5 calculated the
Raman spectrum of a finite-sized spherical silicon crys
and found a similar asymmetry. With smaller particle siz
the momentum selection rule of the Raman process is m
relaxed. With increasing momentum, the TO phonon ene
becomes lower, so when a momentum greater than zer

k-
Ra-

ing
FIG. 6. The contributions of the crystalline fraction to the microcrystalli
Raman spectrum normalized to one. Going from the narrow to the w
peak, the corresponding films are deposited using a SiH4 flow of 0.5, 1, 2,
and 5 sccm. The dashed line is the Raman spectrum ofmc-Si:H.
IP license or copyright; see http://jap.aip.org/jap/copyright.jsp



t
id

-
ll
i

in
u
th

an
on
s
i-
e.

c
hi
es
a
on

ou

te
w
t
r

fe

e

,
t
u

he
he
and
ter-

he
tor
ibed
the
d

s
f the
t a
m
the
his
sid-
t in

n

of
le

in
ll

n

on of

po-

3586 J. Appl. Phys., Vol. 94, No. 5, 1 September 2003 Smit et al.
allowed, lower-energy phonons will be excited. This leads
a broadening of the Raman peak toward the low-energy s
resulting in an asymmetrical peak shape.

The calculations of Richteret al.5 explain the asymme
try, and revealed that the broadening depends on crysta
size. Figure 6 shows that the broadening increases with
creasing silane flow. The average particle size is determ
from the XRD measurements by applying the Scherrer eq
tion to the integral width of the peak that corresponds to
reflection on the@220# lattice planes.14 In Fig. 7, the average
particle size is plotted against the full width of the Ram
peak at half maximum, which shows a clear correlati
These data are in close agreement with measurement
Iqbal et al.,7,15 although they use the full width half max
mum ~FWHM! of a fitted symmetrical Lorentzian line shap
Calculations of Campbellet al.8 show a similar trend. It
should be realized that the calculations concern Raman s
tering on a ball-shaped particle having a specific size, w
a distribution of particle sizes, maybe with different shap
contributes to the experimental data. Also, calculated dat
Richter et al.5 are shown, but they show a large deviati
from the other data in Fig. 7.

C. Determining the crystalline fraction

The peak areas of the crystalline and the amorph
parts of the Raman spectra correlate to the amount ofc-Si
and a-Si:H in the film. It is not possible to obtain absolu
values because the detection efficiency is usually not kno
The ratio of the two peak areas, however, corresponds to
ratio of the amount of crystalline to the amount of amo
phous silicon. This ratio needs to be corrected for the dif
ence in the cross sections for phonon excitation ofc-Si com-
pared to that ofa-Si:H. For the TO phonon, the ratio of thes
two cross sections (sc-Si /sa-Si:H) is usually set at 0.8.16,17 It
should be noted that this cross section ratio is reported
depend on the crystallite size, and varies from about 0.9
about 0.7 as the crystallite size ranges from 5 to 15 nm18

which are typical sizes for our samples. Now, we have
determine which part of the amorphous spectrum that is s

FIG. 7. The FWHM is displayed versus the average particle size as obta
from XRD measurements. Also, other reported data, experimental as we
calculated, are presented for comparison. The data point completely o
right-hand side of the reciprocalx axis is measured on an ‘‘infinitely’’ large
c-Si wafer.
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tracted is due to the TO phonon excitation. In Fig. 8, t
contributions of the four phonon modes are fitted to t
amorphous spectrum using four Gaussian line profiles
the peak area of the TO phonon Raman scattering is de
mined. This number is multiplied by 0.8 to account for t
cross section ratio and then multiplied by the scaling fac
that is found from the least-squares procedure descr
herein to account for the amount of amorphous silicon in
microcrystalline film. The crystalline contribution is obtaine
by integrating the crystalline peak from 440 cm21 to
560 cm21. Following this procedure, the crystalline fraction
were extracted from the Raman spectra of the samples o
second sample series. The result is shown in Fig. 9. A
SiH4 dilution in H2 of about 1%, the material changes fro
amorphous to microcrystalline. It can be noticed that
crystalline fraction saturates at a value a little below 0.8. T
might be due to the grain boundaries, which can be con
ered as disordered material. However, it is reported tha
fully nanocrystallized~free of amorphous material! silicon
films ~crystallite size around 5 nm!, the amorphous Rama
signal relative to the integral Raman signal from 440 cm21 to
550 cm21 amounts to less than 0.1.19 This indicates that
grain boundaries do not necessarily result in a saturation
the crystalline fraction at 0.8. It is, therefore, very possib

ed
as
the

FIG. 8. Four Gaussian line profiles~dashed lines! are fitted to a Raman
spectrum ofa-Si:H to obtain the contribution of the TA, LA, LO, and TO
phonon modes. The peak area of the TO phonon is used in the calculati
the amorphous fraction in the microcrystalline films.

FIG. 9. The crystalline fraction versus the hydrogen flow used during de
sition.
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that a minimum of 10% to 20% of the amorphous materia
characteristic for the deposition conditions used in t
article.

D. Comparison with other techniques

To validate the method described herein to obtain cr
talline fractions, the crystalline fractions of the third series
samples~see Sec. III! are determined from XRD measure
ments, using the method described by Williamson.3 Further-
more, to compare our method with methods based on p
fitting, we also determined the crystalline fractions of the
samples from the Raman spectra using techniques tha
presented in literature. The results are shown in Table 1
the second column, the crystalline fractions calculated fr
XRD measurements are shown. The third column conta
the crystalline fractions determined from Raman spectra
ing the method presented in this article. In the fourth colum
only the signal intensities at 480 cm21 and 520 cm21 are
taken for the amorphous and the crystalline fraction resp
tively; a method used, for example, in Ref. 6. In the follo
ing column, the result from fitting three Gaussian line p
files is shown~fitting procedure is copied from Ref. 2!,20

followed by a fit procedure~copied from Ref. 10! using five
Gaussian line profiles.21 In Fig. 10, some of the fits are
shown. Figures 10~a! and 10~b! show fits of three and five
Gaussian line profiles, respectively. The asymmetrical p
of the crystalline fraction is approximated by two Gauss
line profiles on the high-energy side of the spectrum. At
lower-energies, peaks are fitted that represent the amorp
fraction. In Fig. 10~c!, two asymmetrical Lorentzian line pro
files are fitted to the spectrum, as reported by Touiret al.9 A
good fit to the data is obtained, but no amorphous p
is fitted and, therefore, the crystalline fraction cannot
calculated.

It should be mentioned that the calculated crystall
fractions are sensitive to the range of data that is fitted.
example, when the Raman spectrum deposited using 10 s
of SiH4 is fitted with three Gaussian line profiles~column 5,
first row in Table 1! in the data range from 450 cm21 to

TABLE I. Crystalline fraction~%! determined from XRD and from Rama
spectra using different techniques. The crystalline fractions determined
the Raman spectra are calculated using@cryst#/(@cryst#10.8*@am#) . First
column: Silane flow. Second column: Crystalline fractions from XRD. Th
column: Crystalline fraction determined as described in this article. Fo
column: For @cryst# and @am#, the Raman intensities at 520 cm21 and
480 cm21 , respectively, are taken. Fifth column: Fitting of three Gauss
line profiles as described in Refs. 2 and 20. Sixth column: Fitting of fi
Gaussian line profiles as described in Refs. 10 and 21. From a sa
deposited with a silane flow of 18 sccm, no crystalline fraction was dete
with all techniques.

SiH4

flow
~sccm! XRDa Raman

Raman@480#
versus@520#b

Raman
~3 Gauss!

Raman
~5 Gauss!

10 5869 5264 7264 46610 3866
14 5066 4664 6963 40617 3166
16 1262 1164 4662 361.5 5.362.5

Note: cryst indicates crystalline and am indicates amorphous.
aSee Ref. 3.
bSee Ref. 6.
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555 cm21 instead of 400 cm21 to 555 cm21, the crystalline
fraction changes from 0.46 to 0.40. The errors in the crys
line fractions that are obtained by fitting Gaussian line p
files are calculated from the inaccuracies in the peak a
that originate from the fitting procedure. The errors in c
umn 4 correspond to the error in the number of counts. T
errors in the fractions that are obtained with the method p
sented in this article~column 3! are estimated from the nois
in the background after the subtraction of the amorph
signal. As stated in Sec. IV~C! the ratio of the Raman scat
tering cross sections ina-Si:H andc-Si is set at 0.8 through-
out this article, but can vary from 0.7 to 0.9 for the crystall
sizes in our samples.18 This uncertainty results in an error o
about 10% in the lower crystalline fractions and about 5%
the higher crystalline fractions. This error is neglected b
cause it is smaller than the error induced by the noise in
measurements.

The crystalline fractions obtained by the method p
sented in this article are in good agreement with the XR

m

h

ple
d

FIG. 10. Several fitting techniques that are described in literature, applie
a typical Raman spectrum of microcrystalline silicon.~a! Three Gaussian
line profiles~see Refs. 2 and 20!, ~b! Five Gaussian line profiles~see Refs.
10 and 21!, and~c! Two asymmetrical Lorentzian line profiles~see Ref. 9!.
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results. Crystalline fractions obtained with peak fitting tec
niques that are presented in literature do not agree as
with the XRD results. The method presented here is not s
sitive to the range of data points that is included. Furth
more, it is straightforward what part should be attributed
the crystalline, and what part to the amorphous part of
spectrum. And finally, there is no discussion about peak
sitions that should be fixed or not to obtain realistic resu
These are clear advantages above peak fitting methods
earlier reported discrepancy~Refs. 2 and 22! in the crystal-
line fractions obtained from XRD and Raman spectrosco
is not observed in our samples when the subtraction me
described in this article is applied to the Raman spectra.

V. CONCLUSION

We have demonstrated an alternative technique to ex
the structural composition ofmc-Si:H from Raman spectros
copy. Crystalline fractions obtained using this techniq
show good agreement with fractions obtained from XR
analysis, in contrast to crystalline fractions obtained by f
quently used fitting procedures in literature. Furthermore,
subtraction of the amorphous part of the spectrum~taken
from a Raman spectrum of ana-Si:H film! clearly reveals the
asymmetrical peak shape of the Raman spectrum of the c
talline fraction as calculated in literature. Interpretation d
ficulties arising from peak fitting are resolved in a natu
way.
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