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Infrared-transmission spectroscopy is widely used to obtain quantitative information about hydrogen
bonding in hydrogenated amorphous silicon (a-Si:H), silicon-germanium (a-SiGe:H), and silicon-carbon
(a-SiC:H) alloys. To simplify the conversion of transmission spectra to absorption spectra the most corn-

monly used methods, suggested by Brodsky, Cardona, and Cuomo (BCC) [Phys. Rev. B 16, 3556 (1977)]
and Connell and Lewis (CL) [Phys. Status Solidi B 60, 291 (1973)],assume incoherent multiple reflections
in the film as well as the substrate. We show that the absorption in a-Si:H alloy films on c-Si substrates is

different for coherent and incoherent reflections in the film. This difference causes the BCC and CL
methods to overestimate or underestimate the absorption coefficient (a) in many experimental situations.
The most notable feature is an overestimate of a if the film thickness d is below a critical value (d;„).
For d )d;„, the error in absorption coefficient is usually less than 10%. Below d;„, the error in a in-

creases as d decreases. The maximum error, which occurs in the limit d ~0, increases with the refrac-
tive index of the film and is )30% for a-SiC:H alloys, —70% for 0-Si:H, and ~ 90% for
a-Sioe:H alloys. The value of d;„decreases as the refractive index of the film and the frequency of the

vibrational mode increase. For a-Si:H, for example, the hydrogen content determined from the 640-cm'
Si-H wagging-mode absorption is overestimated if d is less than —1 pm. We show that experimental

data are consistent with the predictions of this analysis. In most cases it is possible to correct the results

from the BCC and CL methods so that they are accurate to within 10%. For greater accuracy,
infrared-transmission data should be analyzed by taking the effects of optical interference into account.

I. INTRODUCTION

The structural, optical, and electronic properties of hy-
drogenated amorphous silicon (a-Si:H), silicon-
germanium (a-SiGe:H), and silicon-carbon (a-SiC:H) al-
loys are very sensitive to the hydrogen concentration CH.
Among the several techniques available to measure CH, ir
transmission is perhaps the most commonly used since it
is nondestructive, fast, and convenient. In addition to
CH, it also provides information regarding the bonding
configurations. The determination of CH from ir data in-
volves (i) the measurement of the transmission spectra
T(to) of thin films usually deposited on c-Si substrates, (ii)
the conversion of T(to) to absorption spectra ct(to), and
(iii) relating the integrated absorbances of various modes
to bond concentrations using empirically determined os-
cillator strengths. ' We identify two sources of error in
converting T(co) to a(co), which in turn lead to errors in
the determination of the oscillator strengths and/or hy-
drogen content.

The most commonly used method to convert T(to) to
a(m) is the one suggested by Brodsky, Cardona, and Cu-
omo (BCC).' A somewhat less common method is that of
Connell and Lewis (CL). To simplify the data analysis,
both methods assume incoherent multiple reflections in
the film as well as the substrate, though this is usually not
true for experimental data. In this paper we use the opti-
cal constants of a-Si:H, a-SiGe:H, and a-SiC:H alloys,
take into account coherent multiple reAeetions in the film
and incoherent multiple rejections in the substrate, and

calculate transmission spectra. Analyzing the simulated
spectra by the BCC and CL methods shows that both
methods systematically overestimate o. for very thin films

and over- or underestimate it by up to 10—20% for
thicker films. The error is primarily a function of cod,

where co is the vibrational frequency and d is the film

thickness. The error also depends on the refractive index
and absorption coefFicient of the film and the refractive
index of the substrate. Infrared-data analysis also in-
volves estimating a baseline, i.e., removing the interfer-
ence fringes from the transmission spectra. Uncertainty
in estimating the baseline is another source of error in the
BCC and CL methods, and it can affect the results of
deconvoluting and integrating the absorption bands by
20% or more. In a previous paper we described the errors
in the hydrogen content of a-Si:H determined from the
640-cm ' wagging mode using the BCC method. In this
paper we (i) examine the origin of the errors in the BCC
and CL methods, (ii) quantify the errors at all vibrational
frequencies for a-SiGe:H and a-SiC:H alloys as well as a-
Si:H, and (iii) discuss some of the consequences. In most
cases it is possible to correct the results from the two
methods so that they are accurate to within 10%. For
greater accuracy ir-transmission data should be analyzed

by taking the effects of optical interference into account.

II. SIMULATIONS AND ANALYSIS

For the simulations we consider an absorbing film on a
nonabsorbing substrate and light at normal incidence (see
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Fig. 1). In reality, there is some absorption in the c-Si
substrate at frequencies below —1200 cm '. Experimen-
tally, this is taken into account by dividing the sample
transmission by that of a bare substrate and multiplying
by 0.54, the absorption-free transmission of c-Si. This as-
sumes that absorption in the substrate is not modified by
the presence of the film. The substrate also has thin lay-
ers (-20 A) of native oxide on both front and back,
whose effect is ignored in the data analysis. Our simula-
tions shows that these approximations affect the results
by less than 5%. Hence, for simplicity, we assume the
substrate is nonabsorbing and has no oxide layers.

We calculate the transmission T as a function of the vi-
brational frequency (to), the refractive index of the sub-
strate (n3), the refractive index (nz or n), absorption
coefficient (az or a), and thickness of the film (d). The
substrate is assumed to be optically thick so that multiple
reflections in it are incoherent; i.e., we sum the intensities
of the multiply reflected beams. We consider incoherent
multiple reflections in the film to derive the BCC and CL
equations and coherent multiple reflections to simulate
experimental data.

We first consider a thin film on a semi-infinite sub-
strate. In the incoherent limit, by summing the intensi-
ties of the multiply reflected beams, we get

Ti3 Tiz Tz3e /(1 —Rz3Rzie ),
R iz =R iz+ Tiz Tzi Rzze "/(1 —RzzRz, e "),
and

R zi =Rzz+ Tzz Tz&Rzie "/(1 —Rz3Rzie

(la)

(lb)

(lc)

and

T,z=(n&/ni)It, ztz&P/(1 —P rz&rz&)I

R,z
= Ir,z+P tiztz, rz&/(1 Prz, rzz)l—

Rzi —Irzz+P tzztz3rz, /(1 —P rzirz3)l

(2a)

(2b)

(2c)

In Eqs. (1) and (2), for j=i+1, we have

In the coherent limit, by summing the electric fields of
the multiply reflected beams, we get

Medium 1 (Air)

Ni ——1- i0
ee ~ e ~ eee ~ ~ e ~ eessees se

Medium 2 {Film)

N2 ——n2- ik

Medium 3

(Substrate)

N3= n3- i0

Medium 4 {Air)

Ng= 1- iO

FIGe 1. Schematic of a thin film on a substrate. Multiple
refiections in the substrate are omitted, and light is shown at a
non-normal angle of incidence for clarity.

(3d)

and

P =exp( 2rriNz—des) . (3e)

Here N;, the complex refractive index of medium i, is
equal to n; —ik; and the extinction coefficient k; is related
to the absorption coefBcient a; via a;=4~k;co. The
quantities T» and R» represent the transmission and
reflectance of a film on a semi-infinite substrate for light
incident from the air side and R» is the reflectance for
light incident from the substrate side. (Note that
Tzi =Tiz, but Rzi&R iz.)

The equations for a thin film on a substrate of finite
thickness are derived by considering a structure whose
front-surface reflectance and transmission are those of
the film on a semi-infinite substrate and whose back-
surface reflectance and transmission are those of the
substrate-air interface. To do this we replace Rlz, Tl2,
R», T», R», T», and R», in Eqs. (1) by R», T», R3],
T3 l R 34 T34 and R 43 respectively. We also replace a2
by az (=0 since the substrate is nonabsorbing). With
these substitutions we get

T= Tz4T»/(I Rz, Rz4), —
t,, =2N, /(N, +N, ),
rj =(N; NJ )/(N;+NJ )—,
R,, =ir,, i',

(3a)

(3b)

(3c)

where Ti3 and R3i are given, respectively, by Eqs. (1) and
(2) for incoherent and coherent multiple reflections in the
film. In the incoherent limit, Eq. (5) can be further
simplified to give

(1—R,z )(1—R z& )(1 R34)e—
(1 Rz3R34) —(R izR—z3+R izR34 2R] zR3Rz34)e

(5)

The Connell-Lewis method uses Eq. (5) and an in-
dependent measurement of n to determine a. ' The re-
fractive index, for example, can be determined by com-
bining profilometric measurements of film thickness with
fringe spacing in reflectance spectra for films on glass.
The BCC method simplifies the data analysis further by

assuming that the difference in the real part of the refrac-
tive index between the film (nz ) and the substrate
(n3 =3.42) is negligible and that there are no reflections
at the film-substrate interface. ' Thus setting Rl2=R34
and Rz3 =0 in Eq. (5) gives
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FIG. 2. Transmission spectra of a-Si:H (upper curve) and a-
SiC:H (lower curve) films corrected for absorption in the c-Si
substrate. The a-Si:H spectrum has been shifted vertically by
0.15. Dashed lines show the baseline fit to the nonabsorbing re-
gions.

T=4TNAe l[(I+TN„) —(1—TNA) e "], (7)

where TNA is the baseline transmission when the film is
nonabsorbing. If the film refractive index is indeed equal
to that of the substrate, as is assumed in the BCC
method, then TNA = Tz =0.54, the absorption-free
transmission of c-Si. However, as we will see in the next
section, the refractive index of a-Si:H is a function of hy-
drogen content and can deviate from the crystalline value
of 3.42 by +10%. For a-SiGe:H and a-SiC:H the refrac-
tive index is a function of composition and can range
from less than 2.5 (carbon-rich alloys) to -4.0 (Ge-rich
alloys). Because of the index mismatch at the film-
substrate interface, TN~ in Eq. (7) is different from the
bare substrate transmission. However, a-Si:H is nonab-
sorbing in most of the spectral region of interest. Hence
the baseline for the absorption bands can, in principle, be
determined by interpolating the transmission from adja-
cent nonabsorbing regions. This should be done with
some caution for the 640-cm ' Si-H wagging mode, as
there is some absorption below 550 cm due to Si-Si
bonds. Since most ir spectrometers measure spectra at
frequencies above 400 cm ', we do not, in general, have
transmission at frequencies below the 640-cm ' band
corresponding to nonabsorbing regions.

Problems with baseline estimation are eliminated when
exact equations are used to analyze ir data. By setting a
and k equal to zero in Eqs. (2)—(4), we can calculate TNA
exactly. Figure 2 shows typical experimentally measured
transmission spectra of a-Si:H and a-SiC:H films (after
correcting for absorption in the c-Si substrate). Also
shown in the figure are the baselines calculated by optim-
izing n and d. The procedure is quite straightforward as
the period of the fringes depends on the product nd and
the amplitude on n or, more precisely, the mismatch in
index between the film and substrate. In most cases we

can obtain a good baseline using a constant value of re-
fractive index for the entire spectral range.

In Fig. 2 we can clearly see the Si-Si stretching mode at
—500 cm . If this peak is not taken into account in es-
timating the baseline, the integrated area of the 640-cm
peak would be underestimated by 15—20%. Figure 2
also shows that the Si-Si mode is stronger in the
a-SiC:H film. This occurs because of the enhancement of
the Si-Si bond absorption strength in the presence of car-
bon. ' In a-SiGe:H alloys, the Si-Si stretching mode
overlaps with the Ge-H wagging mode" at 565 cm
Failure to take the Si-Si band into account can thus lead
to errors in integrating the H-related bands in alloys also.
From Fig. 2 we can also see that using the bare substrate
transmission as the baseline (TN„=0.54 for the entire
spectrum) in the BCC analysis is clearly inappropriate as
it fails to account for the interference fringes. We do not
even know if this is a common practice since most au-
thors do not describe the details of their data analysis.
We will not address the consequences of this choice ex-
cept to note that the errors resulting from it are much
larger than the ones described in the next section.

The analytical determination of TNA has the additional
advantage that all the information required to analyze
the ir data is obtained from a single measurement on a
single sample. It also avoids errors which can arise from
using transmission and thickness measurements made on
different parts of a sample (if film thickness is not uni-
form over large areas). However, calculating a baseline
using Eqs. (2)—(4) does require that the film thickness be
uniform over the area (typically a few mm ) where
transmission is measured. Determining d from fitting the
baseline is also difficult if the film refractive index is very
close to that of the substrate as the amplitude of the
fringes depends on the index mismatch.

A third advantage of the analytic determination of the
baseline is that it improves the accuracy of deconvoluting
overlapping peaks. This is particularly useful for separat-
ing the Si-H stretching modes at 2000 and 2100 cm
and for a-SiC:H alloys, where several Si-Si, Si-H, Si-C,
and C-H related peaks appear at frequencies below 1000
cm

For the results presented in the next section, we as-
sume coherent multiple reflections in the film and calcu-
late T and TN„using exact equations and optical con-
stants appropriate for a-Si:H, a-SiGe:H, and a-SiC:H.
We then analyze the data by the BCC and CL methods.
It is easy to see from Eq. (5) that the absorption spectra
obtained from T alone by the CL method contain in-
terference fringes. To correct for this we compute a
from both T and TNA and take the difference. We have
also noted earlier that the BCC equation [Eq. (7)] is de-
rived from the CL equation [Eq. (5)] by neglecting
reflections at the film-substrate interface. However, using
a baseline that is different from the bare substrate
transmission partially accounts for reflections at this in-

terface. As a consequence, we wi11 see in the next section
that results from the two methods usually difFer by less
than 10%.

To assess the relevance of the present simulations to
actual measurements, we need to know when the
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coherent and incoherent limits are valid. Reflections in

the film and substrate can be coherent or incoherent, de-

pending on their thickness, the flatness and parallelism of
the interfaces, and the instrumental resolution. Coherent
reflections in c-Si substrates, which are typically 0.5 mm
thick, can be eliminated by decreasing the instrumental
resolution to 4 cm ' or less or by using wedged or
roughened substrates. Since most a-Si:H films are only a
few micrometers thick, coherent reflections in them can
only be eliminated if the films are deposited on rough sur-
faces. Since ir absorption in a-Si:H is at wavelengths be-
tween 4.5 and 20 pm, the substrate surface must be con-
siderably rough, particularly for the longer wavelengths.

4.0

3.5

3.0

2.5

2P

1.5

1.0

0.5

I

I

y
1

———n= 3.0

----- n = 40

I I I
I

I I I I
I

I I I .I
I

I I I I
I

I

n= 2.0

III. RESULTS
p p I I I I I I I I I I i i i i I i i i i I s

0.5 I I I I
I

I I I I
I

I I

0.4

A.
tncoh

A,.h

o 0.3C
c5

0.2

0.1

0.0
0.0 0.5

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

1.0 1.5 2.0 2.5 3.0 3.5 4.0
Fi1m Thickness (p.m)

FIG. 3. Comparison of absorbance in a free-standing thin
film in the coherent and incoherent limits.

It is common knowledge that reflection and transmis-
sion of a thin film are not the same in the coherent and
incoherent limits. Although less obvious, the absorbance
of the film ( A = l —R —T) is different in the two limits.
Figure 3 shows A „h and A;„„h as a function of thickness
for a free-standing film with n =3.0, co=640 cm ', and
k=0.25 (a=2000 cm '). In the incoherent limit ab-
sorption in the film increases monotonically with thick-
ness. On the other hand, Fig. 3 shows that A„h is very
nonmonotonic; it is nearly constant for d between 0.5 and
1.5 pm and is greater for d =2.7 pm than for thicker
films. In the coherent limit the phase difference between
multiply reflected beams changes with thickness and in-
terference between these beams leads to periodic changes
in the distribution of the electric field and absorption in
the film.

The difference between A„h and A;„„h is, in general, a
function of n, k, and cod. Figure 4 shows the dependence
of the ratio A „h /A;„„h on the quantity 2n nd co for
k=0.25 and n =2.0 3.0, and 4.0. Figure 4 shows that
even for relatively large values of 2mndco (i.e. ., relatively
thick films for infrared frequencies), A„h is larger or
smaller than A;„„z by as much as 50%. This difference
can be quite important when dealing with free-standing
films. Figure 4 also shows that, in the limit d (or co)~0,

27tnd0)

FIG. 4. Ratio of absorbance of a free-standing film in the
coherent and incoherent limits shown as a function of the re-

fractive index and product 2vrndco.

A„h is 2-4 times larger than A;„„h. The dependence of
A„h/A;„„h on n in the limit cod~0 can be explained
easily. In the incoherent limit, as n increases, more of the
incident light is reflected at the front surface and absorp-
tion in the film decreases. In the coherent limit the elec-
tric field in the film is determined by the refractive index
of the incident and transmission media, and the intensity
of light and absorption in the film increase with n.

For thin films on substrates, the difference between

A«h and Ajggph is qualitatively similar to that in Fig. 4
with the quantitative details depending on the refractive
index of the substrate and on whether the substrate is
semi-infinite or finite. This difference between A„h and

A;„„h leads to the BCC and CL methods over- or un-

derestimating the absorption coefficient when analyzing
experimental data. We denote the absorption coefficients
calculated by the two methods by artcc and acL and show
in Figs. 5 —8 the dependence of aBcc/a and ac„/a on n,
k, and cod. As noted earlier, the values of n (2.5, 3.0, 3.5,
and 4.0) cover the range that is of interest for a-SiC:H, a-
Si:H, and a-SiGe:H alloys. For each n we use k =0.02
and 0.5 to represent strong or weak absorption and vary
cod from 0 to 0.35. For the 640-cm ' mode, this corre-
sponds to d between 0 and 5 pm, which is adequate for
most purposes.

Figures 5 —8 reveal several interesting features. First,
as expected, aacc and acr. are periodic in ~d. Second,
the dependence of artcc/a and acL/a on n is relatively
strong and the dependence on k is relatively weak. This
is due to the fact that absorption increases with k both in
the coherent and incoherent limits, while, as noted ear-
lier, A„h increases and A;„„h decreases with increasing
n. Figures 5 —8 also show that for the range of parame-
ters explored, artcc and acL differ by 10% at most.
(Since the two methods yield very similar results, in the
remainder of this paper we will refer only to the more fre-
quently used BCC method with the understanding that
the comments apply to both methods. ) Figures 5 —8 show
that the BCC method is accurate to within 10% for most
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FIG. 5. Absorption coefficient determined by the BCC and

CL methods normalized to the true a and shown as a function
of the extinction coefficient and cod product. The refractive in-
dex of the substrate, assumed to be nonabsorbing, is 3.42. The
film refractive index is 2.5. The vertical arrow sho~s the value
of (cod );„.

values of cod. However, with decreasing film thickness, it
yields very misleading results as, depending on n, it
overestimates the absorption coefficient by as much as
30—90%. In Figs. 4—8 we see that ance/a is consider-
ably smaller than Amph/A mph in the limit d~0. This
difference is due to the fact that in Fig. 4 we considered a
free-standing film and in Figs. 5 —8 the substrate is c-Si.
In general, the error in aBcc/a is larger for substrates
with lower refractive index (KBr or sapphire, for exam-
ple).

The ~d dependence of azcc can somewhat arbitrarily
be divided into two regimes. For cod =(cod );„,aBcc=a.
For smaller cod, the error increases as cod decreases. For
cod ) (cod);„, artcc is accurate to within 10%%uo in most
cases. If we take co=640 crn ' as an example, Figs. 5 —8

show that d;„ranges from 0.8 pm for Ge alloys to 1.8

FIG. 7. Same as Fig. 5 except the film refractive index is 3.5.

a=artcc/(1. 72 —12cod) for cod ~0.06 (8a)

and

pm for C alloys. Since these values are comparable to the
thickness of a-Si:H and alloy films used in many studies,
quantifying the errors in hydrogen content determined by
the BCC method is quite important.

In the case of a-Si:H, it is possible to define a
thickness-dependent correction factor. We have mea-
sured hydrogen content by thermal evolution and nuclear
reactions and correlated it with infrared spectra for
several a-Si:H films grown by magnetron sputtering and
glow discharge. ' ' Figure 9 shows the dependence of n

and k at 640 cm ' on the hydrogen content. Using the
linear dependence of n and k on CH shown in Fig. 9, we
have calculated aBcc/a for CH = 1, 5, 10, 15, 20, 25, and
30 at. %. From the results, shown in Fig. 10, it is clear
that for a-Si:H the error in aBcc is primarily a function of
cod. The true absorption coefficient a can thus be ob-
tained from aBcc using the approximation
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FIG. 6. Same as Fig. 5 except the film refractive index is 3.0. FIG. 8. Same as Fig. 5 except the film refractive index is 4.0.
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Bcc for cod &0.06 . (8b)

These equations are a generalization of the correction
factor for the wagging mode given in Ref. 4. Since the
dependence of ance/a on k is relatively weak (Figs. 5 —8),
Eqs. (8) are applicable to all modes, even though the
curves in Fig. 10 have been obtained using the k values
of the wagging mode. The error in a obtained from Eqs.
(8) is less than 10% in most of the cases, although it can
be as much as 20% for certain values of cod. The accura-
cy of ir-data analysis can be improved by using exact
equations. The use of Eqs. (2)—(4) in determining the
base line for transmission spectra has already been de-
scribed in Sec. II. Since the wagging and stretching
modes are usually fit to Gaussian peaks, it is relatively
straightforward to use Eqs. (2)—(4) and calculate
transmission spectra for an absorbing film —we need to
specify film thickness and refractive index and position,
height, and width of each Gaussian absorption band.
Standard iterative procedures such as the Newton
method can then be used to optimize these parameters by

FIG. 11. Experimental data for the thickness dependence of
am c at 640, 2000, and 2100 cm ' compared with the simplified
linear dependence predicted by Eq. (8).

matching the calculated and measured transmission spec-
tra.

In Fig. 11 we compare the predicted thickness depen-
dence of Eq. (8) with available experimental data for both
the Si-H wagging and stretching modes. ' ' Note that
the cod values represent film thicknesses up to 5.5 pm for
the wagging mode and 1.75 pm for the stretching modes.
Some of these experimental results have previously been
attributed to hydrogen-rich interfacial layers which are
thousands of angstroms thick. ' ' No satisfactory ex-
planation has been available until now for the fact that
this does not agree with trends in hydrogen content rnea-
sured by other techniques. ' ' Figure 11 shows that the
experimental data are in excellent agreement with Eq. (8)
and that the apparent increase in hydrogen content is an
artifact of the BCC analysis. Note that some of the
scatter may be due to the uncertainty in estimating the
base line for some of these data. Recent ex situ' and in
situ infrared-reflectance measurements on very thin
films of a-Si:H confirm that the trends seen in transmis-
sion data are an artifact, as they show that the
hydrogen-rich surface layer is only 10-15 A thick.
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FIG. 10. Dependence of aB«/a on the product cod. Going
from top to bottom at d =0, the curves are for C„=1, 5, 10, 15,
20, 25, and 30 at. %. The optical constants necessary for the
simulations were obtained from Fig. 9. The dashed line
represents Eq. (8).

We have noted earlier that the BCC and CL methods
under- or overestimate a because absorbance in a thin
film is different for coherent and incoherent reflections in
the film. The most surprising aspect of the results
presented here is the magnitude of the error in the limit
d ~0 particularly for a-Si:H, where the refractive-index
mismatch and hence reflection at the film-substrate inter-
face are expected to be small. In fact, Fig. 9 shows that
even when the film and substrate indices are equal, the
BCC method overestimates a by -70%. There are three
factors which contribute to this behavior. If we consider
a thin film on a semi-infinite substrate, even if there is no
mismatch in the real part of the refractive index at the
film-substrate interface, the mismatch in the imaginary
part leads to multiple reflections in the film and a
difference in absorbance in the coherent and incoherent
limits. In a practical geometry, reflections from the
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substrate-air interface enhance this effect. Finally,
measuring transmission alone, i.e., not taking into ac-
count the difference in reflectance in the coherent and in-
coherent limits, also leads to errors in a.

The errors in the BCC and CL methods have several
important implications. They can introduce spurious
trends in the variation of CH as a function of any deposi-
tion parameters that affect the growth rate significantly.
Plasma power and gas composition in glow-discharge
deposition, power and target-substrate distance in
sputtering, and substrate bias are some examples of such
variables. In such studies, unless the deposition time is
adjusted properly, the thickness for a series of films can
vary systematically by a factor of 2 or 3 as the deposition
variable is changed. From the preceding discussion we
see that artifacts introduced by the analysis can enhance
or suppress real trends or even produce spurious trends,
particularly if d is less than d;„ for some of the films.

The errors in ir-data analysis may also explain the re-
ported variation in 3640, the proportionality factor be-
tween hydrogen content, and the integrated absorbance
of the 640-cm ' Si-H wagging mode. The estimates for
A6&o range from a low of 1.6X10' cm (Refs. 2, 23,
and 24) to a high of 2. 5X10' cm (Ref. 25), with the
former being the most commonly used value. Both
values have been obtained by calibrating ir (sensitive to
Si-H bonds) against techniques measuring the total hy-
drogen content. However, since the amount of molecular
hydrogen in a-Si:H is usually less than 1 at. %, ' it is
unlikely that this difference is due to ir-inactive hydro-
gen. Recently, using the data-reduction procedures de-
scribed in this paper, Langford et al. ' obtained
A 64O

=2. 1 X 10' cm, which is in good agreement with
the value of 2.0X10' cm reported by Maley et a/. ' If
we accept the latest measurement of A64o, then the ear-
lier values differ from it by 20—25%, which is within the
measurement uncertainly unless the systematic errors de-
scribed in this paper are eliminated. For example, the
films used in Ref. 24 are -0.6 pm thick and making the
necessary thickness-dependent correction to u brings

A64o from that study into closer agreement with Ref. 14.
This issue is discussed in greater detail in Ref. 14.

The errors in the BCC method may also affect the com-
parison of the intensities of peaks at different frequencies.
For example, in a-Si:H, thickness- and frequency-
dependent effects can lead to different results for the hy-

drogen content determined from the wagging mode at
640 cm ' and the stretching modes at 2000 and 2100
cm '. ' As another example, in a-Si:H, the 2100-cm
peak is attributed to Si-H stretching in dihydrides (SiH~)

and clustered monohydrides (SiH), and a doublet at
840—890 cm ' is attributed to the bending modes of
dihydrides. The dihydride and clustered monohydride
concentrations can be determined by comparing the in-

tensities of these peaks. However, the overestimate of o.
will persist to larger thicknesses for the lower-frequency
mode and can lead to an underestimate of the clustered
monohydride content. Another instance where compar-
ing peak intensities might be relevant is in a-SiC:H alloys.
In this case the amount of H bonded to Si and C can, in
principle, be determined from the Si-H and C-H stretch-
ing modes (at -2000 and 2900 cm ', respectively). '

We have limited our analysis to c-Si substrates and
films with refractive index between 2.5 and 4.0. We have
noted earlier that the errors in aBcc and ucL are larger
for low-refractive-index substrates. Also, the refractive
index can be less than 2.5 for carbon-rich a-SiC:H alloys
and dielectrics such as silicon nitride, silicon oxide, and
oxynitrides. ' In such samples the BCC and CL
methods can over- or underestimate a by up to 25% even
for films that are several micrometers thick.

V. SUMMARY

In summary, the Brodsky-Cardona-Cuomo and
Connell-Lewis methods assume incoherent multiple
reflections in both the film and substrate to simplify the
infrared-transmission-data analysis for a-Si:H, a-SiC:H,
and a-SiGe:H films. However, in most experimental situ-
ations, multiple reflections in the film are coherent.
Differences in absorbance in the coherent and incoherent
limits lead to the two methods over- or underestimating
the absorption coefficient. Uncertainties in estimating
the baseline for transmission spectra can also be a
significant source of error in ir-data analysis. We have
shown that the BCC and CL methods are equivalent and
quantified the errors in them as a function of vibrational
frequency, film thickness, and optical constants. For a-
Si:H the absorption coefficients determined by these
methods can be corrected to within 10% in most cases by
using a film thickness and frequency-dependent correc-
tion factor. For greater accuracy optical interference
effects should be taken into account in the data analysis.
Experimental data are shown to be in very good agree-
ment with the predictions of the analysis. Finally, com-
mon experimental situations where the artifacts of the
BCC method can lead to erroneous results are pointed
out.
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