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A new method to determine the optical absorption coefficient () of thin films is presented. o of hydrogenated amor-
phous silicon (a-Si:H) based alloys can be accurately determined from transmittance (7') and reflectance (R) by using
T/(1—R), which almost completely eliminates disturbance from the optical interference effect. The method is applicable
to any thin films, as long as the film is a single layer. Based on the interference-free «, various methods to determine the
optical gap (Egpr) of a-Si:H, a-SiC:H, and a-SiGe:H films are discussed. The (nahv)'’? plot and the (ahv)'/? plot are
most suitable for characterizing these films. The well-known (ahv)'/? plot is less suited for detailed discussion of the Eqpr
than the cube root plot, because the plot includes a large ambiguity in the Eopr. The effect of the optical interference

effect on the determination of the Eqpy is also discussed.
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§1. Introduction

The optical absorption coefficient (o) of hydrogenated
amorphous silicon (a-Si:H) films is important for prac-
tical reasons, because it primarily determines the spectral
response of opto-electric devices such as solar cells and
photosensors. The « also provides information on the
electronic band structure, the band tail, and localized
states.” This practical and fundamental significance has
led to a number of studies? on the « of a-Si:H and
related alloys. However, experimental determination of
o is not a trivial task, mainly due to the existence of the
optical interference effect. The « of a-Si:H films in the
visible and near IR region is usually determined from the
optical transmittance (7") and reflectance (R). T and R
can be expressed as functions of « and the real part of the
refractive index (n).Y Conventional procedures to deter-
mine « and » from the rigorous expressions of 7 and R
are two-dimensional iterations in principle. Tomlin rear-
ranged the expressions into simpler formulae.” But solu-
tions of a and n were still complicated due to the ex-
istence of multiple solutions, especially at the maxima
and minima of interference curves.” Approaches to select
the correct pair of o and »n required far more computa-
tion than to obtain the solutions.® A few approximate
formulae which are useful to determine o more easily
from T and R or T only have also been proposed.”
However, these approximate procedures usually restrict
the spectral range or the sample thickness.

The « also includes information on the separation be-
tween the valence band and the conduction band (optical
gap: Eopr). In 1966, Tauc, Grigorovici, and Vancu'? first
reported that Av(e,)'/?, which is proportional to (nahv)'/?,
of amorphous germanium (a-Ge) is represented by a
straight line when plotted against the photon energy Av.
Here, &, denotes the imaginary part of the dielectric con-
stant. Since then, Eopr of tetrahedrally bonded amor-
phous semiconductors has usually been deduced by a
linear extrapolation of the (aAv)'/? versus hv plot to the
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energy axis. However, several experimental studies have
revealed that there are other ways to determine the Eopr
with less experimental ambiguity. Cody, Brooks, and
Abeles'? showed that the («/kv)'/? versus hv plot of a-
Si:H has better linearity than the («4v)'/? plot, and thus
includes less ambiguity of the Eopr, in terms of the varia-
tion of sample thickness, than the (aAv)'/? plot. Vorlidek
et al.,'? Klazes et al.,’® and Nitta et al.'¥ have reported
that the (ahv)'® or (nahv)'® versus hv plots of a-Si,'>"?
a-Ge,'"” and a-Si:H'™'¥ have better linearity than the
(ahv)'/? plot. On the other hand, Kruzelecky et al. have
recently reported that the (aAv)!/? plot of a-Si:H and a-Si
films has two linear regions with different slopes.!® In
other words, experimental data on the detailed energy
dependence of o are not in agreement at the present
stage. Furthermore, the effect of the experimental error
in o on the Eppr is not well known. From the practical
point of view, it is desirable to identify which method pro-
vides the most reliable measurements to compare the op-
tical properties of a-Si:H and related alloys with various
compositions and thicknesses. The Eopr is especially im-
portant in characterizing alloys such as hydrogenated
amorphous silicon germanium (a-Si;-,Ge,:H), and
hydrogenated amorphous silicon carbon (a-Si;—,C,:H),
because their electrical and structural properties are
strongly dependent on the Eopr.

In this study, a new method to accurately determine
the « of thin films is presented. The new method is based
on the finding which show that the optical interference
effect can be almost completely suppressed by using
T/(1—R). The Ecpr of a-Si:H films, a-Si;-,Ge,:H films,
and a-Si;—,C.:H films are then investigated by the
(ahv)V/? plot, the (ahv)'’? plot, the (nahv)!/? plot, and the
(a/ hv)!'? plot. Attention is paid to the linearity of those
plots and the experimental ambiguity of the deduced
Eopr.

§2. Experimental Procedure
a-Si:H, a-Si;—.Ge,:H, and a-Si;—-,C.:H films were
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incident
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matrix 0 (air) N=1
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Fig. 1. Schematic structure of the samples used in this study. N;
denotes the complex refractive index of matrix k.

deposited on quartz or Corning #7059 glass substrates by
RF Plasma Chemical Vapor Deposition (CVD) reactors.
T and R were measured by a Hitachi U3400 spec-
trophotometer. Spectral resolution was 2nm at
350 ~ 850 nm, and about 10 nm at 850 ~2000 nm. Light
was incident on the film side (Fig. 1). An integrating
sphere was used in order to avoid error in 7 and R due to
diffuse light scattering of the samples. The 7T and R were
measured at exactly the same position on each sample,
which eliminates error in 7 and R caused by the variation
of the film thickness. Aluminum mirrors, which were
used to calibrate the 100% T and R, were also inserted in
the optical path during the measurement of 7 and R, in
order to cancel the spectral reflectance of the mirrors. Ex-
perimental error in 7 and R is better than *+1% at
350~ 850 nm, and +2% at 850~ 2000 nm.

§3. Suppression of Interference by T/(1—R)

Experimental data of T, R, and T/(1—R) of (a) an a-
Si:H film (d=1050 nm) and (b) an a-Si;_,C,:H film
(d=95 nm) are shown in Fig. 2. Here, d denotes the
thickness of the films. The interference effect is signifi-
cant in 7 and R of both (a) and (b), which makes the
determination of « difficult. On the contrary, 7/(1—R)
is free from interference throughout the wavelength
region in the figure, which is a new finding in this study.
It is significant that this simple calculation almost com-
pletely eliminates the interference effect. This result sug-
gests that T/ (1 —R) is very effective for determining « in
wavelength regions where the interference effect exists.
That is, o can be derived from a numerical fitting be-
tween experimental 7'/ (1 —R) and theoretical T/(1 —R).

Rigorous expressions of T, R, and T/(1—R) for the
structure in Fig. 1 are:
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Fig. 2. Experimental transmittance (T, reflectance (R) and 7/(1—R)

of (a) an a-Si:H film with thickness=1050 nm and (b) an a-Si,_,C,:H
film with thickness=95 nm.
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Ny=n;+ik,: complex refractive index of matrix k.

Equation (3), in which all multiple reflections in the film
as well as in the substrate are taken into account, is used
for the determination of « in this study. If the reflection
at the substrate/air interface is neglected in egs. (1)-(3),
they are equivalent to similar expressions in ref. 4, when
the substrate is transparent. The effect of suppressing in-
terference using 7'/ (1 —R) can be understood as follows.
For a typical value of n,=1.5, the second term of eq. (3)
is less than 4% of the first term, because R,;=0.04 and
Ry + Ty< 1. Therefore eq. (3) can be written as:
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Here,
0=d4nnd/ 4,
yi=arg (r),
yio=arg (ro),
d: film thickness,
A: wavelength.

The second term of eq. (5), which includes interference
as sin (0+yy,) is much smaller than the first term when
ki« 1, because sin y,0=2k;/(ni—1). Here, ki=Aa/47.
Thus it has been confirmed that the interference effect in
T/(1—R) is very small when k<« 1. Even when k;~1,
T/(1—R) is practically effective for the interference-free
determination of o, which will be demonstrated in later
examples.

§4. Determination of the Optical Absorption
Coefficient (a)

When the n, (real part of the refractive index of the
film), d (thickness of the film), and the experimental
value of T/(1 —R) are known, « can be easily determined
from eq. (3) by simple iterative calculation such as
Newton’s method. When 7, and d are not known, they
can be determined together with o from 7/(1—R) and R
by the following procedure (Fig. 3). First, rough values
of n; and d are estimated. Then « is iteratively deter-
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rough value
ny,d
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1
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END

Fig. 3. Procedure used to determine the optical absorption coefficient
(o) from experimental transmittance (7') and reflectance (R).
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mined by using eq. (3) from T/(1—R), n;, and d. Next,
the values of n; at the wavelengths where R has in-
terference maxima, are also iteratively determined by us-
ing eq. (2) from R, «, and d. At those interference max-
ima, eq. (4) can be rewritten as e;=exp (2QinN,d/ 1)
= =+i-exp (—a/2), which should be used in the calcula-
tion. Finally, eq. (2) is used to calculate reflectance (R’)
from determined « and n,. Here, the spectral response of
ny is approximated by a linear interpolation based on the
values of n;, which are determined at the wavelengths of
reflectance maxima. R’ and experimental R are then com-
pared in order to check whether «, n;, and d are properly
determined. If R’ and R do not agree well, the value of d
is adjusted, and the same procedure is carried out until
good agreement is obtained. Figure 4 shows o of the
same samples as Fig. 2, which is determined by the above
procedure. It is clearly seen that o can be determined
practically free from the interference effect. When R has
several interference maxima, «, #; (at the wavelength of
reflectance maxima), and d can be accurately determined
by the above procedure. As a result, experimental R and
T are very well reproduced by using egs. (1) and (2) from
determined «, n;, and d (Fig. 5). In this case, the total ac-
curacy of « is limited by the experimental error in 7 and
R. When R has only a few maxima or less, the data of »,,
determined at the reflectance maxima, are not enough to
estimate the whole spectral response of n,. However,
even if n, is misestimated, the error in the determined « is
not large. A typical example is also shown in Fig. 4, in
which misestimation of n; by 0.5 results in the error in «
of about 10%.

Figure 6(a) shows o of a-Si:H films with different d.
Deposition conditions of the films are the same, and d is
controlled by changing the deposition time. The « is
almost the same for all films, and is slightly smaller in
thinner films.'® « can be accurately determined
regardless of d throughout the wavelength region in Fig.
6(a). It should be noted that if the interference effect is
not suppressed, the error in « is very large. For example,

102: L 1 s 1 L 1 ' I s E
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Absorption Coefficient (cm™1)
_o:>

Fig. 4. Optical absorption coefficient (o) determined from the ex-
perimental 7 and R in Fig. 2, by using the procedure in Fig. 3. Lines
denoted as (a) and (b) in the figure correspond to the experimental
data in Figs. 2(a) and 2(b), respectively. The broken line shows «
when the refractive index #, is underestimated by 0.5, as compared to
the solid line.
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Fig. 6. The « of a-Si:H films with different thicknesses; (®) d=130 nm, (O0) d=260 nm, (*) d=2250 nm. The « is determined
(a) accurately by the procedure in this study, and (b) from 7 only. Deposition conditions are identical for the three films.

Film thickness is controlled by the deposition time.

Fig. 6(b) shows «, determined from 7 only based on the
same experimental data as in Fig. 6(a), by using the
following formula:

T=(1—-r)exp (—ad).
Here,
r=(m-—1/(m+1). (6)

The « in Fig. 6(b) apparently has a large error due to the
interference effect. Averaging the interference fringes
does not result in an accurate «. The error in « leads to
even more serious problems in the determination of Eopr,
as will be discussed later.

§5. Optical Gap (Eopr)

The « of a-Si:H, a-Si;—,C,:H, and a-Si;—,Ge,:H films
with different compositions are shown in Fig. 7. Symbols
are listed in Table I. Figure 8(a) shows (nahv)'/? as func-
tions of Av. The linearity of the plots is good for all the
samples. This agrees with previous reports on a-Si,'>'> a-
Ge,'? and a-Si:H."' Although there is small change in
the slope, the plots are well approximated by linear lines
where (nahv)'/*< 100 (cm™'-eV)/3. This result suggests
that the good linearity of the (nahv)!/? versus hv plot is a
common feature of a-Si:H, a-Si;-.C.H, and

10° .

Absorption Coefficient (cm™1)

15 2 2.5 3
Photon Energy (eV)

Fig. 7. The « of an a-Si:H film (®), a-Si,_,C:H films (T, O), and a-
Si;_,Ge,:H films (*, +). Deposition conditions and optical proper-
ties of the films are listed in Table I.
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Table I.
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Deposition conditions and optical properties of a-Si:H, a-SiC:H, and a-SiGe:H. The range of Eoprs, Eopra, B3, and B,

indicates the differences in those values when linear extrapolation is carried out at around (nehv)' 3 =100 and at around the

low energy edge of the experimental data in Fig. 8.

Sample . RF power Thickness  Egprs” Eopry” By BY
Symbol Material S
No. ymbol Materia ource gas (@W /cn) (am) o) @) @'V R (em eV
1 ® a-Si:H 100% SiH, 25 260 1.59~1.60 1.69~1.80 86 ~ 88 650~900
2 m| a-SiC:H [CH,]/[SiH,]=2 30 100 1.75 1.88~1.97 78~79 680~ 870
3 O  a-SiC:H [CH,]/[SiH,]=4 30 80 1.87~1.88 2.01~2.10 75~77 680~ 860
4 * a-SiGe:H [GeH,]/[SiH,]=0.15 25 300 1.31~1.34 1.41~1.50 86 ~92 610~ 860
5 +  a-SiGe:H [GeH,]/[SiH,]1=0.03 25 270 1.38~1.41 1.50~1.57 86 ~94 670~ 850
Doptical gap determined from an (nohv)'’? versus v plot
Yoptical gap determined from an (ahv)'/? versus hv plot
9slope of an (nahv)'’? versus hv plot
Dslope of an (chv)'/? versus Av plot
1000 —
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T > 0
P ® 3
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Fig. 8. The (a) (nahv)' plot, (b) (ohv)'/? plot, (c) (/ hv)/? plot, and (d) (ehv)'’® plot of an a-Si:H film (@), a-Si;_,C,:H films
(g, O), and a-Si;_,Ge,:H films (*, +). Samples are the same as in Fig. 7.

a-Si;—,Ge,:H alloys. In other words, « near the optical
absorption edge can be well approximated by

a=(B;(hv—Eopr3))*/ nhv. @)

Here, Eoprs is the optical gap and B; is a constant. These
values are also listed in Table I. The spectral range where
(nahv)'?< 100 (cm™'-eV)'/? corresponds to « on the
order of 10°~10*cm™!. This is technologically impor-
tant, because the spectral response of solar cells and
- photodetectors are sensitive to o« in that range. The
(ahv)/? versus hv plots of the same samples, on the con-

trary, do not have linear regions, as shown in Fig. 8(b).
Therefore, ambiguity is inevitable if the Eqpr is deter-
mined by the (ahv)'/? plot, which is also listed in Table 1.
The (a/hv)"/? versus hv plots (Fig. 8(c)) show better
linearity than the (ahv)'/? plots. This result is in agree-
ment with Cody, Brooks, and Abeles.!” However, lineari-
ty of the (nahv)'/? plot is best among the three kinds of
plots (Figs. 8(a)~8(c)) in this study, which means that
the experimental ambiguity in determining the Egpr is
smallest in the (nahv)'/? plot. The (ahv)'/? versus hv plot
has almost the same linearity (Fig. 8(d)). It results in
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Fig. 9. The (ohv)"/? plots of a-Si:H films. Samples are the same as in Fig. 6. The « is determined (a) accurately by the pro-
cedure in this study, and (b)-(d) from 7 only. The plots in (b)-(d) appear as if they have linear regions, as indicated by dash-
ed lines. However, they are the artifacts of the errors in « caused by the optical interference effect, and do not have physical

significance.

slightly smaller (by about 10 meV) Eopr as compared
to the (nahv)'’® plot, when the spectral range of
(nahv)* <100 (cm™'-eV)!/? is used. This is in qualitative
agreement with the results of Klazes ef al.'¥

Care should be taken in the accuracy of «, because the
error in « significantly alters the shape of the plots.
Especially, the error in o which is due to the interference
effect usually makes the (ahv)'/? plots appear as if they
have linear regions. This leads to a serious misestimation
of the optical gap. Figure 9 shows the (ahv)'/? plots of
the same samples as Fig. 6. The plots do not have linear
regions when an accurate «a is used (Fig. 9(a)). The plots
seem to have linear regions when the error in o exists
(Figs. 9(b)~9(d)). Of course, the appearance of linear
regions in Figs. 9(b) ~ 9(d) is the artifact of the error in «,
and does not have physical significance.

§6. Discussion

The procedure used to determine « in this study has
the primary advantage that o« can be determined without
disturbance from the interference effect by using
T/(1—R). Furthermore, the calculation included in the
procedure is a simple one-dimensional iteration, which re-
quires much less calculation time than the two-dimen-
sional iteration in conventional procedures*® to deter-

mine « from 7 and R. The spectral response of refractive
index n; should be estimated based on experimental R, in
order to determine «. However, the error in the deter-
mined « is typically about 10%, even when the misestima-
tion of n; is 0.5, as mentioned above. If one tries to deter-
mine both « and #; at all the wavelengths at which T and
R are measured, the problem of double solutions and
missing solutions is inevitable, because the solutions of «
and n, are very sensitive to small experimental errors in T
and R at the minima and maxima of interference curves.®
This leads to the error in the determined «. Especially
when there is experimental error in 7 and R due to the
diffuse light scattering of the samples, variations in film
thickness, or limited spectral resolution of the measure-
ment apparatus, the error in 7" and R is large at the
minima and maxima of 7 and R, because the interference
curves are partly smeared. This can lead to serious error
in . On the other hand, such experimental error in T
and R barely affects T/(1—R), because the errors in T
and R are cancelled. Therefore, the procedure to deter-
mine « in this study has an advantage over conventional
methods when such experimental error exists. The above
feature of T/(1—R) is important for the optical
characterization of amorphous silicon based alloys,
because films with various compositions and thicknesses
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can be treated without influence from the interference
effect. In this study, this feature is utilized for a detailed
comparison of the various methods which were proposed
to determine the Egpr.

Based on interference-free «, the (nahv)'/? versus hv
plot can determine the Eopr with much less ambiguity
than the («hv)'/? plot for all the a-Si:H, a-Si;_,Ge,:H,
and a-Si;—,C,:H films in this study. If the Eopr of these
films is determined by the (ahv)'/? plot, ambiguity is in-
evitable. A previous study'’ showed that the (e;,E?)/?,
which is proportional to (nahv)'/?, includes ambiguity of
the Eopr by ~300 meV when the film thickness and the ex-
trapolated energy range are not specified. The present
study has clarified that the ambiguity of ~ 100 meV exists
even when the linearly extrapolated energy region and the
film thickness are specified as in Table I. On the contrary,
one can determine the Eopr within an error of 10 meV by
the (nahv)'’? plot or the (whv)'? plot, when the energy
range where (nahv)'/?<100 (cm™"-eV)'/? is used. These
results are in qualitative agreement with several previous
studies,"¥ in which « is carefully determined. Consider-
ing this, it is rather surprising that the (a4v)'/? plot has
been widely used to determine the Eopr of amorphous
silicon-based alloys. The present study has also revealed
that the error in «, due to the optical interference-effect,
makes the (whv)'/? plot appear to have linear regions.
This is probably one of the reasons why the plot is used
to determine the Epor. Demichelis et al.® also discussed
various methods to determine the Eopr. However, the
difference in the linearity of the plots was not reported,
probably because the data on « included errors due to the
optical interference effect. The interference effect is not
satisfactorily suppressed in the experimental « of ref. 8.
There have been discussions on the relations between the
Eopr and the density of states of the electronic bands,'”
the mobility gap,'® the optical transition matrix ele-
ment,'” and photoluminescence spectra.'® These studies are
of course important in understanding the electronic
structure of the materials. However, the necessity of
minimizing the experimental ambiguity of the Eppr is
another important consideration. For example, the pho-
toconductivity (opy) of amorphous silicon based alloys
sometimes varies by a few orders when the Eopr varies by
100 meV. Therefore, the experimental ambiguity of the
Eopr should be well below 100 meV, in order to obtain
valid results and discuss the opy in detail. Small ambigui-
ty in the Eopr, as determined by the cube root plots, will
be necessary for further study on the optical and elec-
tronic properties of amorphous silicon based alloys.

§7. Conclusions

The optical absorption coefficient («) of a-Si:H,
a-Si;-,Ge,:H, and a-Si, -, C,:H films can be accurately de-
termined by using 7/ (1 — R), without being disturbed by
the optical interference effect. The calculation time re-

Y. HisHikAwA, N. NAKAMURA, S. Tsubpa, S. NAKANO, Y. KisHl and Y. KuwaNO

quired to determine « is much shorter than that
designated in conventional methods. The procedure used
to determine « in this study is applicable to any thin film
regardless of the material and thickness, as long as the
film is a single layer. Based on interference-free «, it has
been concluded that the (nakv)'/® versus v plot and the
(ahv)!’? versus hv plot have the best linearity among the
various methods to determine the optical gap (Eopr), for
all the samples in this study. The difference in the Eopr be-
tween the two plots is only ~ 10 meV when the spectral
range of (nahv)/*<100 (cm~'-eV)? is used for the
linear fitting. On the contrary, the Eopr determined by
the (ahv)'/? plot includes ambiguity of ~100 meV or
more, unless the linearly extrapolated range is very strict-
ly specified. Therefore, it is less suited for detailed
characterization of amorphous silicon-based alloys than
the cube root plots. Care should be taken with the ac-
curacy of « in determining the Eopr, because the error in
a due to the optical interference effect makes the (ahv)*/?
plots appear as if they have linear regions.
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