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We have studied the number and nature of the silicon-hydrogen bonds in amorphous silicon films prepared

in plasmas either of silane or of hydrogen and argon. The films from silane glow discharges have qualitatively

different Raman and infrared spectra which depend on deposition parameters such as substrate temperature

and silane gas pressure. Three main groups of spectral bands are seen associated with the Si-H bonds: the Si-

H bond stretch bands, the bands due to relative bending of two or three Si-H bonds with a common silicon

atom, and the wagging" bands of Si-H bonds with respect to the Si matrix. These bands are split in a way

suggestive of the presence of SiH, SiH„and SiH» complexes: the bond-bending bands are absent when only

SiH bonds are present. All three types of complexes are identified in films. deposited from glow discharges of
»»ne at press«es -1 Torr and room temperature. Higher substrate temperatures and/or lower pressures

reduce the SiH, and SiH» concentrations: films deposited at 250'C and 0.1 Torr contain only SiH groups.
From the strength of the corresponding absorption bands, H concentrations as high as 35 to 52 atomic percent are

estimated; Films sputtered at 200'C in a 10% H2-90% Ar mixture contain all three groupings observed in.

the silane-derived samples. Deuterated sputtered films are used to confirm the analysis. The first- and second-

order Raman scattering spectra of the Si-Si bonds in pure and hydrogenated a-Si are also discussed. The
scattering efficiency of a-Si is found to be. as much as 10 times that of crystal Si. The depolarization ratio
of the a-Si Raman spectrum has been remeasured. Finally, a picture is presented of when it is appropriate
to refer to heavily hydrogenated a-Si as still being a material describable by a-Si network models.

I. INTRODUCTION

Pure amorphous Si (a-Si) or Ge (a-Ge) films as
normally prepared by evaporation, sputtering, or
ion bombardment, are quite different in terms of
their optical and electrical properties from a-Si or
a-Ge chemically deposited from Si- or Ge-bearing
compounds, usually hydrides and, on occasion,
halides. ' Presumably the basic difference between
the "normal" and " chemical" methods is that the
"normal" depositions give films permeated with
paramagnetic dangling bonds of the order of 10"
per cm', as seen by electron-spin-resonance
(ESR)' and bulk-magnetic-susceptibility' ' mea-
surements. These dangling bonds are most likely
associated with small multivacancy complexes"'
(divacancies, trivacancies, etc.) within the dis-
ordered tetrahedrally coordinated network believed
to be characteristic of either type of preparation as
evidenced by similar diffraction patterns" and vi-
brational spectra. " The "chemical" methods, such
as glom-discharge decomposition' or reactive sput-
tering in hydrogen, "give films with considerably
lower concentrations of paramagnetic dangling
bonds, ' """less than 10"cm ' in some cases."
The dangling bonds are presumably saturated by
hydrogen atoms introduced into the film during
preparation.

This presumption has not always been accepted
for u-Si produced from glow discharges of silane
(SiH,). Early infrared (ir) studies did not show

any bonded hydrogen'~ and later such evidence was
found only in fQms prepared below 400 K.""' How-
ever, we feel that the bulk of the evidence now is
that hydrogen is indeed responsible for the passi-
vation of dangling bonds and the concomitant
changes in optical and electrical properties. For
example, hydrogen can be added during sputtering
depositions of a-Si or u-Ge to reproduce the key
doping results"" previously attained only vitQ
glow-discharge produced fjlms zs, i9

%'e report here measurementq and identification
of ir- and Haman-active vibrations in some silicon
hydrides (silanes) and in hydrogenated and deute-
rated a-Si films. Results are given for a-Si films
prepared (i) from glow discharges of silane, and
(ii} by depositions from a silicon cathode sputtered
with hydrogen-argon or deuterium-argon gas mix-
tures.

From the vibrational spectra we are able to iden-
tify a variety of hydrogen bonding sites correspond-
ing to isolated SiH bonds as mell as SiH, and SiH,
groupings. Hereafter we use the notation Si-H to
represent silicon-hydrogen bonds in any SiH„
grouping while SiH, SiH, and SiH, are reserved to
the specific single, double, and triple groupings.
Polarized and depolarized Raman spectra and the
complementary ir spectra are compared with gas
data for SiH„Si,H„higher silanes, and halogen
silanes in order to identify the stretching (-2000
cm '), bending (-900 cm '); and wagging (-600
cm '}modes. Substitution of deuterium for hydro-
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gen confirms the identifications. In the glow-dis-
charge process, lower substrate temperatures and
higher silane pressures favor the SiH, and SiH,
groupings and perhaps even polymerization'; we
call such material amorphous silicon hydrides,
a-SiH„or polysilanes, a-(SiH )„. Higher substrate
temperatures andlor lower pressures lead to hy-
dx'ogen atoms bonded to separate silicon atoms
within the a-Si network; we eall this material
amorphous hydrogenated silicon, a-Si:H. In prac-
tice, we have been able to prepare glow-discharge
films with predomiriantly one or the other type of
bonded hydrogen, '0 while in sputtering, mixtures
of c-Sia„and c-Si:H are generally obtained.

%e attempt quantitative estimates of the total
numbex' of hydrogen-silicon, bonds by comparing
the integrated ir absorption strengths of the bond
stretching absorption (-2000 cm ') with published
data for SiH4 gas and for higher silanes. The num-

ber of double and triple groups is similarly esti-
mated from the bond bending structure (-900 cm ').

The ir spectra obtained are compared with data
for hydrogenated single-crystal silicon surfaces"
and for hydrogen- and deuterium-implanted crys-
talline silicone"' A comparison is also made with

spectra obtained for anodically stained silicon pro-
duced electrochemically. "

The observed Haman spectra of hydrogenated
a-Si have an intrinsi. c part very similar to that of
pure a-Si.except for a decrease in the relative
strength of the longitudinal acoustic (LA) st'ruc-
ture. These spectra, their depolarization ratios,
and intensities are discussed. A similar discussion
is given for the extrinsic features due to the Si-H
bonds.

In Sec. II we describe the experimental proce-
dures including the glow-discharge and sputtering
parameters used. The sample characterization
procedures are also given. The ir and Raman
spectra are presented in Sec. III. In Sec. IV the
spectra are discussed in terms of mode identifica-
tion, quantitative analysis of the bonded hydrogen
content, and correlation of the type of hydrogen
sites with the film growth conditions. Section V
contains the conclusions.

II. EXPERIMENTAL PROCEDURES

A variety of amorphous silicon films were pre-
pared in each of two different types of deposition
systems. One of these systems was an inductively-
coupled radio-frequency (rf) glow-discharge ap-
paratus for the plasma decomposition or polymeri-
zation of silane, SiH~. The other was a biased rf
diode system for reactive sputtering depositions
in argon-hydrogen or ax gon-deuterium mixtures
from a silicon cathode.
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FIG. 1. Schematic diagram of gloss-discharge appara-
tus for preparation of u-Si films from silane.

The glow-discharge apparatus, shown schemati-
cally in Fig. 1, is based on the systems described
by Chittick'4 and by Spear and LeComber. '~ Silane
is passed down a vertical 5-cm-diam quartz tube
and flows by a 3-cm-diam temperature-controlled
pedestal onto which a horizontal substrate is
clamped so as to receive the deposited film. A
glom-discharge plasma is excited in the flowing
silane by a three-turn, 5-cm-long by S-cm-diam,
water-cooled coil driven by a 13.56-MHz radio
transmitter. The power to the coil was estimated
to be about 1 %'. Smooth film deposition occurs
when the gas pressure lies between about 10 ' and
l Torr, as read by a Pirani gauge about 10 cm be-
low the substrate pedestal. %'e estimate the abso-
lute pressures of SiH, to be about half the nominal
(air) readings of the Pirani gauge by occasional
cheeks against a capacitance manometer. A rotary
pump at the exhaust end of the apparatus provides
for gas flow. The pressure is controlled bp a leak
valve at the gas intake. After passing through the
plasma tube, the gas passes through an oven at
950 C to decompose any residual SiH, . Typical
flow rates for 10 ' and 1 Torr are 0.2 and 5 cm'/
min(STP). If the rate is increased further we first
get rough films and then for faster flows a yellow-
ish powder "snows" out of the plasma. For this
study, pedestal temperatures of either 25 or 250'C
wex'e used.

The rf bias sputtering appaxatus is shown sehe-
matieally in Fig. 2. Its design was previously de-
scribed/ Provision has been added for the intro-
duction of hydrogen as well as the common dopant
gasses (e.g. , PH„B,H, ) now in use in glow-dis-
charge depositions. The cathode target is nominal-
ly intrinsic (99.999% purity) cast polycrystalline
silicon which is bonded to a water-cooled copper
plate. The sputtering region is determined by a
10.5-cm-diam ground shield. The substrates and
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FIG. 2. Schematic diagram of rf bias sputtering ap-
aratus for preparation of hydrogenated and deuterated
a-Si films. For deuteration the H2 cylinder is replaced
by one containlxlg D2.

TABLE I. Parameters used for the sputter depositions.

Target voltage
Total pressure
Substrate temperature
Applied substrate holder bias
Presputter time
Deposition time
Accumulation rate

1700 V
2 x 10" Torr
200 C
50 V
30 min
60 min
2.7 A,/sec

masks are mounted in a molybdenum holder within
view of a radiant heater which is controlled by a
thermocouple mounted inside the substrate hoMer.
All deposits were made onto 200'C substrates.
Before sputtering, the chamber is evacuated to
less than 6&10 ' Torr. The sputtering mixture
is obtained by first adjusting the H2 flow to the de-
sired indicated partial pressure with an air-cali-
brated ion gauge; then the Ar flow is adjusted to
give a total indicated pressure of 2 x 10 ' Torr. A

pressure differential is maintained between the
sputtering chamber and the diffusion pump by a
nonsealing valve. In order to minimize oxygen
contamination, the sputtering gases pass by a Ti-
coated shroud at liquid-nitrogen temperature. In
addition, experience has shown that a 50-Vrf bias
applied to the substxate assists in further reducing
the possibility of oxygen contamination. Table I
summarizes the sputtering parameters.

'The c-Si films wexe deposited through metal
masks onto a variety of substrates. For the re-
sults reported here we used 2.5-cm-diam single-
crystal silicon wafers with at least one optically
polished face. The high-quality surfaces of com-
~ercially available Si wafers make them ideal sub-
strates for Haman studies in a backscattering ge-
ometry. For ir transmission measurements, we
generally used p-type, high-resistivity (&100 Q cm)
Si wafers polished on both sides and wedged in
thickness so as to eliminate any interference

'fringe background from the substrate. Furthex,
the index of refraction of crystal Si matches better
the index of refraction of a-Si than most other ir
transmitting materials; thus, the interference
fringes from multiple reflections within the film
are also minimized. Typical film areas were 1
X2 cm.

All spectra reported here were gathered at room
temperature. Most of the transmission data was
measured in the ir region from 1 to 15 pm (10000
to 667 cm ') with a Perkin-Elmer Model 21 Double
Beam Spectrophotometer. For some samples
spectra out to 50 p.m (200 cm ') were taken with
Perkin-Elmer Models 580 and 180 or Beckman
Model 4260 Double Beam Spectrophotometers. All
the transmission measurements were made rela-
tive to an uncoated reference Si substrate. The
Haman spectrometer was a Spex Model 1401 douhle
monochromator with holographic gratings. The
measurements were performed with 250 mW of

0
5145 A argon ion laser radiation in the backscatter-
ing configuration. The incident light was polarized
in either the vextical or the horizontal plane, while
the analyzer was kept fixed for horizontal polari-
zation. The first-order Raman peak of crystalline
Si was measuied on an uncoated portion of the sub-
strate in order to generate relative strengths of all
scattered intensities.

The samples used for vibrational measurements
were usually analyzed separately for purity and
hydrogen content. In some cases, other samples
either simultaneously or equivalently prepared
were used for the parallel analysis. The details of
the other methods of hydrogen analyses will be re-
ported elsewhere. " The methods used included
electron microprobe, mass spectroscopy of ther-
mally evolved gases, and nuclear reactions involv-
ing protons. Comparisons between boron and phos-
phorus doped sputtered versus glow discharge
films will also be discussed in a separate report.

III. RESULTS

A. Infrared spectra

We first present data for samples prepared by
reactive sputtering in gas mixtures of nominally
10' H, (or D,) and 90% Ar. Figure 3 shows the
relative transmittances of approximately 1 p,m
thick films in the regions of Si-H or Si-D bt)nd

stretching, bending, and wagging frequencies; The
transmittances in Fig. 3 are normalized to the ab-
sorption-free background transmittances in order
to eliminate the shallow interference fringes due to
the small index of refraction difference between the
substrate (n,„b—= 3.4) and the films (n„, =—3.0). To
convert the transmittances to absorption coeffi- '



l6 INFRARED AND RAMAN SPECTRA OF THE. . .

800--

4J
Z'

0,9-
CA
Z'

KI-
0.8

l~

4J
K

0.7-

—5'5- H
----54-0

600--

E
400-- 4-D

400 800 l200 l600 2000 2400

m(crn '}
1400 1600

I

1800

M (crn')
2000 2200

FIG. 3. Representative transmittance T versus fre-
quency u of ir spectra for two sputtered u-Si fihns.
Sample No. 53-H was sputtered deposited by a mixture
of 10% H2 and 90% Ar, No. 54-D by a mixture of 10% D&

and 90% Ar. The transmittances are shown relative to
the absorption-free bachground transmittances of the
same films.

cients, we approximate the interference fxee trans-
mittance by

T= (1 R)'e-~/(1-R'e *~)

where & is the absorption coefficient, d the film
thickness, and R an empirically determined inter-
face multiple reflection loss. We determine 8 by
setting T= TO=0.54 when o'=0. TO=0.54 is the the-
oretical as well as experimentally checked trans-
mission of the silicon substrates used. ' Equation
(1) then becomes

4T'g ~"
T= o

(]+y )2 (1 y )2e RRd

which ean be solved for + in terms of the mea-
sured T. Although Eq. (1) is strictly true only for
a freely supported film, and T,= 0.54 is true only

n &nab &n&m- 3 42, we have verified for our
case that Eq. (2) works well (+10% or better accu-
racy for & when &d& 0.1). Figures 4-7 show ab-

FIG. 5. Absorption coefficient & versus frequency (d

for the Si-H and Si-D bond stretchirg bands for samples
53-H and 54-D (solid lines). The dashed line is the same
54-D spectrum with a.new frequency axis u' rescaled
by a factor of 1.39.

sorption coefficients versus wavenumber for dif-
ferent spectral regions of the transmission data of
Fig. 3 for hydrogen-argon and deuterium-argon
sputtered a-Si. Figure 4 shows the entire spectral
range measured, while Figs. 5-V are for the bond
stretchi. ng, bond bending, and bond wagging re-
gions, respectively. The basis for the identifica-
tion of these three regimes will be discussed in
Sec. IV below. For both hydrogen-argon and deu-
terium-argon, sputtered a-Si, each of the three
spectral regions has a doublet absorption consist-
ing of two bands. In each doublet, the lower-fre-
quency band is weaker and appears as a shoulder
next to the higher-frequency peak.

Figure 5 shows the spectral regions appropriate
to the stretching frequencies of Si-H and Si-D bonds.
The so1.id curves in the 1900-2200 cm ' and 1400-
1600 cm ' ranges are for the hydrogenated and
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FIG. 4. ir absorption coefficient o' versus wavenumber
~ spectra for the same two sputtered c-Si films shown
in Fig. 3.
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FIG. 6. Absorption coefficient + versus frequency (d

for the Si-H and Si-D bond bending bands for samples
53-8 and 54-D (solid lines). The dashed line is the
same 54-D spectrum with a new frequency axis cu' re-
scaled by a factor of 1.39.
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FIG. 7. Absorption coefficient & versus frequency ~
for the Si-H and Si-0 bond wagging (and rocking?) for
samples 53-H and 54-D (solid lines). The dashed line
is the same 54-D spectrum with a new frequency axis
~' rescaled by a factor of 1.25.

deuterated samples, respectively. The dotted
curve is the spectrum for the deuterated sample
with a rescaled frequency axis. The frequencies
have been rescaled by

2095 cm '
-,,-. 1510-' '"

so as to align the two higher-frequency peaks.
Note that the scale factor 1.39 is about the square
root of the ratio of the masses of D to H.

Figure 6 shows the spectral regions appropriate
to the bending frequencies of Si-H and Si-D bonds.
The solid curves in the 800-950 cm ' and 600-700
cm ' ranges are for the hydrogenated and deuterated
samples, respectively. The dotted curve is the re-
scaled spectrum for the deuterated sample. Again,
the frequency scale has been multiplied by 1.39 so
that the usa, D= 650 cm-z and the ~si-H= 895 cm
peaks approximately line up.

Figure 7 shows the spectral regions appropriate
to the wagging frequencies of Si-H and Si-D bonds.
The solid curves in the 450-750 cm ' and the 400-
550 cm ' ranges are for the hydrogenated and deu-
terated samples, respectively. The dotted curve
is the shifted spectrum for the deuterated sample.
This time the frequency scale has been multiplied
by 1.25 so as to align the (ds~ „=640 cm ' and the
a~, D

= 510 cm ' peaks.
Figures 8 and 9 contain the absorption coeffici-

ents versus wavenumber for four films of a-Si
deposited from silane glow discharges. These
films were deposited under four different combin-
ations of substrate temperature and silane pres-
sure, namely, Sample No. 78, low temperature
(i.e. , room temperature) and high pressure (i.e. ,
1.0 Torr); Sample No. 76, high temperature
(250'C) and low pressure (0.1 Torr); and the two
intermediate cases of Sample No. 79, low temper-

4000
RGE

3000-

2000-

l 000-

u 0F

300—
Si OfSCHARGE
-".- 79
——77

200—

100- i

I .'
''

~

920940 960

FIG. 9. (a) Absorption coefficient & versus frequency
& for the Si-H bond-bending bands for the same glow-
discharge samples of Fig. 8. Sample No. 76 had no dis-
cernible absorption bands in this spectral region. (b)
Enlarged presentation of the bond-bending bands for
samples No. 77 and 79.

(1) (Cm-')

FIG. 8. Absorption coefficient & versus frequency (d

for the Si-H bond-stretching bands for the four glow-
discharge samples described in the text (see Table II).

r

ature, low pressure; and Sample No. 77, high
temperature, high pressure. The growth conditions
and sample designations are summarized in Table
II.

Figure 8 shows the 1900-2200 cm ' spectral
region appropriate to the bond stretching modes
of SiH„. Sample No. 78, grown at 1 Torr on a
room- temperature substrate shows a strong peak
at 2090 cm ', while the two samples deposited onto
250'C substrates have absorption bands peaked
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TABLE II. Summary of ir absorption data. The first four columns list the sample numbers,
growth methods, gas pressures and substrate temperatures. The next three columns list the
observed principal stretching, bending, and wagging frequencies. The strongest peaks of
each band are underlined. The last two columns list the number of Si-H bonds found by inte-
grating the sketching and bending absorption bands (see text). The asterisks indicate results
for similar, but not identica1, samples to those listed in the first column. The question
marks indicate an inability to extract quantitative data because of a substrate absorption band.

Sample
number Method

Growth parameters Peak frequencies
Gas Substrate Stretch Bend Wag No. Si-H bonds

pressure temp. bands bands bands Stretch Bend
(Torr} ( C} (cm } (cm } (cm } (10 /cm } (10 /cm }

53H
or 33H

54D
or 38D

78

77

Sputtering
in H, -Ar

Sputtering
in D2-Ar

Glow Disch.
in SiH4

Glow Disch.
in SiH4

Glow Disch.
1D SlH4

Glow Disch.
in SiH4

0.02

0.02

1.0

0.1

0.1

1.0

200

200

25

25

250

250

2095
2000
1510
1460
2120
2085
2000
2020
2000

2085
2000

880
835

895 640
855 590
650 515
620 420
890 630*
845 590*
880 635~
840 590~

600*
640
600*

2.1

2.3

3.3

2.7

2.3

1.5

0.4

3.2

0.5

~0 0

0.1

near 2000 cm '. The absorption band for the room-
temperature, 0.1-Torr sample (No. 79), while
weighted towards 2000 cm ', has some contribu-
tion from the 2090-cm ' peak as well.

Figure 9 shows the 800-950 cm ' spectral re-
gion appropriate to the bond bending modes of
SiH„. The room-temperature, 1-Torr sample
(No. 78) has two well-separated absorption bands
in this region at least an order of magnitude strong-
er than any of the other samples. The other ex-
treme preparation condition, 250- C substrate and
0.1-Torr silane, gave a sample (No. 76) with no

detectable absorption in this spectral range, that
is a„„„&50cm '. As shown in Fig. 9(a), the two
intermediate cases, samples Nos. 77 and 79, also
have two bond bending absorption bands about an

order of magnitude weaker than for the high-pres-
sure, low-temperature sample. Figure 9(b) shows
these smaller bands magnified so as to illustrate
the switching of their relative strengths as well as
the slight shifts in their frequencies.

Unfortunately, quantitative data were not obtained
for the wagging-mode spectral range of these
glow-discharge samples. However, we did observe
qualitatively the wagging-mode absorption band at
-600 cm ' in all these samples, as well as others
similarly prepared. For example, Fig. 10 shows
the relative transmittances for another set of
glow-discharge samples which were grown at all
four combinations of two temperatures (25 and
250'C) and two pressures (0.09 and 0.5 Torr).
In all samples, wagging modes are seen with slight
shifts in the frequencies to higher values as the

substrate temperature is i~creased or the silane
pressure is decreased.

Table II summarizes the observed ir frequencies
for the two sputtering and four different glow-dis-
charge conditions. We note that some of these ab-
sorption bands due to Si-H and Si-D vibrations have

LO so

COI-
X

Cl
K

LalI:

LO

250

I t I & I

600 800

FIG. 10. Transmittance T versus frequency co for the
Si-H bond-wagging and rocking ben~s for four glow-dis-
charge samples prepared under similar conditions to
those of Figs. 8 an~ 9. LO and HI indicated low ~nA

high silane pressures during deposition onto either room-
temperature (RT}or 250'-C substrates, as indicated.
Three of the spectra are displaced for clarity of presen-
tation.
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been reported for crystal Si that has been ion im-
planted with H' and D','""exposed to nascent H,"
or anodically stained in hydrofluoric acid."

B. Raman spectra

The Raman spectra of four samples, "pure" a-Si
prepared by sputtering in argon, a sample pre-
pared by glow discharge under high pressure onto
a substrate at room temperature (78), and two
samples sputtered in argon with 10% of H, (33-H)
or with 10% of D, (38-D), respectively, are shown
in Fig. 11.. The measurements were performed in
the range of 200 to 2400 cm '. Additional measure-
ments, to ascertain the possible presence of H,
and D, sn molecular form, perhaps inside voids,
were performed in the range of the appropriate
stretching vibrations (4156 cm ' for H, and 2939
cm ' for D,)." In these ranges no signal was de-
tected, an upper limit to the possible strength of
the unobserved signal being 2 counts/sec, the
strengths of the a-Si peak signal being typically
60 counts/sec. The linewidth expected for' the H,
stretching vibrations is 3.5 cm '. '

The data shown in Fig. 11 were obtained at room
temperature in a backscattering configuration
with parallel analyzer and polarizer. Almost all
the samples exhibit the ~» = 300 cm ' longitudinal
acoustical and the ~To =480 cm ' transverse
optical structure of a-Si.""The exception is
Sample 78 for which no ~LA structure is observed.
The notation is that of the corresponding crystal
modes. The &uz (longitudinal optical) shoulder
was seen, as usual, faintly, in some of the samples
around 380 cm. . The transverse acoustical ~TA

Z

Cl
K

I
Vl
Z
4J
I
Z

D
4J
CI
LLJ

Vl

ED

33- H

38- D

78

1000 1500

4) { cm')
2000

PURE
t

2500

= 190 cm ' structure was also seen but not studied
in detail because of its being superimposed on a
large Rayleigh background. The frequencies of the
structures observed in Fig. 11 plus those of a
glow-discharge sample (No. 92), prepared at
250 C, and with an infrared spectrum very sim-
ilar to that of Sample '79, are listed in Table III

FIG. 11. Raman-scattered intensities versus frequency
cd for four representative a-Si samples. The PURE
sample was sputtered deposited in 100% Ar; the 33-H
(38-D) samples were sputtered deposited in 90% Ar-10%
H2 (10% D~). Sample 78 was deposited onto a room-tem-
perature substrate from a high-pressure glow discharge
of SiH4.

TABLE ID. Energies, intensities, and depolarization ratios p of the structure observed in
the Raman spectrum of pure, hydrogenated, and deuterated a-Si. The intensities are inte-
grated and divided by the a-Si intensity integrated between 200 and 600 cm . (di,A= 300 cm
has been omitted from the table. The frequency of the stronger peakof each (d doubletis
underlined.

Sample

W S&TO (d2To (d

(cm ) p (cm ) intensity p cm intensity p cm intensity P

32
Pure
(sputtered)
33-H
(sputtered)
38-D
(sputtered)
92
Glow Disch.
250 'C
Low press.
78
Glow Disch.
25 'C
High press.

480 0.55 620

480 0.65 610
660

480 0.52 610

480 0.50 620
660

480 0.55 620
660

0.03 0.5 960

0.03

0.08

0.5 960

0.5 96,0

0.08 0.45 960

0.075 0.45 970

0.25 0 45

0.3

0.3 0.45 203o 0.18
2095

0.4 0.45 2020 0.20
2100

0.15 0.45 2040 0.08
2100
1500 0.12

&0.3

0.2

0.15

0.15
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together with their strengths and depolarization
ratios, to be discussed later. It is interesting
to note that the ~T~ line peaks at 480 cm ' in all
samples measured. The (d~„structure seems to
become weaker relative to ~TO along the sequence
32-(33H or 38D)-92-'I8, being nearly zero for
Sample V8 (see Fig. 11). Along this sequence, the
hydrogen content increases.

The line labeled co,~A occurs at 620 cm in the
pure and the deuterated samples for which it is
weaker thap the corresponding doublet observed
in the hydrogenated samples (610-660 cm ').
%e thus conclude that the peak at 610 cm ' is an
overtone of the main a-Si +L„structure. The Line

observed at 660 cm ', a consequence of the pres-
ence of hydrogen, seems due to wagging (&u~) vi-
brations of Si-H bonds, in correspondence with the
structure observed in the infrared spectra. The
structure labeled +,To (960 cm ') is undoubtedly
the overtone of the main a-Si (dT~ and seems to
overwhelm any structure due to aP vibrations
which. should occur at the same frequency, although
for Sample 78, that with the highest H, content, the
m, To structure is relatively stronger and may con-
tain some contribution from H vibrations. The
only other structure observed can be related to
the Si-H stretching vibrations (&o~). It is a doublet
with peaks at 2040 and 2100 cm ' for sample 330
and at 2020 and 2100 cm ' for Sample 78. The rel-
ative intensities of the two lines are revexsed in
samples 33II and V8. The deuterated sample (38D)
has a broad line at 1500 cm ' which, according to
the reduced mass ratio of Si-H to Si-D should cor-
respond to the lines given above; the doublet, how-
ever, is not resolved.

It is worth pointing out that v~ structure has also
been observed" in the Raman spectrum of H' and
D' implanted silicon at 1460 and 1488 cm ' (D')

'

and at 2056 cm ' (H'), in reasonable agreement
With our observations.

%'e have listed in Table III the frequencies of the
observed Raman peaks, their depolarization ratios
p (ratio of scattering efficienciesfor parallel-per-
pendicular to parallel-parallel polarizer-analyzer
configurations), and their strengths with respect
to that of the main a-Si structures. The oP Si-H
stretching vibrations are nearly completely pol-
arized, as one would expect by comparison with
the corresponding lines of disilane (p =0.ll)."
The average depolarization, ratio found fox the
main a-Si peak is 0.55. This value is somewhat
lower than that reported earlier (0.8)."

By comparison of the a-Si spectrum with the
scattering from the [lll] oriented, polished and
etched crystalline substrate, we have determined
the ratio of the a-Si integrated scattering between
200 and 600 cm ' to that of the Raman-active pho-

non in the crystal. For pure (nonhydrogenated)
sputtered a-Si the directly measured scattered
intensity was 3 times smaller than for the crystal.
In order to obtain a meaningful scattering efficiency
or cross section we divide the measured values by
the absorption length, i.e., multiply by the absor-
ption coefficient (more nearly exactly, the sum of
absorption coefficients for the incident and scatter-
ed radiation). For crystal Si we use the absorp-
tion data of Dash and Newman, "and for cE-Si we
use our own measurements performed on films
deposited on sapphire substrates. For the sput-
tered a-Si, the sapphire substrates were side-by-
side with the crystal wafer during deposition. For
the glow-discharge samples, a separate run was
necessary for each sapphire substrate. At the
laser wavelength, the ratio of the amorphous to
crystalline absorption coefficients is about 30.
The net result we obtained is a Raman scattering
efficiency for a=Si that is 10 times that of crystal
Si. This scattering efficiency decreases with H
content and reaches a value of 5 times that of crys-
'tal Si for sample No. V8. No correction was made
for the different relative importances of the Bose-
Einstein factors in the crystalline and amorphous
spectra.

IV. DISCUSSION AND ANALYSIS

A. Identification of the observed infrared structure

Three groups of structures are expected for the
vibration spectra of Sj.-H bonds: stretching (up~),

bending (a&s), and wagging or rocking (&o, co"),
corresponding to the three rows of modes shown

in Pig. 12. The aP modes @re due to the forces
opposing changes in the angles between Si-H bonds
within SiH, or SiH, groups. Contrary to the stretch-
ing and wagging vibrations, the bending modes
should be absent for Si atoms bonded to a single
H, i.e., isolated SiH groups. Thus a measure-
ment of the ratio of the ir absorption strength of
the cP to the ~s modes should give an indication
of how much of the H is bonded to Si as isolated
H atoms. It is also known that the frequency of
the (ds vibrations decreases slightly in going from
triple H groups (&u, ) to single hydrogens (ca[)."

In ordep to identify the co~, uP, and or~ modes in
hydrogenated a-Si we start with a discussion of the
infrared absorption data available for silane
SjH4,32'~~ disilane (SiH~)2,' trisilane SiH~-SiH2-
SiH„"n-tetrasilane (SiH, -SiH,)„"and iso-tetra-
silane (SiH, ),-SiH3' The frequency of relevant
structure observed in these gaseous compounds
and their identification in terms of Fig. 12 is given
in Table IV. %e have also listed in this table the
strength of the absorption bands as represented by
the integral
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FIG. 12. Schematic illustration of the bond-streching
(top row), bond-bending (middle row), aiba bond wagging
and rocking (bottom row) modes of SiH, SiH& and SiH3
groupings either in hydrogenated a-Si or gaseous silanes.
The mode notation is described in the text. The fre-
quencies in cm are those seen in hydrogenated a-8i.
SYM or ASYM indicate symmetric asymmetric modes.

- The solid circles represent Si atoms, the open circles
. represent H atoms. Only the relevant bonds to one
central Si are shown, the other Si atoms can be con-
nected to either Si or H atoms.

where L is the length of the gas cell, N the number
of moles per unit volume, I, and I the incident and
transmitted energy, respectively, and e the absor-
ption coefficient. We express I' in cm per milli-
mole (cm'/mmol). The values of I' have been de-
termined accurately for SiH, by McKean." Those
for the higher order of silanes were obtained by
integration of enlargements. of the figures in Refs.
30, 34, and 35. They are, therefore, less accur-
ate. It is clear from Table IV that one can take the
strength of the v~ lines as a measurement of the
number of Si-H bonds, the corresponding dipole
moment being almost independent of substance.
We shall use this result, with the approPriate cor-
rection for the presence of the a-8i matrix, to de-
termine the number of Si-H bonds in hydrogenated
a-Si.

The stretching modes for the gaseous silanes
listed in Table IV have three identifiable frequen-
cies (d„ur„and ~, . The lines uP, and ~, appear
in all higher silanes as shoulders to the main (d,
line. Although it is not possible to estimate quan-
titatively the strengths of these lines, it appears
that they are roughly proportional to the number
of single (Si-H bonds) for &of and to that of triple
Si-H bonds (SiH, groups) for u&3~. Note that ~,
appears only in (SiH, ),-SiH, for which compound

v, is also relatively stronger than for (SiH, —

SiH, ), ." The identification of the three stretch-
ing frequencies ~„~„~,with vibrations of single,
double, and triple groupings of Si-H bonds follows

TABLE IV. ir frequencies in cm and absorption strengths I in cm /m mole of the stretch-
ing, bending, and wagging modes and rocking modes in several silane gasses and the corre- '

sponding frequencies observed in glow discharge sample No. 78, sputtered hydrogenated
samples No. 53-H, and sputtered deuterated sample No. 54-D. Where possible, the normal-
ized strengths per bond (I' /f) or per SiH„group (I'2/f, I'3/&) are shown. For each molecule,
f is the number of its SiH bonds or SiH2 and/or SiH3 groups contributing to the absorption
process.

(dS ~S ~S I'S I'S/( ~B I'B I B/( ~B pB IB/g (dW I a)

SiH4 ~

(SiH, ),
SiH3-SiH2-SiH3
(SiH3-SiH2)2
(SiH3)3-SiH
a-Si 78
a-Si 53H
a-Si 54D

2189
. 2179

2180
2155

2050 2155
2000 2085
2000 2095
1460 1510

14
2190 22
2210 28
2210 34
2210 30
2120

3.5 914 914 44
3.7 940 19 10 844 60 30 625
3 5 948 15 5 884 58 29 711 44 580
3.4 935 23 5 870 50 25 694 35 622
3 0 935 20 7 879 80 27 695 30

890 845 630'
895 855 640
650 515 510 420

Reference 31(a) .
"Reference 29.' Raman mode.

Reference 32.' Reference 33.
~ From Fig. 10, the RT, High-pressure sample.
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from the arguments given above provided one also
allows for a contribution of the triple bonds to ur,

as illustrated in Fig. 12 and discussed below. The
ir active stretching vibration of the triple bond
group should split into a symmetric and an asym-
metric component'0'"; the asymmetric compon-
ent is expected to be higher than the symmetric one
[see (SiH,), in Table IV]. Thus it is reasonable to
attribute ~, to the asymmetric component of the
triple bond group stretch and (d, to the symmetric
one plus the double bond group stretch. While the
double-bond group stretch should also split into
symmetric and asymmetri, c components, we be-
lieve the splitting is too small to be seen. We
note that for the corresponding C-H bonds in the
alkanes, the symmetric-asymmetric splitting
(VO cm ') of the double-bond group is smaller than
for the triple-bond group (90 cm ') 3'

We divide the structure in the 2000-cm"' region
of the ir spectra of variously prepared a-Si films
into three frequency bands analogous to the (d~,

~„and e, bands of the Si-H stretching modes in
the gaseous silanes. Because of solid-state ef-
fects, the frequencies in a-Si are 50-100 cm '
lower than the corresponding frequencies in the
gases (see Table IV). For example, for the room-
temperature, high-pressure glom-discharge
samples in Fig. 8, the SiH, asymmetric stretch
~, lies at 2120 em ' and is seen as a shoulder on
the dominant (d2~ peak a,t 2085 cm . We interpret
the co, peak as having a sum of contributions from
symmetric SiH, stretches as well as both symme-
tric and asymmetric SiH, stretches. Again in Fig.
8, the high-temperature, low-pressure sample
has its dominant peak of +~=2000 cm ' which we
identify as a singly bonded SiH mode. The first
row of Fig. 12 illustrates the different mode con-
trxbutxons to ~„v„and +, along with the observed
frequencies for hydrogenated a-Si.

The above illustrations for the glom-discharge
samples show that we ean, by control of the sub-
strate temperature and silane pressure, ' shift the
hydrogen locations from multiply grouped SiH3
and SiH, sites (&o2s and &o3s bands) to isolated SiH
sites (the vf mode). For the sputtered films,
however, we have not achieved such control. As
shown in Fig. 5, both the strong ~2~ and a strong
~~ bands are present in comparable strengths.
Connell and Pawlik" also report a stretching doub-
let for all hydrogenated sputtered a-Si and a-Ge
films; however, their interpretation of the origin
of the two principal frequencies differs from ours.
They postulate two possible H sites, namely, (i)
on the surfaces of voids, and (ii) within the amor-
phous network, whereas our identification in terms
of SiH„groups is based on the known structure of
the gaseous silanes and analogous hydrocarbons.

Hydrogen triply grouped with a SiH, should show
two ir modes due to the changes in the relative
angles between the bonds. Qne of these modes is
the symmetric bending mode (see Fig. 12, aP, )
while the other is asymmetric (one of the two &P,

in Fig. 12, sometimes called a "deformation
mode" ) Po For doubly bonded hydrogen in SiH,
however, there should only be one bending mode
(the other uP, in Fig. 12). We have made this group-
ing of the two 8,' modes because we expect the sym-
metric bending ("deformation") mode of triply
grouped hydrogen to have a frequency close to that
of the bending mode of double grouped hydrogen.
It is thus possible to explain the two uP lines listed
in Table IV in the following manner: co, encompas-
ses the two-bond bending and the asymmetric three-
bond bending. Hence H is exclusively the symme-
tric three-bond bending. It follows that aP, ap-
pears stronger in (SiH, ),-SiH than in (SiH, -SiH2), .
It is therefore reasonable to associate the 890
cm ' absorption band of hydrogenated a-Si to uP,

and that a 850 cm ' to uP, . Bond-bending struc-
tures should, of course, be absent when H is only
singly grouped in a-Si. This has been shown to be
the ease for Sample V6, for which only the (d~

structure is present. The ratio strengths of &2

to d,' should allow us to estimate the relative pro-
portion of double to triple H sites. Thus from Fig.
9, we immediately eonelude that Sample 79 has a
higher proportion of double bonds than either Sam-
ples 77 and 78, although the total number of double
plus triple H groups is higher for Sample V8 than
the others.

The situation in the 500-700 cm ' region is not
as clear as that presented above. Qn one hand the
data in Refs. 30 and 35 do not go below 600 cm '.
Qn the other hand, we were not able to measure
all of our samples in this region before they were
destroyed during other analysis measurements.
We identify the line seen around 700 em ' in tri-
silane and the tetrasilanes (Table IV) with the wag-
ging of the hydrogen in the triple complex SiH,
with respect to the matrix (&P, in Fig. 12). We also
believe the single SiH bond should have a wagging
frequency ~~ around 680 cm ' in (SiH, ),-SiH and
thus overlap with (d, . The argument for the gases
is as follows. Let us consider the compounds
HSiCl, and HSiBr„with "wagging" frequencies
V99 and VV9 em ', respectively. '8 Using the elec-
tronegativities of Cl(3.0), Br(2.8), and Si(1.8) we
can estimate by extrapolation" the wagging fre-
quency of the single H bond in Si,-SiH to be 679
em which js close to the observed 695 cm '. The
corresponding SiH2 vibrations split into two modes
referred to as wagging and rocking, (d, and ar, ,
as shown in Fig. 12. We believe by comparison
with the halogenated silanes (e.g. , CI,SiH~)'0 that
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the lines observed around 600 cm ' for trisilane
and n-tetrasilane are due to the SiH rock. In
glow-discharge samples similar to Nos. 76-79,
we here have tentatively identified +3~= ~~ = 635
cm ', ~,"=625 cm ', and aP, =590 cm '. (See Fig.
10.) The rock mode seems to correspond to the
line observed in a-Si-38D at 420 cm ' after cor-
rection for the D to H mass ratio. In a-Si-38H
this line is expected to overlap the weak ~T~ line
seen at 480 cm ' and thus may be difficult to re-
solve.

As we have already noted the Si-H ir spectrum
observed in hydrogen-exposed crystal Si surfaces
ean be related to our interpretation of SiH, SiH„
and SiH, features in the stretching bands. For ex-
ample, Beckmann~4 prepared stain films on crystal
Si by anodization in aqueous solutions of hydro-
fluoric acid. These films, which he identified as
SiH„, showed strong absorption peaks at 2090 and
2115 cm ' and a weaker peak at 2135 em '. Re-
ferring to Fig. 12, we identify these peaks with
QPy (02 p and 4)„respectively . The slightly higher
frequencies, particularly for aP„must have to do
with the surface location of the Si-8 bonds. Sim-
ilar absorption frequencies have been observed by
Becker and Qobeli" upon exposure of clean cleaved
crystal Si surfaces to atomic hydrogen. They first
saw an absorption band at 2060 cm ' with H expos-
ure, which grew in strength and shifted to 2105
cm ' upon subsequent H-ion bombardment. Ion
implantation of H' and D+ into crystal Si also has
been studied by ir spectroscopy, mostly in the
region of the stxetch bands. "'" %'bile more com-
plicated because of the variety of crystal-lattice
environments, the Si-H and Si-D stretch bands ob-
served for implanted crystals are analogous to those
reported here for hydrogenated a-Si.

4vNef'/p
QF~ —(aP —fy (d

(5)

where N is the number of such bonds per unit vol-
ume, y the linewidth factor, p, the reduced mass,
and eg the appropriate effective charge for Si-H
in solid a-Si. By integrating ~4& over the absor-
ption band of interest one obtains the mell-known
sum rule:

QPImd6 Ad =
2 ~(&g)d~,

1 p, cn P
2 8 2v eg2

ento, p n(&o)
278 eg (0

8. Integrated absorption versus concentration

The contx'ibution of a given ir-active vibration of
a Si-H band of frequency v, to the dielectric con-
stant ls

where e is the speed of light, n the refractive in-
dex assumed to be frequency independent. Bere
e is the absorption coefficient due to 4&. Thus
N, the number of bonds, can be determined from
the integrated absorption provided eg is known.
By applying Eq. (6) to a dilute gas (n = 1) we find

I
p, 2@X„f '

where I' has been defined in Eg. (1), N„ is Avo-
gadro's number, and t; the number of relevant
bonds per molecule. Equation (V} cannot be used
directly to determine eg because in the solid the
local field differs from the applied field: a local-
field correction must be made. ConneQ and Paw-
lik used a Szigeti-type correction:

eg = g(&~+2)8$, (6)

where & is the electronic dielectric constant of
the medium. The idea behind this correction is
that the solid is a homogeneous medium composed
of isotropically distributed polarizable dipoles, all
with the same ionic and electronic polarizabQities.
The local field is calculated by removing one dipole
and drawing a sphere around it whose polax'ization
charges determine the local-field correction. %'e

believe this procedure to be inaccurate for hydro-
genated a-Si which is not a homogeneous material
of only Si-H bonds, but may rather be assumed to
consist of Si-H bonds inbedded in an a-Si matrix.
The Si-H bonds have nearly zero eleetronie polari-
zability, while that of the matrix is large. The ex-
pression fox the effective dielectric constant of a
medium composed of spheres in a matrix has been
given by Genzel and Martin. ~ For the case of non-
interacting spheres (a reasonable approximation
in most of our samples) they find

eqR
sf2 sl egg

(Eo+ 2s~)(e +2s~)

where e is the dielectric constant of the matrix
and &0 and c„are the static and ir dielectric con-
stants of the Si-H bonds within the effective volume
they occupy. Since Si-H bonds do not absorb in the
visible, we set z„=1. A simple calculation using
the data of Table IV and the atomic volume of Si
shows that e, ~e„=l. Equation (9) thus becomes

,~a
(1+2& )'

The enhancement factor of Eg. (10}represents the
enhancement of the local fieM with respect to the
macroscopic field for a spherieaE void inside of a
medium of dielectric constant c . It is possible to
modify Eq. (10) so as to treat also ellipsoidal
bonds. 4'

One may argue that while Eq. (10) can be used in
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TABLE V. Szigeti and embedded sphere corrections to
e,~ for media with relative electronic dielectric con-
stants ~ . See text, Eqs. (8) a~ (10).

For the ~, band, Table IV shows that the average
I', /f =28 cm'/mmol for the contribution of each
SiH, in the same gases. It follows from Eq. (11)
that the number N, of triple groups of hydrogen
is

4
6
8

10
12
14
16

4.0
7.1

11.1
16.0
21.7
28.4
36.0

1.78
1.92
1.99
2.04
2.07
2.10
2.12

the limit of low H concentration, for high H con-
centration (Sample 78) the material is actually
homogeneous polysilane and hence a Szigeti-type
local-field correction [Eq. (8)j may not be too in-
accurate. In this case E =6.5 and the difference
between the two corrections is a factor of 4 (see
Table V). For the larger e =12 appropriate to
a-Si, the difference between both types of correc-
tions reaches an order of magnitude and would be
even larger for a-Ge where c =16. Combining
Eqs. (6), (7), and (10), we find:

(1+2&„)' N„n a(~) d
9c ' (I'/f}

Table IV suggests that for the &o8 modes I'/f is
roughly the same for all silanes. Similar conclu-
sions hold for doubly and triply bonded hydrogen in
alkanes, but single C-H bonds seem to have a much
smaller 1 ~." The I' of C-H bonds also depends
strongly on the other neighboring C bonds. We are
not able to ascertain to what extent this may also
happen in the silanes, but we shall assume that all
groupings of Si-H bonds, single, double, and tri-
ple, have the same value of I'/f' =3.5. We use for
I' the values determined for SiH„with f =4 where
there are 4 Si-H bonds. We thus find the number
N~ of Si-H bonds contributing to the stretching ab-
sorption band as

N~ =g x 1.72 x 10" cm '

where

A =(1+2t„)'(c~}' '/9't'„.

n((o)
$ CO

(12)

The values of N~ for our films appear in the next
to last column of Table II.

For the A&2~ band we use Table IV to obtain the
average value of I' /f =2s7 cm'/mmol per SiH, or
SiH3 group present in the di-, tri-, or tetrasilane
gases. We thus find for the number of N~, of
double and/or triple groups of hydrogen

N, , =A x (8.6 x 10"cm ') x d&o . (13a)a(&o)

2

N =Ax(2.1x10"cm')x d(u. (13b)
S

While Eq. (13b) can be directly used to compute the
total number of Si-H bonds in SiH, groups, i.e.,
3N„such a simplification for the result of Eg.
(13a) is more difficult. This is because we have to
estimate the relative contributions of the symme-
tric SiH, bend and the asymmetric SiH, bend (See
Fig. 12) to I's2/f'. By comparing the two tetrasi-
lanes, we see that the SiH, groups contributes with

about V0% of the strength of the SiH, contribution.
Thus N„,=N, +O.VN„where N, is the number of

SiH, groups. The results of Eqs. (13) can now be
used to find N~ =(N, , —N, )/0 V T.he. total number

of Si-H bonds contributing to the (d, and co3~ bands
is 3N, +2N, and this result for each of our a-Si
films appears in the last column of Table II.

It would be even more difficult to estimate the
number of Si-H bonds associated with the (d~ wag-

ging band. If, as postulated, the v~ band has con-
tributions from SiH„SiH„and SiH, groups, then
on a per bond basis it is not clear that each SiH
should contribute 2 and 3 times as much as each
SiH, and SiH, . Thus, from the I', of Table IV we
are unable to extract a unique value of I'~v/f to use
for hydrogenated a-Si.

The last two columns of Table II contain the re-
sults of performing the integrals in Eqs. (12) and

(13}over the bond stretching and bending absorp-
tions bands. It is seen that the number of Si-H
stretching bonds of order 2 to 3 x10'2 bonds/cm'
for either films sputtered in 10% H, -90% Ar or de-
posited from SiH4 glow discharges. Higher sub-
strate temperatures lower the hydrogen concentra-
tion somewhat, but even glow-discharge films
grown at 250 'C have about 1.5 x 10" Si-H bonds/
cm' implying about 24 at. % H for film densities"'~
equal to 95% of the crystalline Si density of 5.0
x 10~ atoms/cm'. We expect our quantitative re-
sults to be accurate to within a factor of 2. The
biggest uncertainties are in the scaling of ef to
account for local-field corrections, which is more
likely to give an overestimate of N~. Thus the
lowest-concentration sample (No. 76} has between
14 to 24 at %hydrog. en. For Sample V8, which has
the highest estimated Si-H concentration of 3.3
x 10" cm ' and an estimated Si density "~' of 60
of the crystalline Si density, the estimated H con-
centration is 52 at. % from the strict application of
Eq. (12). Again allowing for up to a factor of 2

overestimate in the local-field corrections, the
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highest H concentration we measure is between 35
and 52 at. %.

As pointed out above, our scaling of eg differs
from that of Connell and Pawlik" who studied hy-
drogenated a-Ge, with some mention of a-Si. For
the same absorption strengths, our formula [Eq.
(12)] gives larger H concentrations than their Eq.
(3) because we argue for a smaller local-field en-
hancement (see Table V). Further, we deduce our
concentrations of total bonded H directly from the
absorption bands of the stretching modes as all of
the bonded H contributes to the absorption of the
stretching band. Connell and Pawlik claim to use
the bending modes for their concentration esti-
mates. We have shown that the presence or ab-
sence of bending modes depends on how the H is
grouped about the Si or, in their case, Ge, atoms.
Also we point out that their identification of the ab-
sorption bands differs somewhat from ours in that
their 0.0V eV (565 cm ) band is, in our identifica-
tion scheme, due to wagging not bending modes.

We have had our films analyzed for the total H

content by the nuclear resonance reaction of 6.385-
MeV "N ions with protons. " The detailed results
of the nuclear analysis are published separately, "
but we quote here the fact that for any film analyzed
the total H content determined by nuclear analysis
is generally about 50 percent lower then the num-
bers shown in Table II for the bonded H content as
determined from the integrated absorption strength
of the stretch band. This supports our contention
that Eq. (11}is a reasonable estimate of the num-
ber of Si-H bonds, albeit slightly on the high side
because of the simplified form of Eq. (10). Fur-
ther, the nuclear analysis, which counts all H

atoms, bonded or not, in combination with the same
order of magnitude result from ir absorption, in-
dicates that essentially all the H is bonded to Si.
This is in agreement vrith the null result in our at-
tempt to see molecular H2 by Raman scattering.

C. Deuterated compared with hydrogenated a-Si

A comparison of the ir spectra of sputtered de-
uterated and hydrogenated samples has been shown
in Figs. 5-V for the stretching, bending, and wag-
ging vibrations, respectively. The features of the
deuterated sample can be brought to coincide with
the corresponding features of the hydrogenated one
by multiplying the energy scale by a factor of 1.39
for Figs. 5 and 6, and 1.25 for the wagging bands
of Fig. V. The factor of 1.39 is reasonable since
it agrees with the factor required to perform a
similar transformation for the stretching and bend-
ing modes of disilane and equals the square root
of the Si-H to Si-D reduced mass ratio. The rea-
son why the ratio is smaller in Fig. V is probably
the low frequency of the wagging modes: we note

that w~ for Si 54-D (510 cm ') falls only slightly
above the ~To vibrations of the Si-Si matrix (480
cm '). Interaction between these two modes is ex-
pected to shift co~ to higher frequencies and thus
decrease the ratio &o (H)/(P(D). A similar effect
is observed~ for SiH, Cl and SiD,C1, for the rock-
ing modes. If we interpret the structure at 425
cm ' in sample 54-D as e2", we obtain ur, (H)/(u2 (D}
=~~ =1.39, in agreement with the factors of Figs.
5 and 6.

The ratio of the integrated strengths of a given
set of modes for the same density of either hydro-
gen or deuterium can be estimated with Eq. (6).
Under the reasonable assumption of an approxi-
mately isotopically independent eg, one finds that
the integrated intensity is inversely proportional to
the reduced mass p. Thus we would expect the
bands of the hydrogenated sample in Figs. 5-V to
be twice as strong as those of the deuterated one
since the samples were prepared under the same
conditions. This is in agreement with the experi-
ment.

D. Raman spectra

Before addressing the Si-H vibrations, we dis-
cuss first the features of the spectra of Fig. 11
which can be unambiguously attributed to Si-Si vi-
brations. The main peak near 480 cm ', has been
ascribed to modes analogous to the high-density
zone-edge TQ vibrations of crystalline Si.""'"
We note that this peak remains at the same position
in all hydrogenated samples. In disilane gas
(SiH,)„ the corresponding peak occurs at 434 cm '
and in deuterated disilane (SiD,), it occurs at 408
cm '." The shift to lower frequency in (SiD,), is
probably due to interaction with the Si-D wagging
modes as mentioned in Sec. IVC. Although we have
not found any information on the corresponding Si-
Si modes of higher-order silanes, our. results lead
us to expect a shift with increasing order from
434 cm ' to higher frequencies. The ~» shoulder
of Fig. 11 decreases in strength with increasing
hydrogen content and seems to have disappeared
in the "polysilane" sample No. 78. An interpreta-
tion of this result is possible in terms of Yndurian and
Sen's ' recent cluster-Bethe-lattice calculations
of the density of vibration+1 states in a-Si. They
show that the presence of closed rings of atoms is
necessary for the existence of longitudinal modes
(LA and LO). The corresponding transverse modes
(TA and TO} are independent of the presence of
rings. Thus the decrease of the LA shoulder with
increasing hydrogenation and its disappearance in
the "polysilane" can be related to the breaking of
silicon rings in the amorphous Si Network. We
also point out that our measurements and some
more recent data ' seem to indicate a decrease
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in the 190 cm peak (not shown in Fig. 11) with in-
creasing H content. This feature, corresponding
to the zone-edge TA modes of the crystal, is a
consequence of the Si tetrahedral bonds and would

be expected to be absent in a material composed
only of polysilane strands.

Alben et al4' have given an interpretation of the
Raman spectrum of pure a-Si in terms of the in-
duced bond polarizabilities o, of model cylindrical-
ly symmetric bonds with three independent terms
of the 0, , tensors:

n, =g tr~(l)r~(l) ——31]u, r~(l), (14)

o, =g(2[r~(l)u, +u, r~(l)] ——,
' I ju, r~(l), (15)

(16)

where r~(l) is the 6th bond vector of the lth atom,
I is the unit dyadic, and u, is the displacement vec-
tor of the lth atom. The term n, is due exclusively
to bond stretching representing the isotropic part
of the polarizability tensor. It produces a I', scat-
tering tensor and would thus yield polarized scat-
tering in an amorphous material. It should not con-
tribute to the first-order scattering (I'») in crys-
talline Si. In Eqs. (14)-(16), n, is the only term
which contributes to the first-order scattering of
crystalline Si. It represents the asymmetric ef-
fect of bond stretching and thus yields a depolar-
ized spectrum (p= —,'). The o., term is also depolar-
ized, but contains, unfortunately, bond stretch and
bond bend contributions and we believe it would be
more instructive for the present case to decompose
a, into a pure bond bend component by subtraction
of the appropriate amount of n, . Alben et al. in-
tentionally chose the depolarized form for n, so
that it does not contribute to the crystalline first-
order scattering, a circumstance which is due to
the cancellation of bond stretch and bond bend
terms.

In Table III we show that the average depolariza-
tion ratio p=0.55, which is to be compared with
the previously reported' p =0.8 +0.1. Alben et al.~
assumed a completely depolarized spectrum. They
were thus able to ignore polarized contributions
(n, in Eq. 16) to the induced polarizability. Our
results show that a readjustment of the fit is neces-
sary to include the additional polarized (I', ) con-
tributions.

In order to interpret the large scattering effi-
ciencies of a-Si, we invoke the n, and n, compo-
nents of Eqs. (14)-(16), which do not contribute to
the crystalline scattering. The TA- TQ ratio ob-
served experimentally and the depolarization ratio
of 0.8+0.1 assumed by Alben et al. led to a, =0

TABLE VI. Relative second-order Raman intensities
for crystal and amorphous Si. In each case, the second-
order intensity is normalized to the first-order intensity
of the main TO peak in crystal Si.

r(2TO)/r(TO) I(2LA)/I(TO)

Pure a Si~

Crystal Si"
0.25

0.1
0.03

0.007

~ Figure 11.
"References 46 and 49.

and then led them to give. the n, mechanism one-
third the strength of n, .We do not know the shape
of the polarized contribution, but it should be sim-
ilar to the density of phonon states. By combining
the n„n„and n, contributions it may be possible
to explain the observed spectral shape, depolariza-
tion ratio, and strength of the amorphous spectrum
with respect to crystal strerigth. This last point
would simply require large o., and n, contributions
which automatically would increase the calculated
a-Si scattering strength withoug contributing to the
crystalline spectrum.

An additional scattering contribution could also be
found in the microscopic mechanisms which are re-
sponsible for n„ the differential polarizability of
crystal Si. '"' The microscopic mechanisms in-
volve the E,(3.48-eV) and E,(4.3-eV) gaps, possibly
with contributions of opposite signs. The separate
E, and E, gaps lose their meaning in a-Si where
only a simple broad optical absorption maximum
around 3 to 4 eV is observed. "'~ This could re-
move partial cancellation between the E, and E,
contributions to the Raman tensor of crystalline Si
and enhance the scattering cross section by a large
factor.

In this respect it is also interesting to point out
that the ratio of second-order to first-order Raman
strengths is also higher in a-Si than in crystalline
Si ~ From our measurements, those of Renucci
et al. ,

"and those of Temple and Hathaway, "we
find the relative second-order strengths of the 2TQ
and 2LA bands (normalized to the respective first-
order TQ strengths) are 0.25 and 0.03 for the pure
a-Si of Fig. 11 compared with the smaller ratios
of 0.1 and 0.007 for crystal Si (Table VI).

We now proceed with a discussion of the hydro-
gen-related Raman scattering. According to Bethe
and Wilson, "the Si-H stretch Raman band of (SiH, ),
is 2.2 times stronger than that of the Si-Si stretch
in the same compound. Thus a single Si-H bond
scatters with a strength equal to 2.2/6 =0.4 times
that of a single Si-Si band. In amorphous a-Si with
a Si density Ns, and a hydrogen concentration equal
to nNs„we would expect, using the bond scattering
ratio given above, the ratio of the Si-H to Si-Si



3570 M. H. BRODSKY, MANUEL CARDONA, AND J. J. CUOMO

scattering intensities to be

I((u ) nNsf p4 n p4
I(TO) 2N8, —n~N8, 2 —2 n

For Si-VS, with n =0.8, Eq. (17) yields

I((u )/I(TO) =0.2,

(1V)

in reasonable agreement with the results of Table
III. From the data for (SiH,)„"the &us band would
be expected to have only an intensity 0.25 times
that of the +~ band even if all Si-H bands were of
the SiH, and SiH, variety. Thus, the ur vibrations
should be inobservable in Raman scattering be-
cause they occur at the same frequency as ~,~.

Again referring to the Raman spectrum of (SiH,)„
we find 0.04 for the relative strength (with respect
to Si-Si) of the &ov band for a single SiH bond. This
is consistent with the observed increase in the
relative strength of the 2LA+ &P band from 0.03 in
a-Si to 0.08 in the hydrogenated samples.

We should point out that the reversal in the rela-
tive strengths of the two &o~ features, ~f and &o~,

or the Raman spectra (Fig. 11}from sample No.
33-H to No. V8 is similar to that observed in the
infrared spectrum. However, for reasons not
clear to us, the ~, Raman peak occurs =20 cm '
higher than the corresponding infrared line. A
possible speculation is that of the local molecular
symmetry of staggered Si-H bonds analogous to the
D,~ symmetry of (SiH, },gives nondegenerate ir and
Raman modes. "

V. CONCLUSIONS

Our study of the infrared absorption spectra of
hydrogenated a-Si films has shown that the hydro-
gen can be incorporated either singly, doubly, or
triply in SiH, SiH„or SiH, groups. Quantitative
estimates of the absorption strength are consistent
with essentially all the incorporated H bonded to Si
atoms. The amount of bonded H in films prepared
from silane glow discharges is typically as high as
35 to 52 at. % for room-temperature deposited films
and 14 to 25 at %in film. s deposited at 250'C. The
ratio of SiH, and SiH, to SiH sites can be minimized
by increasing the substrate temperature and re-
ducing the silane pressure for the glow-discharge
method For film. s sputtered by 10% H, -90% Ar
mixtures, comparable bonded hydrogen concentra-
tions have been found, but all sites, SiH, SiH„and
SiH3, , are seen even for 200-'C substrates. Identi-
fication of the various stretching, bending and wag-
ging mode frequencies have been given along with
confirming evidence obtained from deuterated a-Si.
The Raman spectra show clear complementary

Si-H vibrational bands in those spectral regions
free of background contributions from the a-Si
host. The a-Si host has first-order scattering ef-
ficiencies up to 10 times more than crystal Si. The
second-order a-Si spectrum is further enhanced
by about a factor of 3. An earlier estimate of the
depolarization ratio p is reduced from 0.8+0.1
to 0.55 + 0.05.

The picture that emerges from this and related
studies is that two types of glow-discharge pre-
pared a-Si films can be produced. Either type is
hydrogenated. In one case the H is primarily
bonded at well dispersed, that is, different Si
sites. For convenience we call this type of materi-
al true hydrogenated a-Si and use the nomenclature
a-Si:H. Such a-Si:H is still recognizable as a-Si
in that the vibrational spectra indicate the reten-
tion of the disordered but still interconnected Si
network. This Si network persists despite the
presence of at least 14 at. % H. The other case is
that of H primarily incorporated within complexes
of SiH, and SiH, groups as might be expected in a
polymer of highly cross-linked (SiH, )„strands. For
convenience we refer to this material as a silicon
hydride or "polysilane" and use the nomenclature
a-SiH„because it is no longer recognizable as a-
Si. The cross-linking is not enough to give an iden-
tifiable interconnected Si network as generally en-
visioned in continuous random-network models.
The sputtered films we have studied appear to be a
mixture of a-Si:H and a-SiH„.

Note added in proof. J. C. Knights, G. Lucovsky,
and R. J. Nemanich have recently proposed a
different interpretation of the two bond-bending
modes at 850 and 890 cm '. They point out that
one does not need any SiH, groups to account for
the observation of two bonds, but rather adjacent
pairs of SiH, groups will result in an appropriate
splitting of the bond-bending frequencies. Qther-
wise they agree with our model of highly cross-
linked (SiH, )„strands for a-SiH, .
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