
Raman study of thin films of amorphous-to-microcrystalline silicon
prepared by hot-wire chemical vapor deposition

Daxing Han,a) J. D. Lorentzen, J. Weinberg-Wolf, and L. E. McNeil
Department of Physics and Astronomy, University of North Carolina at Chapel Hill, Chapel Hill,
North Carolina 27599-3255

Qi Wang
National Renewable Energy Laboratory, Golden, Colorado 80401

~Received 31 March 2003; accepted 11 June 2003!

The structure changes of thin films of amorphous~a! to microcrystalline (mc) silicon are studied by
Raman scattering in terms of three deposition parameters: the silane flow rate, the hydrogen flow
rate, and the total gas pressure in hot-wire chemical vapor deposition. The Raman transverse optical
~TO! mode is deconvoluted into two Gaussian functions fora-Si:H and intermediate components
and one Lorenzian function for thec-Si component. We found that~a! in general, the change in
structure is a function of the ratio of hydrogen to silane gas flow,R, but also depends on the SiH4

flow rate and total gas pressure;~b! there is a narrow structural transition region in which the
short-range order of thea-Si:H network improves, i.e., the variation in bond angle of thea-Si
network decreases from;10° to;8° once thec-Si grains start to grow; and~c! when the films were
deposited using a high SiH4 flow rate of 22 sccm, the narrow TO mode with low peak frequency
could be related to the column-like structures. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1598298#

I. INTRODUCTION

Transition films of amorphous hydrogenated silicon
(a-Si:H) to microcrystalline (mc) silicon have attracted a
great deal of attention because the most stable, high-
performancea-Si:H solar cells ever achieved were prepared
just before the onset of microcrystallinity.1 In addition, in-
creasing crystalline silicon (c-Si) volume fraction and grain
size and reducing defects are important issues for thinc-Si
films and their application to devices.2,3 Generally, the
mc-Si:H structure contains ana-Si:H matrix, c-Si grains,
grain boundaries~GBs!, and microvoids.4,5 Such materials
exhibit a variety of microstructures and properties that de-
pend on the preparation conditions. Compared to other depo-
sition techniques, such as high-H dilution of plasma-
enhanced chemical vapor deposition~PECVD! and very-
high-frequency~VHF! PECVD,6–8 the advantage of using
the hot-wire ~HW! CVD technique is its high deposition
rate.4

Raman spectroscopy is a sensitive tool that provides
valuable structural information abouta-Si-based materials.9

In a-Si, all phonon modes of the transverse acoustic~TA!,
longitudinal acoustic~LA !, longitudinal optical~LO!, and
transverse optical~TO! modes are Raman active. Thus, Ra-
man spectra ofa-Si at room temperature yield a reasonable
spectral comparison with phonon density of states that are
modified substantially by small changes in short-range order
~SRO!.8–10 Theoretical calculations have shown that the full
width of half maximum~FWHM!, G, the peak frequency of
the TO phonon mode (vTO), and the relative intensity of the
TA mode, TA/TO, are sensitive to variations in bond angle

~DQ! in an a-Si network.8–10 Beemanet al.10 found a linear
relationship between the width of the TO mode and the
spread in mean bond angleDQ in an a-Si network that is

G51516DI Q. ~1!

More recent calculations using 1000 atom configurations11

showed a similar relation ofG518.416.6DQ and a shift of
the TO mode frequency toward higher frequency asDQ de-
creases following

vTO522.5DQ1505.5 ~2!

for high voltage~HV!-polarized light. Those authors11 fur-
ther found that the TA/TO intensity ratio decreases linearly
with a decrease ofDQ. For device-qualitya-Si:H, the TO
mode is centered at 480 cm21 with FWHM'70 cm21. Ac-
cording to Eq.~1!, the spread in mean bond angleDQ is
<10°. Forc-Si, on the other hand, the Raman spectrum con-
sists of a single sharp TO mode with FWHM of 4 cm21 at
frequency of 520 cm21. All other modes are not Raman ac-
tive because of symmetry in the face-centered-cubic~fcc!
lattice. However, when thec-Si grain size is as small as a
few nm, momentum conservation will be relaxed and Raman
active modes will not be limited to the center of the Brillouin
zone. Thus, the frequency could shift from 520 to'512
cm21 with a decrease in grain size from>10 to'3 nm.12–14

Below 3 nm, a crystalline-to-amorphous transition occurs.14

In addition toa-Si andc-Si phonon modes, the Raman TO
mode frommc-Si films contains a third intermediate peak
centered around 500610 cm21, which could be attributed to
contributions by grain boundaries4,12 or other structures.6

With hydrogen dilution, Tsuet al.6 found chainlike objects in
PECVD films using high-resolution transmission electronica!Electronic mail: daxing@physics.unc.edu
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microscopy~TEM!, which they claimed is evidence of inter-
mediate ordering in H-diluted films. They found that thea-Si
TO band was centered at 490 cm21 (3763 cm21 full width!
instead of at 480 cm21.

To determine thec-Si volume fraction from the Raman
TO mode, one must take into account the differences be-
tweena-Si andc-Si with respect to scattering cross sections
and optical absorption coefficients. Bustarretet al.15 found
that the ratio of the cross section for the amorphous-to-
crystalline phase for grain size.3 nm at excitation wave-
length 514.5 nm can be written as

y~L !50.11exp@2~L/250!#. ~3!

It is expected thaty(L) will be 2.4 times smaller at 632.8 nm
excitation. Based on the above argument, we deduced the
crystalline volume fraction,Xc , from Raman TO mode using

Xc5~ I c1I GB!/@ I c1I GB1y~L !I a#, ~4!

where I c1I GB and I a are integrated intensities of thec-Si,
intermediate anda-Si peaks, respectively;y(L) decreases
from 1 to 0.4 when grain sizeL grows from 3 to 30 nm. We
found that when using 514.5 nm laser front excitation,Xc

can be deduced in such a way as to be consistent with the
results from x-ray diffraction~XRD! for HW-CVD transition
films.4,16 In previous work,4,16 we reported Raman, XDR,
Fourier transform infrared~FTIR!, photoluminescence~PL!,
and optical absorption results for HW-CVD films with either
a varying hydrogen-to-silane ratio,R, with fixed silane flow
rate or a varying substrate temperature,Ts , at fixed R53.
We observed a blueshift of thea-Si:H PL peak frequency,
which was due to narrowing of the band tail states by hydro-
gen dilution and a low-energy PL band in themc-Si films.
The low-energy PL band originates from thec-Si GB re-
gions, and thus, we have attributed the intermediate compo-
nent of the Raman TO mode to GB regions.4,16 Previous
Raman results showed a threshold ofR'2 at Ts5240 to
2250 °C andTs'200 °C atR53 for the structural transition
from a- to mc-Si:H. Both the threshold growth conditions of
crystallinity and crystalline silicon volume fraction deduced
from the Raman TO modes are consistent with the results
from x-ray diffraction.4,16 In this work, we have extended our
deposition parameter range to include not only the H-dilution
ratio R, but also the effect of silane flow rate and total gas
pressure. For example, at fixedR, the individual SiH4 and H2

flow rates can be changed such that one has a higher silane
flow rate than the other. The films deposited at the sameR
were not the same and depended on the actual gas flow rates.
This systematic study of the correlation between material
structure and deposition conditions can help us understand
the growth mechanism and adjust the growth conditions of
mc-Si:H films.

II. SAMPLE AND EXPERIMENT

We deposited 125 intrinsic Si films by HW CVD onto
Corning 1737 25325 mm2 glass using a combined deposi-
tion method.17 All of the films were grown at the same sub-
strate temperature,Ts5240 °C. There were four groups with
various silane flow rates of 3, 8, 16, and 22 sccm, respec-
tively. The hydrogen flow rate for each group was varied

from 0 to 216 sccm. The total gas pressure was controlled by
adjusting the throttling valve position~TVP! at 45%, 50%,
60%, 70%, and 80%. The higher the percentage the lower the
pressure. The total pressures of the deposition chamber as a
function of the TVP and H2 flow rate is listed in Tables I–IV
for SiH453, 8, 16, and 22 sccm, respectively. For the films
with low silane flow rate of 3 sccm, the thickness was con-
trolled in the range of 1500–2000 Å, and the growth rate was
in the range of 1–3 Å/s; for the films with silane flow rates of
8 and 16 sccm, the thickness was controlled in the range of
5000–6000 Å, and the growth rate was in the range of 5–13
Å/s; for the films with a silane flow rate of 22 sccm, the
thickness was controlled in the range of 0.9–1.1mm, and the
growth rate was within the range of 8–21 Å/s. Two films
were made as thin as the penetration depth of the 514.5 nm
laser, 60–70 nm, and they were used to calibrate the Raman
spectra from back excitation.

Raman spectra were measured using anXY triple spec-
trograph equipped with a LN2-cooled charge coupled device
~CCD! detector. The data were taken at room temperature
using the 514.5 nm line of an argon-ion laser. The spectral
resolution was approximately 0.5 cm21 in a frequency range
of 100–1000 cm21. The frequency of the Raman lines was
calibrated using the TO mode of a~111! c-Si wafer at 520
cm21. The power of the laser was kept below the level that
would thermally induce crystallization. The penetration
depth of the 514.5 nm light is;60 nm for a-Si:H and is
larger for mc-Si:H. Since the Raman spectra reveal the

TABLE II. Total gas pressure as a function of the TVP at SiH458 sccm.

H2

~sccm!

TVP ~%!

45 50 60 70

Total gas pressure
~mTorr!

0 24 14 10 4
9 36 20 14 6

16.2 45 25 18 8
23.4 54 30 21 10
30.6 64 36 25 11
54 95 53 36 17
75.6 120 69 46 21

151.2 210 121 84 40

TABLE I. Total gas pressure as a function of the TVP at SiH453 sccm.

H2

~sccm!

TVP ~%!

45 50 60 70

Total gas pressure
~mTorr!

0 12 7 4 3
3.6 13 9 5 4
9 20 12 7 5

12.6 25 14 8 6
30.6 47 30 14 26
54 75 47 21 35

108 139 88 37 45
216 267 172 77 56
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structure of the thin layer, measurements were also done
from back excitation for most samples. To depress the scat-
tering light from the substrate, the light spot was focused
onto the film using a microscope. The Raman TO mode for
all films was deconvoluted into two Gaussian functions and
one narrow Lorenzian function to represent the three compo-
nents ofa-Si, intermediate, andc-Si peaks. Thec-Si grain
size ranged from 7 to 30 nm, and was obtained from XRD;4

the crystalline volume fraction,Xc , was deduced using Eqs.
~3! and ~4! with 0.4,y(L),0.85.

III. RESULTS AND DISCUSSION

In general, the change in structure is a function of the
ratio of hydrogen-to-silane flow,R.4,16 Figures 1~a!–1~p!
show the crystalline silicon volume fraction,Xc , as a func-
tion of R for four groups of films at SiH4 flow rates of 3, 8,
16, and 22 sccm with the total gas pressure varied according
to throttling valve position, 45%, 50%, 60%, 70%, and 80%.
The solid and dotted lines indicateXc obtained from the top
and bottom layers, respectively.Xc is found from 0% to
.90% ~includingXGB from 0%–;30%! in the top layers. In
agreement with previous work,4,16 there is a thresholdR for
the structural transition froma- to mc-Si:H. The common
features of the curves in Figs. 1~a!–1~p! are~1! narrow struc-
ture transition region (DR;1) from Xc50 to >50%. We
will analyze this transition region in detail shortly.~2! The

thresholdR of crystallinity increases with an increase in SiH4

flow rate. For instance, the threshold isR<2 for low SiH4

flow rates of 3 and 8 sccm, as shown in Figs. 1~a!–1~g!, but
no crystallinity has yet occurred atR52 for high SiH4 flow
rates of 16 and 22 sccm, as shown in Figs. 1~i!–1~p!. ~3! Xc

changes with the total pressure in the chamber in the follow-
ing way: the films easily becomemc-Si at higher pressure
~lower TVP! and lower silane flow rates of 3 and 8 sccm, as
seen by comparing Figs. 1~a!–1~d! and 1~e!–1~h!; whereas,
at high silane flow rates of 16 and 22 sccm, lower pressure
~higher TVP! yields higherXc in the film, as seen by com-
paring Fig. 1~i! to Fig. 1~j! or Fig. 1~m! to Fig. 1~n!. These
surprising results suggest that there is a ‘‘growth zone’’ for
the crystallite, and it is our intention to study many deposi-
tion parameters, not justR, to examine this further. We ex-
plain results~2! and ~3! above by qualitatively using the
silane-depletion model. At low flow rate and low pressure,
the SiH4 is almost depleted, but at high flow rate and high
pressure, the SiH4 is partially depleted. The higher the de-
gree of SiH4 depletion, the more the crystallinity in the films.

We used back excitation to study early growth of the
film. At the early stage of growth,Xc is much lower than in
later growth of the films, as shown by the dotted lines in Fig.
1 whereas in Fig. 1~d! for the film with R572 and SiH4

53 sccm, we observe roughly the same value ofXc . This is
because film thickness of 70 nm is close to the penetration
depth of the 514.5 nm laser. For such a thin sample, the
Raman spectral line shape from back excitation was almost
identical to that from front excitation. Indeed, the width of
the a-Si TO mode was broader~80 cm21! andXc was lower
~57%! for back excitation compared to FWHM567 cm21

and Xc563% for front excitation due to the uniformity of
both the absorption coefficient and the structure along the
vertical direction. For all of the films in this study, the
FWHMs of thea-Si network of the bottom layers are in the
range of 75–83 cm21. These values are always broader than
the 67–80 cm21 of the top layers. This implies that the
a-Si:H network near the glass substrate is less ordered com-
pared to the top surface layer.

Figures 2~a! and 2~b! show the Raman spectra and their
fitting functions for the films with SiH4 flow of 3 sccm,
TVP545%, andR51 and 2, respectively. The fits for the
TA mode peaked at 145 cm21 and the LA mode peaked at
330 cm21, which are also shown. The signal between the TO
and LA modes is attributed to the LO mode. In comparing
Figs. 2~a! and 2~b!, one can see that the intensity ratio of
TA/TO decreased as the film became more crystallized. This
agrees qualitatively with theoretical calculations.11 More im-
portant, we obtain structural information from the TO mode
according to Eqs.~1! and ~2!. Figures 2~c! and 2~d! show
enlarged TO mode fits between 450 and 550 cm21 for the
same samples as those in Figs. 2~a! and 2~b!. The bandwidth
of the TO mode, the FWHM, and their peak frequency,vTO,
as a function of the H-dilution ratio are plotted in Figs. 3~a!
and 3~b! for all the films in this study. Generally, the FWHM
decreases and thevTO increases in the narrow structural tran-
sition region and then reaches saturation. Notice that the
films with high SiH4 flow rate of 22 sccm~the big crosses!
show the narrowest FWHM and lowestvTO. This is perhaps

TABLE III. Total gas pressure as a function of the TVP at SiH4

516 sccm.

H2

~sccm!

TVP ~%!

50 60 70 80

Total gas pressure
~mTorr!

0 25 12 7 6
9 30 15 9 7

16.2 35 18 11 9
30.6 44 22 13 11
45 49 27 15 13
61.2 59 31 18 16
75.6 66 36 21 18

153 109 60 38 33

TABLE IV. Total gas pressure as a function of the TVP at SiH4

522 sccm.

H2

~sccm!

TVP ~%!

50 60 70 80

Total gas pressure
~mTorr!

0 33 16 10 8
21.6 45 22 14 11
30.6 50 24 16 12
41.4 57 28 18 14
52.2 61 28 20 17
57.6 65 32 21 18
82.8 79 39 26 22

198 148 76 54 48
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related to column-like structures.18 The changes can be seen
more clearly for the low growth rate films with SiH4 flow
rate of 3 sccm, which are represented by solid dots in both
Figs. 3~a! and 3~b!.

The improvement of SRO of thea-Si:H network in the
a-to-mc-Si transition region is clearly seen in the changes of
both the FWHM andvTO. In Fig. 3~a!, the FWHM de-
creases from 80 to 67 cm21 when 0<R<3, and then re-
mains at 67 cm21 whenR.3. This indicates that the spread
in mean bond angleDQ decreased from 10.8° to 8.6° accord-
ing to Eq.~1!. The corresponding shift in frequencyvTO for
the same films in Fig. 3~b! is from 475 to 480 cm21, which
indicates thatDQ decreased from 12.2° to 10.2° according to
Eq. ~2!. The absolute values ofDQ are relatively large from
calculation,11 but the 2° improvement of the bond angle
spread is consistent with the results from the decrease of the
bandwidth.10 The improvement of SRO of thea-Si network
by increasing H dilution is consistent with the observations
of narrowing of the valence band tail in our previous
work.4,19 For most of the high-SiH4 flow rate films, indicated

by open circles and big crosses in Fig. 3, the FWHM
567 cm21 and does not change withR, but thevTO spreads
from 475 to 480 cm21 at 0,R,3 whereas the FWHM is as
narrow as 58.5 cm21 and the peak frequency as low as 472
cm21 for the films deposited with the highest growth rate of
;20 Å/s ~represented by the big crosses!. The frequencies of
thec-Si and GB peaks for those films are also low~see Figs.
4 and 5!. Since column-type growth occurs in such
conditions,18 it implies that both thevTO and the FWHM are
sensitive to the column structures. To our knowledge, there
are no calculations of how the phonon density of states
changes with such structures.

For the c-Si component, we generally found that the
width of thec-Si TO mode for themc-Si:H films is broader
than that for thec-Si wafer, i.e., 8–10 cm21 compared to 4
cm21. There were two exceptions for films with SiH4

53 sccm with TPV570% andR51.2 and 3. The reason is
unclear why the FWHM was as narrow as 4 cm21 for those
two films. However, the peak frequency of thec-Si TO

FIG. 1. Crystalline volume fraction as
a function of the H-dilution ratio at
SiH4 flow rates of 3, 8, 16, and 22
sccm. The solid and dotted lines indi-
cateXc obtained from a top or bottom
layer of >60 nm, respectively.
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mode,vc-Si , changes whenR increases. For the films with
SiH4 flow rates of 3 and 8 sccm, we found a blueshift from
516 to 520 cm21 in the transition region, as shown in Fig. 4.
This indicates that the crystallite size has increased from;7
to >10 nm.12–14For the films with high SiH4 flow rate of 22
sccm, the big crosses indicate that thevc-Si blueshift occurs
from 513 to 518 cm21. Again, the relatively low frequency of
thec-Si TO mode could be due to the column-like structures.

Finally, for all themc-Si:H films, the Raman TO mode
always contains an intermediate component in addition to the
a-Si andc-Si components. The intermediate component was
fitted well using a Gaussian function with FWHM of 33
cm21 for all the mc-Si:H films. The peak frequency of the
intermediate component,vGB, as a function ofR is plotted
in Fig. 5. One finds that the value spreads from 500 to 510
cm21. For the low-growth rate films, there is a blueshift of
vGB from 500 to 507 cm21 in the transition region that then
spreads between 505 and 507 cm21 whenR.3. Regardless
of whether or not the intermediate component originates
from the grain boundaries, small size~,3 nm!
crystallites,4,12 or median-range ordered objects,5 the blue-
shift of vGB can be attributed to growth of thec-Si grain
size. One may argue that Raman modes reflect SRO and that
the phonon density of states is sensitive to local bond
angles.9–11 However, the scattering intensity is related to the

coupling-parameter-weighted phonon density of states. Small
differences between peak positions could be attributed to
changes in median- or long-range interactions that are con-
sequences of the coupling parameter. We could not clarify
the origin of this intermediate component in this work. What-
ever the origin is, one commonly takes the third component
into account as part of thec-Si volume fraction, as seen in
Eq. ~4!.

As shown above, the peak frequencies of all the three
components of the TO modes show a blueshift with an in-
crease of H dilution in the structural transition region. The
compressive stress could be higher in films with higher hy-
drogen dilution ratios~the film easily peels off the substrate!,
and the blueshift of the phonon bands could be partly related
to an increase of film stress.

IV. SUMMARY

Raman scattering studies were carried out for the transi-
tion of films from amorphous-to-microcrystalline silicon pre-
pared by HW CVD with varying silane and hydrogen flow
rates and T-valve positions. The measurements were done for
both front and back excitation. The TO mode was deconvo-
luted into a broad Gaussian function fora-Si:H and into a
narrow Lorenzian function forc-Si; the Gaussian function

FIG. 2. Raman shift and fitting func-
tions of films with SiH4 flow of 3
sccm, TVP545%, and~a! R51 with
fitting functions of c15330
3exp$2@(c0–475)/40#∧2%, c2
5118 00/@(c0 – 518)∧215.5∧2#, c3
5140 exp$2@(c0–500)/20#∧2%, c4
580 exp$2@(c0-145)/50#∧2), andc5
550 exp$2@(c0–330)/70#∧2%; ~b! R
52 with fitting functions of c1
5480 exp$2@(c0–480)/40#∧2%, c2
5300 00/@(c0 – 518.5)∧214.5∧2#,
c35350 exp$2@(c0–507)/20#∧2%,
c4575 exp$2@(c0–145)/50#∧2%, and
c5570 exp$2@(c0–330)/70#∧2%; and
the enlarged TO mode between 450
and 550 cm21 with their fitting func-
tions of c11c21c3 in ~c! and ~d!.
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peaked at between 500 and 510 cm21 with FWHM of 33
cm21 for the intermediate component. We believe that the
origin of the intermediate component is the grain boundaries
and the small size~,3 nm! of the crystallites,4,12 and at-
tribute it into the totalc-Si volume fraction. Thec-Si volume
fraction depends not only on the H-dilution ratio,R
5H2 /SiH4 , and the film thickness, but also on the SiH4 flow
rate and total gas pressure, which can be explained using the
silane-depletion model. Detailed calculation of gas depletion
will be reported in future work.

The most interesting finding is a narrow structural tran-
sition region ofDR;1, in which short-range order of the
a-Si:H network is improved: the width of the TO mode de-

creased from 80 to 67 cm21 and the peak frequency,vTO,
blueshifted from 475 to 480 cm21. These indicate that the
bond angle variation,DQ, of the a-Si network decreases
from ;10° to ;8° when the crystallites start to grow. Fur-
thermore, the crystallite grain size increases from;7 to >10
nm in the transition region, as evidenced by a blueshift of
c-Si mode,vc-Si , from 516 to 520 cm21.12–14WhenR con-
tinuously increases beyond the transition region, the SRO of
the a-Si:H network, thec-Si volume fraction, and thec-Si
peak frequency become somewhat saturated. However, the
structure would be continuously modified at a higher hydro-
gen dilution ratio. Other techniques such as TEM will assist
in clarifying further structural changes.

Finally, when the films were deposited at a high growth
rate;20 Å/s using a high SiH4 flow rate, the FWHM of the
TO mode of thea-Si network can be as narrow as 58.5 cm21

and the peak frequency as low as 472 cm21. Column-type
growth occurs in such conditions,18 which implies that both

FIG. 3. ~a! Bandwidth and~b! peak frequency ofa-Si TO mode as function
of the hydrogen dilution ratio. The closed dots, dashes, open circles, and
crosses represent films with SiH4 flow rates of 3, 8, 16, and 22 sccm,
respectively. There are two regimes separated atR'3: the fast changing
regime whenR,3 and the saturated regime whenR.3.

FIG. 4. Peak frequency ofc-Si as a function ofR.

FIG. 5. Intermediate component peak frequency of TO mode as a function
of R.
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the vTO and the FWHM are sensitive to the column struc-
tures. Calculations are needed to find out how the phonon
density of states changes with these structures.
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