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Infrared absorption strength and hydrogen content of hydrogenated amorphous silicon
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We have used infrared transmission and nuclear-reaction analysis to determine the ir absorption
strength of the Si-H wagging and stretching modes in hydrogenated amorphous silicon (a-Si:H). The
films were deposited by plasma-assisted chemical vapor deposition and reactive magnetron sputtering.
We show that the widely used ir-data-analysis method of Brodsky, Cardona, and Cuomo can lead to
significant errors in determining the absorption coeScients, particularly for films less than —1 pm thick.
To eliminate these errors we explicitly take into account the effects of optical interference to analyze our
data. We show that the hydrogen content can be determined from the stretching modes at co=2000 and

2100 cm ' as well as the wagging mode at co=640 cm '. By assigning different oscillator strengths to
the 2000- and 2100-cm ' modes, we show that the absorption strength of the stretching modes does not
depend on the details of sample preparation, contrary to hypotheses previously invoked to explain exper-
imental data. We obtain A ~= (2. 1+0.2) X 10' cm, A 2000

= (9.0+1.0) X 10' cm, and

A2&00 =(2.2+0.2) X 10 cm for the proportionality constants between the hydrogen concentration and
the integrated absorbance of the wagging and stretching modes. The value of A640 is -30%%uo larger than
the generally used value. We show that previously published data for both the wagging and stretching
modes are consistent with the proportionality factors determined in the present study.

I. INTRODUCTION

The importance of hydrogen to the structural, optical,
and electronic properties of hydrogenated amorphous sil-
icon (a-Si:H) has led to the development of numerous
techniques to measure it. Of these, infrared spectroscopy
is perhaps the most widely used since it is nondestructive
and easily performed, and yields information about hy-
drogen content and also the bonding configurations. In-
frared spectra of a-Si:H consist of three absorption
regions' —a wagging mode at 640 cm ', a doublet at
840—890 cm due to dihydride bending or scissors
modes, and two stretching modes centered at -2000 and
2100 cm '. The 2000-cm ' stretching mode is common-
ly attributed to isolated monohydrides (SiH) and the
2100-cm ' mode to clustered monohydrides as well as
polyhydrides (dihydrides and trihydrides or SiH„with
x =2 or 3).

Infrared absorption for these modes is related to the
hydrogen content through the oscillator strengths. The
proportionality constant 3 varies as the inverse of the os-
cillator strength and relates the hydrogen concentration
NH to the integrated absorbance I via

XH= AI,
where

I = f (alto)dco,

a is the absorption coefficient, co is the frequency in

cm, and the integral is over the absorption band of in-
terest. Since attempts to obtain them through theoreti-
cal analysis '" were not very successful, oscillator
strengths have been determined empirically by correlat-
ing the ir stretching or wagging mode absorbance with H
content measured by independent means. For example, ir
absorbance has been correlated with nuclear-reaction
analysis, '" hydrogen evolution, ' ' a particle scatter-
ing, ' ' secondary ion mass spectrometry (SIMS),"'
and nuclear elastic scattering. ' ' ' Most of the studies
which measured the wagging-mode absorption support
the work of Fang et al. , who found 3640=1.6X10'
cm for the silicon-hydrogen wagging modes. Oguz
and Maley et al. ' reported higher values for c464O.

The ir-wagging-mode absorption is proportional to the
total hydrogen content independent of the bonding
configurations. Absorption at -840—890 cm ' and for
the stretching modes, on the other hand, is dependent on
the bonding configuration. The proportionality factors
for the stretching modes have mostly been derived assum-
ing that the oscillator strength is the same for the 2000-
and 2100-cm ' modes. ' ' Shanks, Jeffrey, and Lowry
assigned three different oscillator strengths to the stretch-
ing modes of isolated and clustered monohydrides and
polyhydrides. More recently, Maley et al. estimated a
proportionality factor for the 2100-cm ' mode based on
a correlation with the low-temperature thermal evolution
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peaks. ' These attempts have resulted in widely varying
estimates of the proportionality factors for the stretching
modes, with several authors suggesting that the oscillator
strength depends on the details of sample prepara-

0 6, 18,21

Maley and Szafranek and Maley have recently
shown that the widely used ir-data-analysis method of
Brodsky, Cardona, and Cuomo can lead to significant er-
rors in determining the absorption coeScients, particu-
larly for films less than —1 pm thick. Such errors may in
part be responsible for the reported variation in the oscil-
lator strengths. In the present study, we explicitly take
into account the effects of optical interference to elimi-
nate these errors. We also analyze the ir data by assign-
ing different proportionality factors for the 2000- and
2100-cm ' modes. Using nuclear-reaction analysis as a
primary standard we find for a-Si:H films grown by
plasma-assisted chemical vapor deposition and magne-
tron sputtering, A 64O

= (2. 1+0.2) X 10' cm, A zooo

=(9.0 +1.0)X10' cm, and Az&00=(2. 2+0.2) X10"
cm . Much of the previously published data is shown
to be consistent with these values, independent of the de-
tails of sample preparation.

II. EXPERIMENTAL PROCEDURE

The a-Si:H samples were deposited by rf plasma-
assisted chemical vapor deposition (PACVD) and reac-
tive dc magnetron sputtering (RMS). Films were deposit-
ed simultaneously on double-polished crystalline silicon
for ir and nuclear-reaction-analysis (NRA) measure-
ments, and on Corning 7059 glass. Film thicknesses were
obtained from profilometric measurements and from the
interference fringes for both glass and c-Si substrates.
Film thicknesses (d) were in the range 0. 5 —0.75 pm as
density measurements by NRA required d to be less than
1 pm. The PACVD films were deposited on the anode of
a capacitively coupled parallel plate reactor. The SiH4
flow was 40 sccm and the pressure was 600 mT for all
depositions. The power was 45 mW/cm and the deposi-
tion rate was typically 2 A/s. To vary the hydrogen con-
tent the substrate heater temperature was varied from
110 to 450'C.

Films were also grown by dc reactive magnetron
sputtering in an UHV chamber. ' The deposition tem-
perature was kept fixed at 230'C and argon partial pres-
sure at 1 mT. The hydrogen content was varied by
changing the H2 partial pressure in the plasma between 0
and 0.8 mT. Table I lists the deposition parameters and
thicknesses of both of the RMS and PACVD films used
in this study.

Infrared spectra were measured with an IBM 9144
Fourier transform infrared spectrometer and with a
Perkin-Elmer 580B dispersive spectrometer. Hydrogen
content determined from the two measurements differed
by less than 2%%uo. Infrared data are usually analyzed by
the method of Brodsky, Cardona, and Cuomo (BCC).
There are two significant sources of error in the BCC
method which are described briefly below and in greater
detail elsewhere.

In the BCC method, transmission (T) is related to ab-

sorption coefficient (a) via

T 4 T2 a—d/((1+ T )2 ( 1 T )2 2a—d)
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FIG. 1. Transmission spectra of glow-discharge-deposited a-

Si:H with 7% (upper spectrum) and 24% (lower spectrum) hy-

drogen. Substrate absorption has been removed by dividing the

sample spectra by that of a bare c-Si substrate and multiplying

by 0.54, which is the transmission of c-Si in the nonabsorbing
regions. The dashed lines show transmission spectra calculated

by taking into account the effects of interference in the film and

absorption in the Si-H wagging and stretching modes. The

upper spectra have been shifted by 0.1 for clarity.

where Tp is the baseline transmission when a=0. The
refractive index of a-Si:H in ir is a function of the hydro-
gen content CH [defined as 100XNH/(N„+Ns; ) j and is
usually different from that of c-Si. This index mismatch
at the film-substrate interface gives rise to broad, shallow
interference fringes in the transmission spectra. The Si-H
absorption bands are superimposed on these fringes, as
shown in Fig. 1. In the BCC method Tp for the various
absorption bands is either taken as the transmission of a
bare substrate or is estimated by interpolating the mea-
sured transmission from adjacent regions. Both these
procedures can lead to significant errors in determining
the integrated absorbances. The ir spectra of a-Si:H con-
tain a Si-Si stretching mode at 460 cm (Ref. 26). Ignor-
ing this in estimating Tp will result in an underestimate
of the integrated absorbance of the 640-cm ' band by as
much as 20—30% in some cases. Determining the base-
line in the stretching mode region is important for an ac-
curate deconvolution of the 2000- and 2100-cm ' modes.
In addition, as we shall see later, the proportionality fac-
tors for the stretching modes are larger or, for a given hy-
drogen content, the absorption bands are weaker (com-
pared to the wagging mode). Thus, uncertainties in es-
timating the baseline will lead to larger errors in XH
determined from the stretching modes.

The second error in the BCC method leads to a sys-
tematic overestimation or underestimation of a in many
cases even when the baseline is determined correctly.
Unless the films are deposited on roughened c-Si sub-
strates, ir absorption is determined by coherent multiple
reflections in the film. The BCC method, which is de-
rived for incoherent reflections, overestimates o. by up to
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TABLE I. Deposition parameters and properties of PACVD and magnetron-sputtered samples used in this study.

Temp
('C) CH P

mech

(pm)

d
dppt

(pm)

PACVD films
f

n' (cm ')
I2OOO

f

(cm ')

f
I21oo

(cm ')
~wag

(%)

g
~stretch

(%)

110
150
210
270
270
330
390
450

24.0
19.8
13.0
12.3
11.4
9.6
9.5
7.3

0.86
0.84
0.82
0.97
0.94
0.96
1.07
0.93

0.54
0.85
0.72
0.58
0.58
0.60
0.57
0.48

0.53
0.85

0.56
0.57
0.58
0.59
0.48

3.29
3.31

3.53
3.53
3.56
3.56
3.58

539
473
343
267
265
233
196
172

44.7
37.4
49.2
43
43.6
36
31.8
27.9

40.5
29.2
10.5
3.3
3.2
2.1

1.6
1.2

+38
+13
+25
+36
+36
+34
+33
+42

—13
+8

0
—12
—12
—10
—9

—14

Magnetron-sputtered films

(m T)
0
0.1

0.2
0.4
0.8

0
7.2

14.3
20.2 ~

29.8

0.98
0.99
0.89
0.86

0.60
0.56
0.48
0.53
0.57

0.60
0.56
0.50

0.55

3.70
3.64
3.54

3.34

0
185
373
508
647

0
29.9
54.4
61.6
65.2

0
2.8
7.2

17.5
33.3

+36
+40
+33
+37

—12
—12
—8

—12

'Hydrogen content [100NH l(NH +Ns; ) ] from nuclear reactions.
Mass density relative to c-Si from nuclear reations.

'Film thickness from stylus profilometry.
Film thickness from fitting the fringes.

'Refractive index from fitting the fringes.
'Integrated absorbances determined after converting transmission spectra to absorption spectra using exact equations.

Positive and negative numbers, respectively, show the precentage by which the BCC method overestimates and underestimates the

integrated absorbance of the wagging and stretching modes.

75% or underestimates it by up to 20%, depending on
the film thickness. ' Using exact equations and known
refractive index and absorption coefBcient values, Maley
and Szafranek calculated the transmission of a-Si:H on
c-Si. By analyzing the simulated data, they showed that
the two methods most commonly used for ir data reduc-
tion [BCC (Ref. 2) and Connell and Lewis ] are
equivalent and quantified the errors in them.

The errors in the BCC method are primarily a function
of the optical path length, i.e., the product of frequency
and film thickness. The errors also depend on the film re-
fractive index and absorption coeScient, although to a
lesser extent. For a-Si:H films with less than 30 at. % hy-

drogen, to first order, the absorption spectra determined

by the BCC method can be corrected using an empirical-
ly determined correction factor

a=aBcc/(1. 72—Kcod) .

Here co is in cm ', d is in pm, E =0.0011, and the
correction is applicable for cod values for which the
denominator is larger than 1. For example, for the wag-
ging mode this correction is required if the film thickness
is less than 1 pm. Equation (4) is a generalization of the
correction factor for the 640-cm ' mode given in Ref. 22,
and is applicable to all frequencies of interest. Note that
this correction is approximate and the errors in cx can
sf ill be of the order of 10—20%.

To confirm the predicted dependence of the ir absor-
bance on film thickness, a series of films„0. 1 —2 pm thick,
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FIG. 2. Thickness dependence of absorption at 640 cm
(circles and solid line) and 2000 cm ' (triangles and dashed
line), which is an artifact of the BCC method. The lines are
from a calculation and the points show the experimental data.

was deposited by PACVD under identical conditions, at a
substrate temperature of 250'C, with the deposition time
ranging from 8 to 175 min. Figure 2 shows the thickness
dependence of the integrated absorbance of the 640- and
2000-cm ' peaks determined by the BCC method. The
solid and dashed lines in the figure show the theoretically
predicted variation of the absorption coefBcient at these
two frequencies. As predicted, the apparent absorption
determined by the BCC method increases as the film
thickness decreases. The apparent increase in absorption
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also persists to a greater film thickness for the 640-cm
mode than for the 2000-cm ' mode. The experimental
data are in very good agreement with the prediction. In
addition, NRA depth profiling shows that the hydrogen
content is uniform throughout the films. Thus errors in
the BCC method provide a simple explanation for the ap-
parent thickness dependence of hydrogen content deter-
mined by ir. This has been observed previously but could
not be explained satisfactorily. ' ' '

To eliminate the errors associated with the BCC
method in the present study, we have taken optical in-
terference effects into account to convert transmission
spectra to absorption spectra. We first fit the measured
spectra in the nonabsorbing regions by adjusting the film
thickness and refractive index. In the next step the vari-
ous Si-Si and Si-H absorption bands are fitted with
Gaussian peaks. Transmission spectra are calculated by
taking into account coherent multiple rejections in the
film and incoherent reAections in the substrate. The posi-
tion, height, and width of each absorption band is adjust-
ed until a good fit is obtained between measured and cal-
culated transmission spectra over the entire frequency
range. Figure 1 shows typical fits and Table I shows the
film thicknesses and refractive indices obtained by this
procedure. A comparison of film thicknesses obtained
from fitting the fringes and from stylus profilometry
shows very good agreement, except for films whose re-
fractive index is close to the c-Si value (3.42). For such
films, independent thickness measurements are required
since the small fringe amplitude makes it difficult to
determine d from ir data. Table I also shows the in-
tegrated absorbances of the wagging and stretching
modes and the errors that would result from the BCC
method. Note that the errors, which range between
—15% and +40%, are different for the wagging and
stretching modes. Also, if uncertainties in estimating the
base line are taken into account, the errors in integrated
absorbances determined by the BCC method can be even
larger.

For an absolute determination of the H content,
nuclear-reaction analysis was performed using the reac-
tion

where K is a constant reflecting the cross section for the
reaction of Eq. (S) and the detector efficiency, and N is
the y-ray count. Since the stopping power of silicon and
hydrogen atoms is a constant, independent of density, the
hydrogen profile measurements depend on the ratio
NH/Ns; but not the actual density of atoms. By depth
profiling all the way through a film, it is possible to mea-
sure the stopping power of the whole film and determine
the areal density of atoms. This combined with indepen-
dent measurements of film thickness, yields the density of
the film. In the present set of experiments the film thick-
ness was in the range 0.4—0.75 pm, to enable depth
profiling into the substrate. Within the depth resolution
of the experiment (-4 nm at the surface and 40 nm at
the film-substrate interface) the hydrogen concentration
was found to be uniform throughout the films. The rela-
tive uncertainty in the hydrogen concentration is estimat-
ed to be +5%. By measuring the ir spectra of films be-
fore and after, we have also confirmed that the hydrogen
content of the film is unchanged by the NRA measure-
ments. Loss of hydrogen during NRA can be a problem
in films of high hydrogen content and low density.

Before presenting the results, we note that hydrogen
content is often given as a fraction by dividing NH by
5 X 10, the number of density of c-Si. When quoted as a
fraction, it is not clear whether one is referring to the
NH /Ns; ratio or the H mole fraction, i.e.,
N„/(Ns;+NH ). Obviously, the two values are very
different for high hydrogen content. Several groups have
measured the mass density of a-Si:H as a function of the
hydrogen content. ' ' ' In Fig. 3 we convert the
mass density to number density, NH+Ns;, and examine
its variation with hydrogen content, NH, determined in-

dependently. This figure shows that for a large number
of films grown and characterized by several different
techniques in different laboratories, the number density
has an average value of 5.3 X 10 cm, with a rms devi-
ation of 10%. This shows that it is reasonable to specify
hydrogen content as a fraction by dividing NH by
5 X 10, provided that it is recognized as the mole frac-
tion of hydrogen, NH /(NH+ Ns; ).

' N+'H~' C+4He+4. 43-MeV y ray .

The technique is described briefly here and further details
can be found in Ref. 29. The cross section for the y-ray
yield has a very narrow and large resonance for ' N ener-

gy of 6.405 MeV. Since nitrogen ions lose some of their
energy as they travel through a-Si:H the dependence of
the y-ray yield on the energy of the incident ions can be
used to obtain the depth profile of hydrogen concentra-
tion. The analysis depth is given by
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where E is the incident ion energy, E„,=6.405 MeV, and
dE/dx is the rate of energy loss of ' N in the solid. The
hydrogen concentration at this depth, NH(x), is given by

NH (x) =K(dE/dx)N
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FIG. 3. The dependence of the number density (Ns;+NH ) on
hydrogen content. The horizontal solid line represents Xs; for
C-S1.
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III. RESULTS

A. ir spectra of PACVD
and magnetron-sputtered a-Si:H

Figure 4 shows the ir spectra of several a-Si:H samples.
The spectra are shown in pairs to compare spectral
features for films of similar or nearly similar hydrogen
content grown by two different techniques. The hydro-
gen content, CH, varies between 7% and 24% for the
PACVD samples and between 7% and 30% for the sput-
tered samples. For films with 7% hydrogen the ir spectra
of PACVD and magnetron-sputtered samples are nearly
identical. With increasing CH Fig. 4 reveals interesting
differences. The spectra of the magnetron-sputtered ma-
terial show broader peaks, less absorption in the bending
modes at 840—890 cm ' and the stretching mode at 2100
cm ', and more absorption at 2000 cm '. Within the
experimental uncertainty, the wagging peak can be fit to
a single Gaussian for all the films. The 840—890-cm
doublet is also not as well resolved for the sputtered sam-
ples. These broader peaks imply that the amorphous net-
work is slightly more disordered for the sputtered sam-
ples (broader bond angle and perhaps bond-length distri-
butions). Some of the spectral differences may also be
due to microstructural variations on a larger length scale.
It is well known that with increasing hydrogen content
PACVD samples show a columnar microstructure.
Magnetron-sputtered samples deposited at low argon par-
tial pressures, on the other hand, show no columnar
features for CH up to 35%. In hydrogen-rich films,
columnar microstructure may lead to more hydrogen
clustering, as evidenced by the larger 2100-cm ' mode in
the PACVD films.

B. Hydrogen content and the Si-H wagging mode

The correlation between NH, the number of hydrogen
atoms in the film, measured by NRA, and the integrated
absorbance of the 640 cm ' mode is shown in Fig. 5 for
the sputtered and PACVD films. Within the measure-
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ment uncertainty, both sets of films show the same trend.
A least-squares fit to the data yields a zero intercept and
A 64p

=(2. 1+0.2) X 10' cm . This constitutes the
upper limit to A640 since infrared absorption is sensitive
only to Si-H bonds while NRA measures this component
as well as molecular hydrogen. However, we are not
aware of any studies which correlate ir absorbance with
the amount of hydrogen bonded to Si determined in-
dependently (by NMR, for example). Thus, all estimates
of 2640 to date have been obtained by relating ir absor-
bance to the total hydrogen content. The value of A640
obtained in the present study is about 30% larger than
the most widely used value of 1.6X10' cm reported
by several groups. ' ' It is in very good agreement with
the value of 2.0X10' cm reported by Maley et al. '

and is —15% smaller than the highest value (2.5X10'
cm ), reported by Oguz. These discrepancies in A64p
can be accounted for by molecular hydrogen provided (i)

FIG. 5. Hydrogen content (XH ) from NRA vs the integrated
absorbance of the 640-cm ' mode for PACVD (squares) and
reactive magnetron-sputtered (circles) Alms. Least-squares At to
the data yields A6~=(2. 1+0.2) X10' cm
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FIG. 4. Absorption spectra of a-Si:H films deposited by PACUD (solid lines) and magnetron sputtering (dashed lines} in the wag-
ging, bending, and stretching-mode regions. Spectra are shown in pairs to compare features for samples with hydrogen content as
closely matched as possible. From bottom to top, the hydrogen content is 7%%uo, 13/o, 20%, and 24% for PACVD and 7%%uo, 14%,
20%, and 30% for magnetron-sputtered films.
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it is a significant fraction of the total hydrogen content
and (ii) its amount is the smallest for Refs. 5, 6, and 18,
highest for Ref. 9, and in between for the present study.
However, we rule out this possibility. Oguz et al. did
find that their films contained a large amount of ir inac-
tive hydrogen. ' ' However, for magnetron-sputtered
films grown under the conditions used in the present
study, ir and thermal evolution measurements as a func-
tion of annealing show that the molecular hydrogen con-
tent is negligible.

Figure 6 compares the NH-I640 correlation from the
present study and from Refs. 5, 6, and 16. This figure in-
cludes data for films grown by PACVD, dc magnetron
sputtering, and rf diode sputtering, with NH being deter-
mined by NRA or thermal evolution. Figure 6 shows
that for I640 &400 cm ' all these studies show a similar
correlation. For higher I640 the data from Refs. 5 and 6
deviate from the rest, leading to a lowering of 3640.

We have also examined other previously published re-
sults correlating the absorbance of the wagging mode
with hydrogen content determined independent-
ly. ' ' ' ' However, in some cases, the films studied
were less than 1 pm thick and so the apparent I640 is
larger than the actual absorbance, as shown in Fig.
2. ' ' ' ' Reducing I640 to correct for thickness requires
a corresponding increase in 3640, which brings these re-
ports into agreement with the present findings. Pollock's
measurements, for example, show that for films 0.1 —0.3
pm thick the ir analysis, using 3640=1.6X10' cm
agrees with NRA and SIMS while for films 3 —4-pm-thick
ir gives H contents which are about 40% lower. ' For
—1-pm-thick films, Ross et al. find that hydrogen con-
tent determined from ir with A640=1.6X10' cm is
lower by as much as 25 —35% in comparison with nu-
clear reactions. "

In short, in view of the discussion in the preceding sec-
tion, a +25% uncertainty in the integrated absorbance of
the wagging modes is not uncommon if the ir data are an-
alyzed by the BCC (Ref. 2) or the Connell-Lewis
method. In the absence of a detailed reanalysis of the ir
transmission spectra, and given the additional uncertain-

ty in the determination of hydrogen content, we note that
all the previously reported correlations between hydrogen
content and the wagging-mode absorption are consistent
with the value of 3640 reported in the present study.

C. Hydrogen content and the Si-H stretching modes

While the integrated absorbance of the wagging mode
is now widely used as a measure of the total hydrogen
content, initial efforts to determine NH from the ir spec-
tra focused on the Si-H stretching modes at 2000 and
2100 cm . The initial attempts to determine the pro-
portionality factor theoretically proved unreliable. '

Subsequently Freeman and Paul' and Fang et al. re-
ported a value of 1.4X10 cm for the stretching-mode
proportionality factor by calibrating ir against thermal
evolution and/or nuclear reactions. Shanks et al. noted
that the proportionality factor was material dependent.
For films exhibiting primarily the 2000- or 2100-cm
peak, and for films containing fluorine, they observed a
different correlation between the stretching-mode absorp-
tion and hydrogen content. Other researchers have in-
voked sample-dependent oscillator strength' ' ' or the
presence of molecular hydrogen' to explain their experi-
mental data. All these studies assumed that the propor-
tionality factor is the same for the 2000- and 2100-cm
modes, i.e.,

NH = A, (I2ooo+I2100) . (8)

In light of the constant oscillator strength of the wagging
mode, it is quite puzzling that the proportionality factor
for the stretching modes should be so sensitive to the de-
tails of film preparation. In fact, if the absorption
strength of the stretching modes is sample dependent be-
cause of variations in local environment, it would be very
surprising if it is the same for both the 2000- and 2100-
cm ' modes. Thus, Eq. (8) may not be appropriate for
analyzing the stretching-mode data. It is clear that
sample-to-sample variation of oscillator strengths should
be invoked only if experimental data cannot be explained
satisfactorily by assuming constant and different oscilla-
tor strengths for the various Si-H modes. The possibility
that the proportionality factor is different for the 2000-
and 2100-cm ' modes has been discussed in the past, but
reliable quantitative analysis of experimental data based
on this hypothesis has been lacking until recently. '

Shanks, Jeffrey, and Lowry assigned three different
oscillator strengths for the stretching modes of isolated
and clustered monohydrides and polyhydrides. In this
case, hydrogen content is related to the stretching-mode
absorption via

0.4 H
—2 2000I2000+ 3 2100,SiHI2100 SiH + 32100,SiH I2100,SiH

0.0:~

200 400 600
I (cm )

800 1000

FIG. 6. Hydrogen content (NH) from NRA or thermal evo-
lution vs the integrated absorbance of the 640-cm ' mode. The
line corresponds to 3640=2. 1X10' cm

Since we experimentally only measure NH, I2000, and

I2,oo (=I&,oo s;H+I2, oo s;H ), it is not possible to deter-

mine the three proportionality factors uniquely without
further simplifications to Eq. (9). To separate the contri-
butions of polyhydrides and clustered monohydrides to
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the 2100-cm ' mode, Shanks, Jeffrey, and Lowry used
films which showed absorption at 2000 and 2100 crn
but none at 840—890 crn '. In the absence of absorption
at 840—890 crn, which is due to dihydride bending
modes, the 2100 cm ' was attributed to clustered
rnonohydrides. The proportionality factors for isolated
and clustered monohydrides were then obtained from Eq.
(9) with I2,OO s;H =0. Next, using films which showed

bending modes, and assuming that the contribution of
clustered monohydrides to the 2100-cm ' mode was con-
stant, they estimated a proportionality factor for the po-
lyhydride stretching and bending modes. However, since
this study was based on a limited number of samples,
these proportionality factors have large uncertainty' and
the analysis also presents two problems. First, there is no
physical justification provided for the assumption that
the concentration of clustered monohydrides remains
constant while the total hydrogen content is varied. In
fact, the clustered hydrogen phase has been associated
with the internal surfaces of microvoids and small-angle
x-ray-scattering measurements show that the microvoid
density increases with CH. Second, as discussed in the
next section, the dynamic charge associated with the pro-
portionality factor derived for the 2000-cm mode is too
large and inconsistent with the observed frequency shift
of isolated monohydrides.

In the present study we start with Eq. (9), i.e., we as-
sign three different oscillator strengths to the stretching
modes of isolated and clustered monohydrides and po-
lyhydrides. Recently, Lucovsky et al. have shown that
hydrogen bonding configurations in a-Si:H are deter-
mined by a random distribution of hydrogen among
available sites. In this limit the concentrations of po-
lyhydrides and clustered monohydrides are approximate-
ly proportional to each other. ' This implies that

I2100,SiH +I2100,SiH„

With this, Eq. (9)can be written as

H
—A 2000I2OOO+ A 2100I210O

(10)

where A2, OO is a single effective proportionality factor for
the 2100 cm ' mode. It is a weighted average of
A2100, siH and A2100, siH and is given by

A 2100 (+ 2100,siH + A 2100,siH„) (+ + (12)

We have analyzed the data from the present study and
Ref. 16, assuming that A200O and A2, 00 are different and
do not depend on the details of sample preparation. Us-
ing NH determined by NRA or thermal evolution, rnul-

tivariate regression analysis of Eq. (11) yields
A20oo=(9. 0+1.0) X 10' cm and A2, OO=(2. 2+0.2)
X 10 cm . Recently, Amato et al. correlated the
stretching-mode absorption with NH determined by elas-
tic recoil detection for a-Si:H samples grown by
low-pressure chemical vapor deposition. They ob-
tained A2ooo =(7.3+1.0) X 10' cm and A2&oo =(2. 1

+0.15)X 10 0 cm, which are in excellent agreement
with our values.

Figure 7 compares NH determined from the integrated
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FIG. 7. Correlation between NH determined from the in-

tegrated absorbance of the stretching modes and the wagging
mode using the proportionality factors determined in this study.
The solid line represents NH (stretch) =NH (wag).

absorbance of the wagging and stretching modes using
A2ooo=(9. 0+1.0)X10' cm, Az, oo=(2.2+0.2)X10
cm, and A640=2. 1X10' cm . To check the validity
of these proportionality factors, we have analyzed some
of the previously published data on stretching and wag-
ging modes. ' ' ' ' ' These are also shown in Fig. 7.
Note that to first order there is reasonably good agree-
ment between NH determined from the stretching and
wagging modes for a wide range of samples.

There is some scatter in the data in Fig. 7, which is
most probably due to errors in data analysis. As de-
scribed in Sec. II, uncertainties in estimating the baseline
and thickness-dependent artifacts are two significant
sources of error in ir data reduction by the BCC method.
Table I, for example, shows that for a 0.5-pm-thick film
the BCC method overestimates u for the wagging mode
by -40% and underestimates a for the stretching modes
by —15%. At a thickness of —1.5 imam, on the other
hand, a is underestimated by -20% for the wagging
mode and overestimated by —12% for the stretching
modes. If we also take into account measurement accu-
racy and uncertainty in estimating the baseline and
deconvoluting the stretching modes, we see that the er-
rors in integrated absorbance can cancel out in some
cases or add up and be ~25% in other cases. Such er-
rors can be reduced considerably by using exact equa-
tions. However, it is not possible to do this for most of
the previously published data, and within this error Fig.
7 shows that there is good agreement between XH from
the wagging and stretching modes. For the samples from
the present study and Ref. 16, for which the experimental
errors are smaller, we do see that there is a stronger
correlation between XH from the wagging and stretching
modes. We have noted earlier that, for a given hydrogen
content, the ir spectra of PACVD and magnetron-
sputtered films show some differences (Fig. 4 and Sec.
III A). It is interesting to note that, despite these
differences, the correlation between the integrated absor-
bances of the wagging and stretching modes is similar
for the two sets of films.



13 374 LANGFORD, FLEET, NELSON, LANFORD, AND MALEY 45

I&.DISCUSSION

In this section we discuss the results from the present
study in view of the existing experimental and theoretical
understanding of infrared absorption in a-Si and a-Si:H.

A. Hydrogen content, bonding configurations,
and microvoids

The stretching-mode proportionality factor in Refs. 5
and 15 (1.4X10 cm ) is approximately equal to the
average of A2ppp and Ap&pp ~ As a consequence, in sam-
ples where the 2000- and 2100-cm ' modes are of compa-
rable intensity, the total hydrogen content determined
from the stretching modes is similar for the two choices
of the proportionality factors. However, using a single
proportionality factor for the two peaks will lead to an
overestimate of XH for the 2000-cm ' mode and an un-
derestimate for the 2100-cm ' mode. At low hydrogen
contents, where the 2000 cm ' dominates, we find that
A 2ppp

=9 ~ 0 X 10' cm yields results that are more con-
sistent with the waging mode. The results of Shanks
et al. (see Fig. 1 in Ref. 6) are also consistent with this
observation.

Accurate and quantitative information about hydrogen
bonding configurations is important in understanding the
structure of the amorphous network. For example, a-
Si:H is known to have microvoids, on whose internal sur-
faces hydrogen is believed to cluster. Mahan et al. have
used small-angle x-ray scattering (SAXS) to determine
the number and size of the microvoids. ' They also
correlated SAXS with ir to determine the degree of hy-
drogenation of the internal surfaces. However, to deter-
mine the amount of hydrogen in the microvoids, they ei-
ther scaled the hydrogen content from the wagging mode
by the relative area of the 2100 cm ' mode
[=I&,oo/(I2ooo+I2, OO)] or used Az, 00=1.4X10 cm
Based on our results, both methods will underestimate
the amount of hydrogen in the 2100-cm ' mode and thus
overestimate the degree of Si-Si bond reconstruction on
the internal surfaces of microvoids. Quantitative under-
standing of this issue is important because hydrogen
motion on the internal surfaces of microvoids has been
proposed as a possible mechanism for carrier-
recombination-induced defect creation in a-Si:H.

B. ir absorption and the static and dynamic

dipole moments of Si-H bonds

In the preceding section we have described the rela-
tionship between ir absorption and hydrogen content in
terms of the proportionality factors A«p, A2pp, and

These vary as the inverse of the absorption
strength and are related to e ', the effective charge of the
dipole via the relation

A =cnpcu/2~ e*

where c is the speed of light, n is the refractive index, and

p is the reduced mass. ' The refractive index of a-Si:H is
a function of the hydrogen content. For magnetron-
sputtered films, for example, n is —3.7 for unhydrogenat-

ed a-Si and decreases to —3.2 for films with 30%%u& hydro-
gen. However, to be consistent with the existing litera-
ture we use n =3.42, the value for c-Si. The propor-
tionality factors of the present study yield e*=0.47, 0.39,
and 0.26 (in units of electron charge) for the 640-, 2000-,
and 2100-cm bands, respectively. Taking the variation
in the refractive index with hydrogen content into ac-
count will lead to a slight lowering of the e* values. For
comparison, the data of Shanks, Jeffrey, and Lowry cor-
respond to e*=0.53, 0.8, 0.4, and 0.24 for the 640-,
2000-, 2100- (clustered monohydrides), and 2100-cm
(polyhydrides) bands, respectively.

For the isolated monohydrides, Shanks et al. and Car-
dona' have argued that the stretching frequency is shifted
from 2100 down to 2000 cm '

by the depolarizing field
produced by a vibrating dipole in a cavity. The frequen-
cy shift Acr depends on the effective charge e* via

b,co= —e* /2mB co[(e—1)/(2e+1)], (14)

where e is the film dielectric constant and R is the radius
of the cavity. ' Cardona finds that the observed frequency
shift of —100 cm ' corresponds to e*=0.4. This is in
excellent agreement with the value obtained from A2ppp
in the present study and Ref. 38. In contrast, the e'
value of Shanks, Jeffrey, and Lowry predicts a frequen-
cy shift nearly four times larger than the observed value.

Connell and Pawlik and Brodsky, Cardona, and Cu-
omo have attempted to explain the infrared absorption
strength of a-Si:H by starting with the e* values of gase-
ous silanes and incorporating local-field corrections due
to the dielectric screening in a solid. However, obtaining
a fundamental understanding of ir absorption in a-Si:H
requires a more rigorous approach since local-field
corrections do not take into account the effects of net-
work distortions. In general, infrared absorption by a vi-
brational mode arises from the dipole moment of a bond,
which in turn is due to static or dynamic charge transfer
between the atoms. The static charge (e,*) arises from
the difference in the electronegativities of the atoms and
the dynamic term (ed ) from changes in the charge distri-
bution as the atoms vibrate. For unhydrogenated a-Si
Winer and Cardona have shown that the static terms
are negligible and that ir absorption arises from charge
transfer due to phonon-induced bond-angle and bond-
length distortions. The ir absorption spectrum of a-Si
does not simply mimic the phonon spectrum —the rela-
tive intensities of the TA-, LA-, LO-, and TO-like peaks
are quite different in the two spectra. It is thus interesting
to note that %incr and Cardona obtained excellent agree-
ment between theory and experiment over the entire
spectral range by taking the effects of local distortions
into account and using a single value for the dynamic
charge (ed*=0.44). It is also interesting to note that the
e* values obtained in the present study for the 640- and
2000-cm ' modes in a-Si:H are comparable to the e* of
a-Si. A semiempirical theoretical approach similar to
that of Miner and Cardona would clearly be very useful
in obtaining a better understanding of ir absorption in a-
Si:H.

The relative contributions of the static and dynamic
terms to the ir activity of a-Si:H are not yet known.
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From the electronegativity difference (1.8 for Si and 2.1

for H) we get e,*=0.05 for the static charge of an isolated
Si-H bond. From photoemission experiments, Ley,
Reichardt, and Johnson, on the other hand, estimate
e,*=0.15 for Si-H bonds in a-Si:H. If interference be-
tween the static and dynamic dipole moments is negligi-
ble, even with the higher value for e,*, the static mecha-
nism might account for only —10% of the ir absorption
for the 640- and 2000-cm ' modes. On the other hand,
the static term might be significant for polyhydride
and/or clustered monohydride stretching modes.

The static mechanism may also be important for all the
modes in some alloys. For example, the absorption
strength of Si-H stretch modes in a-Si,C:H alloys has
been shown to be a function of carbon content. This
has been attributed to a static charge transfer from Si to
the more electronegative C in C-Si-H configurations, and
an accompanying increase in the dipole moment of Si-H
bonds. A similar effect might be expected in a-Si:H:F al-
loys also since F is even more electronegative than C.
Figure 7 includes data from Langford et al. for a-
Si:H:F alloys with up to 7% F. It is interesting to note
that there is a good correlation between NH determined
from the stretching and wagging modes. This may be
due to only a small number of Si atoms being bonded to
both F and H. Another possibility is that the addition of
F enhances the ir activity of both the wagging and
stretching modes. Independent measurements of H con-
tent in these films would be useful to see if the propor-
tionality factors determined for a-Si:H are valid for the
fluorinated films as well.

C. Variability of the Si-H oscillator strengths

One of the strongest arguments for the variability of
the oscillator strength comes from Oguz et al. ' They
found a large increase in the intensity of the 840- and
2000-cm ' modes ( —175% and 55%, respectively) in a-
Si:H films bombarded by 100 or 200 keV He+ ions and
much smaller or no change in the 640-, 890-, and 2100-
cm ' modes. These changes in the ir spectra were rever-
sible with annealing at 320'C. Oguz et al. concluded that
defects produced in the vicinity of Si-H bonds by He
ion bombardment selectively increase the oscillator
strength of the 840- and 2000-cm ' modes. They also
suggested that variations in defect structures (dangling
bonds or weak bonds) in films grown by different methods
and under different conditions would lead to the ir oscil-
lator strengths being sample dependent. In examining
the data of Oguz et aI., two points are worth noting.

The explanation of Oguz et al. that the oscillator
strengths of the 840- and 2000-cm ' modes are very sen-
sitive to the local environment might be correct. Even if
this is true, we note that the ion energies and Auences
used in their experiment lead to considerable disorder
through the formation of a large number of weak and
dangling bonds. This represents an extreme condition
which is not representative of typical films. For example,
a-Si:H films usually have 10' —10' dangling bonds/cm .
Helium-ion bombardment, in comparison, produces
—10 dangling bonds/crn . Even if a dangling bond on

or near a Si-H bond increases its oscillator strength, it is
clear that it will not have a measurable effect on the ir
spectra of typical films.

In interpreting their ion bombardment results, Oguz
et al. ruled out the possibility of the changes in ir
rejecting changes in Si-H bonding configurations. We
have used TRIM simulations to examine the consequences
of bombarding a-Si:H with 200-keV He+ ions. For a
6000-A-thick film with -30% hydrogen and a He+-ion
fluence of 10' cm (which are the parameters from Ref.
21), TRIM simulations show that -10 Si atoms/cm' and
10 ' H atoms/cm are displaced from their original posi-
tions. From the ir spectra of the as-deposited films, we
estimate NH =2.2X10 ' and 1.0X 10 for the 2000- and
2100-cm ' modes, respectively, and that at least 18% of
the Si atoms are bonded to H atoms. ' Given this infor-
mation, it is not clear that we can rule out changes in hy-
drogen bonding configurations upon bombardment. Stein
and Peercy have observed a conversion of polyhydride
sites to rnonohydride sites in a-Si:H bombarded by He
ions. In fact, the changes observed by Oguz et al. are
qualitatively consistent with what is expected from the
TRIM simulations: given the larger concentration of hy-
drogen in the 2100-cm ' mode prior to bombardment, a
small net shift of hydrogen from this mode to 2000 crn
is probable. Due to its large oscillator strength, this will

give rise to a large increase in the 2000-cm mode. The
data from Oguz et al. are included in Fig. 7. This figure
shows that, despite the large increase in the area of the
2000-cm ' mode upon bombardment, there is good
agreement between the hydrogen contents determined
from the wagging and stretching modes.

Finally, for the sake of argument, we can ignore experi-
mental errors and say that the scatter in Fig. 7 is due to a
sample-to-sample variation of the oscillator strengths.
However, this is not the only explanation. As we noted
earlier, the value of A 2&oo determined in the present
study is a weighted average of A21oo, siH and A2&oo, siH,

[see Eq. (12)]. If hydrogen bonding is nonrandom, then
the ratio of polyhydride to clustered monohydride con-
centration and hence the factor K in Eqs. (10) and (12)
may vary from sample to sample. In this case Az, oo can
be sample dependent even if the oscillator strengths for
the isolated and clustered monohydrides and polyhy-
drides are constant (provided that Az, oo s;HA Az, oo s;H ).

Further theoretical and experimental studies are in pro-
gress to understand the nature of Si-H bonding and to
determine whether the oscillator strengths of various Si-
H modes are sample dependent.

V. SUMMARY

We have used nuclear-reaction analysis (NRA) to
determine the absorption strength of the Si-H wagging
and stretching modes in a-Si:H deposited by PACVD and
magnetron sputtering. We have shown that converting
transmission spectra to absorption spectra by the most
commonly used method of Brodsky, Cardona, and Cu-
omo leads to significant errors in a, particularly in films
less than —1 pm thick. We have eliminated these errors
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by taking into account the effects of optical interference
in our data analysis.

By comparing ir and NRA, we have determined the
proportionality factors between hydrogen content and
the integrated absorbance of the Si-H wagging and
stretching modes. We obtain A 64o

= (2. 1+0.2) X 10'
cm as the proportionality factor for the wagging mode.
Previous estimates for this parameter have ranged from
1.6X10' to 2.5X10' cm, most probably due to un-
certainties in ir data reduction. Assuming random hy-
drogen bonding we have determined the proportionality
factors for the stretching modes. These are
A2ooo =(9.0+1.0) X 10' cm and A2, co=(2.2+0.2)
X10 cm, where A2&oo is a weighted average of the
proportionality factors for polyhydrides and clustered
monohydrides. In contrast with many previously pub-

lished reports, these values are found to be independent
of the details of sample preparation. Within the accuracy
of the BCC method, a large body of previously published
data for both the wagging and stretching modes is shown
to be consistent with the proportionality factors deter-
mined in the presented study.
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