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A Si-centered tetrahedron model is developed for the determination of the effect of hydrogen on
the visible-near-ultraviolet dielectric function e of a-Si:H. Infrared-absorption and film-density

measurements on the a-Si:H films studied here have been utilized to obtain the concentrations and
relative fractions of the four tetrahedra, Si-Si&,,H, (v=0 —3), considered in the model and present
in the films. These results have indicated that random bonding of hydrogen, with no excess of the
dihydride Si-Si&H& tetrahedron, occurs for a-Si:H films deposited at T, =250 and 450'C, but that
nonrandom bonding with an excess of dihydride occurs for the T, =110'C film and for the annealed
250 C film. The results of the Si-centered tetrahedron model have been used in the effective-

medium approximation to obtain predictions for e=el+i e2 that are in good agreement with experi-
mental results presented here for the a-Si:H films studied. This model has thus been shown to pro-
vide a very useful framework for predicting el and e2 in the visible-near-uv region and for interpret-

ing the nature of the bonding of hydrogen in these a-Si:H films.

I. INTRODUCTION

It is well known that the hydrogen bonded in hydro-
genated amorphous silicon (a-Si:H) films has significant
effects on the optical absorption of the films in both the
infrared' (ir) and visible —near-ultraviolet ' (uv) regions.
These effects can be understood in terms of the presence
of Si—H bonds in the films which give rise to characteris-
tic absorption peaks in the ir due to stretching, bending,
wagging or rocking, etc. , modes. In the visible —near-uv
region, the Si—H bonds can have both a direct alloying
effect and an indirect network-relaxation effect on the op-
tical absorption. It is important to understand these
effects of hydrogen in detail so that correlations between
both the observed ir and visible —near-uv optical absorp-
tion in a-Si:H films and the film microstructure, i.e., the
local bonding configurations of Si and H atoms, can be
established.

For this purpose a Si-centered tetrahedron model, pre-
viously applied by us to a-Si„C& „.H (Ref. 4) and a-

Si„N& „.H (Ref. 5) alloys, is applied here to a-Si:H. Us-

ing this model, dielectric functions e=e, +i e2 are ob-
tained for the four individual Si-centered tetrahedra ex-
pected to be present in the a-Si:H films (Si-Si4 „H„
v=O —3). Our measured ir-absorption and film-density re-
sults have been used to obtain information concerning the
concentrations of these Si-centered tetrahedra for the a-
Si:H films studied. These results are used along with the
Bruggemann effective-medium approximation (EMA) to
make predictions for the dielectric functions of the a-Si:H
films in the visible —near-uv region. The predictions of
this Si-centered tetrahedron model are shown to be in
good agreement with our experimental results for e, thus
indicating that the model provides a useful framework for
understanding the direct alloying effect of hydrogen on
the visible —near-uv optical absorption in a-Si:H films.
We will also discuss the extent to which the bonding of

hydrogen in these films is random.
In the next section results of previous ir and

visible-near-uv optical absorption studies which provide
information on the microstructure present in a-Si:H films
are summarized. The Si-centered tetrahedron model is
then developed, followed by details of the experimental
procedures and analysis undertaken here. Results and
discussion are then presented, including the comparison
between the model predictions and experimental results.

II. BACKGROUND

Many experimental probes have been used in order to
study the microstructure present in a-Si:H films. We will
focus here on results obtained from ir absorption mea-
surements and measurements of the dielectric function
E =E')+ i@2 in the visible —near-uv range.

Infrared absorption peaks due to the stretching, bend-

ing, and wagging modes of SiH„(n =1,2, 3) units have
been widely studied, with a very useful review given re-
cently by Cardona. It is generally accepted that the
stretching modes near 2000 cm ' can provide informa-
tion concerning the presence and concentrations of
monohydride (Si-H), dihydride (Si-H2), and trihydride
(Si-H3) units in the films. The peak observed nearest
2000 cm ' is attributed to Si-H, the peak near 2090 cm
to Si-Hz (and possibly Si-H in the presence of internal
surfaces or voids), ' and the peak near 2140 cm ' to Si-
H 3 The bending modes in the range from 840 to 900
cm ' are attributed to isolated Si-H2 units or to (Si-H2)„
polymeric chains, with a possible contribution from Si-H3
units if they are present in the films. The wagging modes
near 640 cm ' are believed' to arise from all three bond-
ing units (Si-H„, n = 1,2,3).

Given the structural variability present in a-Si:H films
prepared under different deposition conditions, it is prac-
tically impossible to develop a single structural model
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which is applicable to all forms of a-Si:H. For example,
it has in general not been possible to establish a quantita-
tive correlation between the stretching modes near 2090
cm ' and the bending modes present in films containing
only Si-H and Si-Hz units. ' The 2090-cm ' peak has
been observed in films in which no bending modes were
observed to be present, and it has been concluded that in
such films this peak results from Si-H units at the inner
surfaces of voids. Such behavior has been observed to be
enhanced' " in annealed a-Si:H films. In the absence of
such internal surfaces, however, it may be assumed that
only Si-Hz units contribute to the 2090 cm ' peak.

NMR studies, although not as detailed or sensitive as
ir measurements, have given evidence' for a two-phase
nature of the hydrogen bonding, namely dispersed (or iso-
lated) hydrogen and clustered hydrogen. The clusters
can contain from five to seven hydrogen atoms. Other
workers have also proposed essentially two-phase models
for the hydrogen incorporation: (1) Brodsky et al. ' sug-
gest that there exist two types of a-Si, H& „correspond-
ing to dispersed hydrogen (a-Si:H) or to predominantly
Si—Hz and Si—H3 bonding (a-SiH„or silicon hydride);
(2) Paul et al 'pr.opose a structure consisting of grains
(or islands) and grain boundaries (or tissues), with Si-H
units present in the grains and (Si-Hz)„bonding dominat-
ing in the grain boundaries; and (3) Wagner et al. pro-
pose a bulk amorphous network containing Si-H units
and inner void surfaces where both Si-H and Si-H~ units
are present. It seems clear that these models share many
similarities. We will take the point of view that hydrogen
is randomly bonded in the bulk amorphous network, with
nonrandom bonding corresponding to an enhanced prob-
ability for the existence of Si-Hz units in the grain boun-
daries or at inner void surfaces.

Optical dielectric function measurements in the
visible —near-uv range encompass both the absorption-
edge region (about 1.5—2.5 eV) and the region where the
main structure in e, i.e., peaks in e, and ez, occurs (about
2.5-4.5 eV). Extensive work by Aspnes and co-
workers' ' on a-Si, and on as-deposited and annealed
a-Si:H, has employed the EMA to model the measured e,
and ez in terms of the possible components present in the
amorphous films: a-Si, crystalline Si, and voids. This
work has been very successful' ' in illustrating the role
of density deficits in the films and the amorphous to crys-
talline transformation occurring under annealing. These
studies have not, however, explicitly considered the effect
of the bonded hydrogen on e, and ez. Ewald et al. have
carried out a careful study of the energy dependence of Ep

for a-Si:H films prepared at deposition temperatures from
27 to 400'C. They present a qualitative discussion of
their results for ez in terms of the effect of hydrogen on
the structure of the random network.

Many workers ' ' have focused on changes observed
in the absorption-edge region in a-Si:H films and have
discussed the possible roles of hydrogen in causing these
changes. These studies generally involve a correlation of
the measured optical energy gap E,p) with either the to-
tal hydrogen concentration or with the concentrations of
Si-H and Si-Hz units. It has not been possible to obtain a
completely satisfactory correlation and it has been stat-

ed' that this is likely due to the dual roles of hydrogen in
a-Si:H: (1) The direct alloying effect—hydrogen bonded
in the film introduces Si—H bonds which are stronger
than Si—Si bonds; and (2) the indirect network relaxation
effect—the presence of hydrogen leads to the elimination
or reconstruction of weak Si—Si bonds, thereby allowing
the relaxation of the amorphous Si network. The former
is a localized effect of hydrogen, while the latter is a non-
localized effect. In the next section, a Si-centered
tetrahedron model is developed in order to account for
this direct alloying effect of hydrogen on e, and e~. This
model is not expected to give accurate predictions in the
absorption-edge region where network relaxation is im-

portant. However, we anticipate that it may provide use-
ful predictions for the overall structure of e, including the
magnitude and positions of peaks in e& and Ep.

III. TETRAHEDRON MODEL

The tetrahedron model to be presented for calculating
E'

&
and ez for these a-Si:H alloys considers Si-centered

tetrahedra to be the fundamental structural units which
determine the optical response of the films. This ap-
proach was first discussed by Philipp' for films based on
silicon, oxygen, and nitrogen and was further developed
by Aspnes and Theeten, who combined it with the
Bruggemann EMA for calculating the dielectric response
of Si& „(SiOz)„and Si, „(SiN4/3)„mixtures. It has since
been successfully applied ' to a-Si, „C„alloys. Al-

though the use of the tetrahedron model for the
visible —near-uv dielectric response of Si-based alloys has
not been formally justified, successful comparisons ' ' of
its predictions with experimental results have established
its usefulness. It is clear that tetrahedra are the largest
structural units whose dielectric response can be treated
within a simple framework. On the other hand, attempts
to model the dielectric response on the basis of the next
smallest structural unit, i.e., bonds (Si—H, Si—C, etc.),
have been shown to be invalid in general. ' '

In this section the Si-centered tetrahedron model will
be presented, and the probabilities P, and dielectric func-
tions e„of the individual Si-Si4 H, tetrahedra will be
determined. This model will provide the framework,
along with the Bruggemann EMA, for calculating the
dielectric function e in the visible —near-uv region for a-
Si:H. Some predictions of this model will then be
presented.

A. Model development

In the model as developed here, we will start by impos-

ing some restrictions on the local atomic-bonding
configurations to be considered in the a11oys composed of
Si and H atoms. Specifically, H—H bonds and Si-H4
tetrahedra will not be considered since these species (i.e.,
Hz and SiH4 molecules) will not be part of the tetrahedral
network. Thus, only the following four Si-centered
tetrahedra will be included: Si-Si4, Si-Si3H, Si-SizHz, and
Si-SiH3. Note that the last three tetrahedra correspond
to the monohydride, dihydride, and trihydride Si—H„
(n =1—3) bonding configurations. Revesz ' has pointed
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4f )(Si)

4f, (Si)+f, (H)
4x —1

(4x —1)+(1 —x)
4x —1

3x

(2)

as the fraction of all atoms which can bond to a Si-Si=-
unit which are Si atoms and

out that these tetrahedra are the natural units to use in
discussing a-Si:H films.

The probabilities P for the individual Si-Si4 H
(v=O—3) tetrahedra present in the films will depend both
on the composition parameter x in these a-Si H, al-

loys and on the nature of the incorporation of hydrogen.
We will start by assuming that the hydrogen is bonded
completely randomly within the Si-centered tetrahedra,
given that the Si-H4 tetrahedron has already been exclud-
ed from consideration. Nonrandom bonding of hydrogen
could correspond, for example, to an enhanced probabili-
ty for the dihydride tetrahedron (Si-SizH2) above that ex-
pected for the completely random bonding of hydrogen.

Since every Si atom must be bonded to at least one oth-
er Si atom in order to be part of the network, we will be-
gin our consideration of bonding by focusing on the Si-
Si =—unit, where the second Si indicated is at the center
of the tetrahedron. Following our previous presentation
for a-Si, C, „alloys, let f(Si)=x and f(H) =1—x be the
corresponding atomic fractions within the a-Si„H&
film. Now,

f, (Si)=f(Si)—f(Si) /4 —f(H)/4

=x —x/4 —(1 —x)/4=x ——,
'

is the fraction of Si atoms which can bond to a Si-Si =
unit. Note that f&(Si) is less than f(Si) for two reasons:
(1) f(Si)/4 is subtracted because this fraction of the Si
atoms are already bonded in the Si-Si—= units, and (2)
f(H)/4 is subtracted because this fraction of the Si atoms
will be bonded to H atoms, and thus will be effectively
unavailable to bond to other Si atoms. It is clear that
f&(H)=f(H) is the fraction of H atoms which can bond
to Si-Si =—units since we have already excluded the possi-
bility of H—H bonds in the films.

We now take into account the fact that each Si atom
can have four bonds, whereas each H atom can have only
one bond in the network in order to derive

C2„E(a-Si)/Eg, , ,
—— (6)

The P for the four Si-centered tetrahedra are listed in
Table I and shown in Fig. 1 as functions of x. Note that
these P, are not valid for x less than 0.25, at which point
Si-H4 tetrahedra or H—H bonds must be present in the
films. In fact, solid a-Si H, films are not expected for
x & —,', the composition corresponding to polysilane,

(SiHz)„. It is clear from Fig. 1 and the predictions of this
model that dihydride units are expected to be present in
these a-Si:H films even in the case of random bonding of
hydrogen. The dihydride probability P~ reaches 1% for
x =0.85 and 5% for x =0.7 in this case.

The volume V, associated with each Si-centered
tetrahedron is also listed in Table I. These volumes have
been calculated following the same procedure outlined
for the a-Si„C, , alloys, with the exception that we have
added the Bohr radius aa ——0.529 A to d(Si-H) =1.48 A,
the Si—H bond length, in order to account for the fact
that the H atom (and its volume} is associated completely
with the tetrahedon in which it is bonded.

The dielectric responses e of the four Si-centered
tetrahedra are, in general, not directly available from ex-
periment. To derive them, we use the scaling approach
of Aspnes and Theeten along with the dielectric model
of Phillips, Van Vechten, and Levine (PVVL). The
scaling approach is based on the expression

e„(E) 1=C„—[e, s;(C2„E)—1],
where e,=e& +i f2 is the dielectric function of the vth
tetrahedron, E is the photon energy, C, and C2, are the
scaling parameters for the vth tetrahedron, and t., s; is
the dielectric function of amorphous Si in the absence of
hydrogen (x=1}. For e, s; we use the data of Aspnes
et al. ' for chemical-vapor-deposited (CVD) a-Si, and we
further take this to correspond to e„( =vO) for the Si-Si4
tetrahedron.

We refer to our previous work on a-Si C, „ for the
details of the PVVL model, and only provide the results
here. These are summarized in Table II, where
(r ) =(4—v)r(SiSi)/4+vr(SiH)/4, with r(SiSi)=1.176 A
and r(SiH)=0.74 A. EH and C are the homopolar (co-
valent) and heteropolar (ionic) parts of Eg, the average
energy-gap parameter. The energy scaling parameter for
the vth tetrahedron is given by

f, (H)
~(H)=

4f, (Si)+f, (H)
1 —x
3x

(3) TABLE I. Tetrahedron probabilities P and volumes V for
a-Si:H(Si„H l ).

as the same fraction which are H atoms.
Now for the case of random bonding of hydrogen, let

us consider as an example the probability P2 (v=2) for a
Si—Si2H2 or

Tetrahedron

Si-Si4

p

4x —1

3x

3

V (A)

20.02

Si

Si—Si—H

H

(dihydride) tetrahedron. We have that

Si-Si3H

Si-Si2H2

3
4x —1

3x

3
4x —1

3x

2

3x

1 —x
3x

'3

2

17.84

15.86

P2 ——3(1}fz(Si)f~(H)

=3[(4x —1)/3x][(1—x)/3x] (4)

Si-SiH3
1 —x 14.08
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FIG. 1. Probabilities P, for Si-centered tetrahedra in a-Si:H
(Si,H& „) alloys as functions of composition x for the case of
random bonding of hydrogen (see text). See Table I or II for
numbering of the tetrahedra. Note that no solid a-Si:H film can
exist for x g —,'.

constant-dipole-matrix-element plot (cz~ versus E) and

the constant-momentum-matrix-element Tauc plot
(Ee2 versus E}, are presented in Table II, along with
the energy range (in eV) over which the fits were ob-
tained. The ez versus E plots consistently yielded much
better fits than did the Tauc plots. A theoretical density-
of-states calculation has predicted a maximum attain-
able energy gap of about 3.0 eV for polysilane. This may
be compared with the values of E, , of 2.41 eV (ez~

versus E plot) and 3.09 eV (Tauc plot} for the Si-Si2Hz

tetrahedron given in Table II.
As examples of the effects of hydrogen on the

visible —near-uv dielectric function of a-Si:H as predicted

by our model, we present in Fig. 3 e& and ez spectra for
an a-Siu sH0 2 alloy for two cases: (1) random bonding of
hydrogen in the tetrahedra, and (2) all hydrogen bonding
as dihydride, i.e., in Si-Si2H2 tetrahedra. These spectra
have been determined using the Bruggemann EMA,
defined by

E'; —6'

U, 0,
E;+2E

while C, is given by

C,„=[n(v)in (a-Si)]C22„, (7)

where n (v) and n (a-Si) are the density of bonding elec-
trons for the vth tetrahedron and for a-Si, respectively.
We note that C for these Si-Si4 H„ tetrahedra is always
much less than Ez, so that effectively Eg =Ez. For the
values of E (a-Si) and n (a-Si) to be used in Eqs. (6) and

(7), we use values appropriate for the Si-Siz tetrahedron.

B. Model predictions

Making use of the values of C„and Cz„ listed in Table
II and the measured dielectric function data' for a-Si,

s;, we have used Eq. (5) to generate scaled e„spectra
for the Si-centered tetrahedra. These are shown in Fig. 2,
where it can be seen that the maxima in e&, and e2„de-
crease in magnitude and shift to higher energies as Si—Si
bonds are replaced by stronger Si—H bonds. We note
that the spectra displayed in Fig. 2 for the Si-Si2H2
tetrahedron are appropriate for polysilane, (SiH2)„.

Optical energy gaps E, , for the tetrahedra, obtained
from the spectra shown in Fig. 2 using both the

where U, and e; are the volume fraction and dielectric
function, respectively, of the ith component and e is the
dielectric function of the effective medium. The com-
ponents for our model are the Si-centered tetrahedra so
that in Eq. (8) we set e;=e, and u;=u, . The e„ for the
tetrahedra are given in Fig. 2 and the U, are given by

u„(x)=P„(x)V„ g P,(x)V„ (9)

IV. EXPERIMENT AND ANALYSIS

The a-Si:H alloy films studied here were prepared in
the capacitively coupled 13.56-MHz rf glow-discharge
deposition system described previously. The substrates,
polished clear fused quartz for visible —near-uv measure-
ments, oxygen-free high-conductivity (OFHC) copper for

Here P„(x) and V„are the tetrahedron probabilities and

volumes given in Table I, respectively, for the case of ran-
dom bonding of hydrogen. It is apparent from Fig. 3 that
the random bonding of hydrogen as primarily monohy-
dride is more effective than complete dihydride bonding
in shifting the absorption edge and peak in ez to higher
energies.

TABLE II. Parameters for Si-centered tetrahedra (defined in text).

Tetrahedron v
&r)
(A)

Ea
(ev)

C
(eV)

Eg
(ev) CI

E
(ev)

Fit to B{E—E,„,)'
Fitting range

(eV)
E, ,

(ev)

Fit tp B'(E —Eopt) /E
Fitting range

(eV)

S~-Si4

S&-Si,H
Si-SizH&
S&-S~H,

1.176
1.067
0.958
0.849

4.76
6.06
7.93

10.69

0
0.14
0.20
0.28

476 1

6.06 0.785
7.93 0.600

10.69 0.445

1 1.45
0.864 1.85
0.681 2.41
0.493 3.25

2.0-3.0
2.3-3.6
3.2-5.0
4.0—6.0

1.88
2.38
3.09
3.49

2.5-3.2
3.2-3.4
4.0-6.0
5.4-6.0
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density measurements, and intrinsic Si (resistivity of 2500
0 cm) for infrared measurements, were mounted on the
grounded, unpowered electrode. Undiluted silane (SiH&,
99.95%, Linde) was used for the deposition, with typical
parameters as follows: substrate temperature T, =110,
250, and 450'C; discharge power of 7 W (0.15 W/cm );
SiH4 pressure of 0.075 Torr; and a SiH4 How rate of 72
sccm (cubic centimeters per minute at standard tempera-
ture and pressure). Deposition rates in the range 1.0-1.9
A/sec were obtained. The low power and pressure em-

ployed here are important for obtaining high-quality a-

FIG. 2. Real part e& and imaginary part e2 of the dielectric
function vs energy E for Si-centered tetrahedra, obtained by
scaling from amorphous Si (see text). See Table I or II for num-

bering of the tetrahedra.

FIG. 3. Predicted values for the real part el and imaginary

part e2 of the dielectric function vs energy E for a-Sio 8HO 2 ob-

tained using the EMA (see text). Curve 1, random bonding of
hydrogen; curve 2, all dihydride (Si-H, ). Solid curve is a-Si
from Ref. 16.

Si:H films with a minimum of unwanted microstructure.
The effect of varying T, will be discussed below. Film
thicknesses, from 300 to 13000 A, were determined opti-
cally.

The films studied are listed in Table III according to
the substrate temperature T, during deposition. Also in-

dicated are subsequent annealing temperatures T, and
film-density results for the as-deposited films. Anneals
were carried out for 1 h under Aowing Ar in a tube fur-
nace, while density measurements were undertaken on
films removed from the Cu substrates using the flotation
method in solutions of Znar2 in H20. Infrared measure-
ments were carried out using a Digilab FTS-40 FTIR

TABLE III. Properties of a-Si:H {Si H& „)films. Values in parentheses reflect results obtained using as-deposited film densities.

T.
{C)

110

250
250
250
250
250
250

450
450

T.
('C)

350
400
400
450
500
550

550

P
(g/cm )

2.14+0.03

2.20+0.03

2.29+0.03

bE,p,

(eV)

1.72

1.71
1.45

1.57
1.43

N(Si-Si4)'
{10'cm ')

3.58

3.86
(4.16)
(4.36)
(4.36)
(4.56)
(4.66)
(4.71)

4.44
(4.89)

N(Si-H)d
(10 cm ')

0.848

0.770
0.464
0.295
0.295
0.127
0.052
0.0

0.452
0.0

N(Si-H& )'
(10 cm ')

0.125

0.055
0.072
0.046
0.046
0.020
0.004
0.0

0.0
0.0

0.805

0.842
(0.885)
(0.924)
(0.924)
(0.966)
(0.988)
1.0

0.915
1.0

H
(at. %)

19.5

15.8
(11.5)

(7.6)
(7.6)
(3.4)
(1.2)
0.0

8.5
0.0

'Film density.
Obtained from a fit to e2(E) =B(E—E,„,)'.

'Concentration of Si-Si& tetrahedra in film.
Concentration of Si-H bonds (or Si-Si3H tetrahedra) in film.

'Concentration of Si-H2 bonds (or Si-Si2H2 tetrahedra) in film.
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N(Si-Si~) =N(Si) —N(Si-H) —N(Si-H~ } . (12)

For the determination of the dielectric functions
e=e&+i ez of these a-Si:H films, measurements of
reflectances from the air and substrate sides of the film as
well as film transmittance were undertaken using a Per-
kin Elmer Lambda 3 spectrophotometer in the range of

spectrophotometer in the range 400—4000 cm ' in order
to identify silicon-hydrogen bonding configurations and
for the determination of the total bonded hydrogen con-
tent of the films.

Using our ir-absorbance results for the silicon-
hydrogen stretching modes in the range 2000—2100 cm
along with the film density results, we have determined
the probabilities (or number fractions) P, for the Si-
centered tetrahedra present in these films. For this pur-
pose, the absorbance peak near 2000 cm ' is attributed
to the monohydride Si-Si3H tetrahedron, while the absor-
bance peak near 2090 cm ' is attributed to the dihydride
Si-SizHz tetrahedron. There have been suggestions that
Si-H groups may also contribute to the 2090 cm ' peak,
and some evidence for this is found in the annealed sam-
ples. We will assume, however, that only Si-Hz groups
contribute at 2090 cm in our as-deposited films. This
assumption is in agreement with our observed ir absorp-
tion results in that we find the total area of the Si-H~
bending mode peaks near 845 and 880 cm ' to be direct-
ly proportional, to within experimental error, to the area
of the 2090 cm ' peak in the as-deposited films. Using a
cross section for these stretching modes of 1.4&10
cm, the concentrations N(Si-H) and N(Si-Hz) for these
two tetrahedra have been determined from the measured
absorbances A using the expression

T

N(Si-H„) =1.4&& 10
' J A (v, Si-H„)d v, (10)

where d is the film thickness, (v) is the peak wave num-
ber of the mode, and the integration is carried out over
the absorbance peak. These integrations were carried out
as part of the deconvolution procedure, illustrated in Fig.
4, where the absorbance data were fitted to a sum of two
Gaussian peaks. No evidence was found from the ir data
for any significant absorbance above the 2090-cm ' peak
which might be attributed to stretching modes of trihy-
dride Si-SiH3 tetrahedra. The total concentration of hy-
drogen atoms bonded in the films has been obtained from
the integrated areas under both the stretching
(2000—2100-cm ') peak and the wagging (635-cm ') ab-
sorption peaks. The results agree with each other to
within 20%%uo.

In order to determine the concentrations N(Si) of Si
atoms in the film, the following expression for the film
density p is used,

p =m HN(Si-H)+2m HN(Si-Hz)+ ms;N(Si),

where rnH and ms; are the atomic masses of H and Si, re-
spectively. After obtaining N(Si) from Eq. (11) using our
results for p, N(Si-H) and N(Si-Hz), the concentration of
Si-Si4 tetrahedra in the films can be found using the ex-
pression

photon energy from 1.45 to 4.86 eV. Details of the
analysis procedure yielding n and k, the real and imagi-
nary parts of the index of refraction, and film thickness d
have been given in an earlier paper. Values for the opti-
cal energy-gap parameter have been obtained for these
films using a plot of ez versus E in the range from 2.0 to
2.7 eV.

V. RESULTS AND DISCUSSION

The infrared absorption and film-density results for
these a-Si:H films will be presented first. The ir results
have been used to obtain the concentration of monohy-
dride (Si-H) and dihydride (Si-Hz) bonding configurations
in the films, corresponding to the Si-Si3H and Si-SizHz
tetrahedra, respectively. Using the film-density results
along with the derived Si-H and Si-Hz concentrations, the
concentrations of Si-Si4 tetrahedra in the films have been
obtained. In this way the relative probability fractions P
and volume fractions U of the Si-centered tetrahedra will
be determined. The results of the dielectric function
measurements on these films in the 1.45—4.86-eV range
will then be presented. A comparison between these ex-
perimental results for e, and the predictions of the EMA
employing the Si-centered tetrahedron model will then be
given.
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FIG. 4. Absorption coefficient a vs wave number for the Si-
H„stretching modes for the as-deposited T, =110, 250, and
450 C a-Si:H films. Also shown are the deconvolutions into
separate Si-H and Si-H& peaks near 2005 and 2085 cm ', respec-
tively. Solid curves are experimental results, while dotted and
dashed curves are fitted peaks and their sums, respectively.
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A. ir absorption and Slm density

Absorption peaks in the ir have been observed at or
near the following wave numbers for the films listed in
Table III, with specific peak positions showing small but
systematic shifts with deposition temperature T, and
annealing temperature T, : (1) Si-H„stretching modes at
2005 and 2085 cm ', with full widths at half maximum
(FWHM's) of from 80 to 100 cm '; (2) Si-H„bending
modes at 845 and 880 cm ', with FWHM's of 30—55
cm ', and (3) Si-H„wagging modes at 635 cm ', with
FWHM's of from 60 to 120 cm '. No evidence for ab-
sorption near 2140 cm ' corresponding to trihydride
(Si-H3) units or in the region from 1000 to 1100 cm
corresponding to Si—0 bonds was observed.

In Fig. 4 the Si-H„stretching mode peaks for the as-
deposited ( T, = 110, 250, and 450'C) films are presented,
with the deconvolution into separate peaks near 2005 and
2085 cm ' also shown. The fits with two peaks are very
good for the T, =110 and 250'C films, while a single
peak gives a reasonable fit for the T, =450'C film. In
Table III are presented the measured film densities, the
derived concentrations N(Si—H) of Si—H bonds,
N(Si—Hz) of Si—H2 bonds, and N(Si-Si4) of Si-Si4
tetrahedra, along with the corresponding film composi-
tions x and hydrogen percentages. Results are also
presented in Table III for N(Si-H) and N(Si-H2) for the
annealed films. Since film densities were not remeasured
after annealing, the derived parameters in Tables III and
IV which are enclosed in parentheses were determined
using the as-deposited film densities and thus are not as
accurate.

It is clear froin Fig. 4 and Table III that N(Si-H), N(Si-
H2), and the hydrogen percentage in the films decrease
with increasing T, and T„while the film density and
N(Si-Si4) increase with increasing T, . Following the
T, =550'C anneals for both the T, =250 and 450'C
films, no evidence for hydrogen remaining in the films
could be obtained from these ir measurements.

In Table IV the derived results for the tetrahedron
probabilities P, and volume fractions v are given, along
with the resulting void volume fraction v„;d ——1 —g, v, .
The P are obtained from the individual tetrahedron con-
tributions N, given in Table III, normalized to their to-

tal, i.e. , P„=N,, /g, N, . The v are obtained using
v =N, V, where the appropriate V, are given in Table
I. The variations of the probabilities P and the volume
fractions v with T, and T, follow directly from the vari-
ations of the corresponding tetrahedron concentrations
N„. The increase of v„;d and the reduction of film densi-

ty with decreasing T, can be associated with the increas-
ing concentration of hydrogen bonded in the films. Hy-
drogen acts as a network terminator, thereby increasing
the disorder in the films.

In order to determine the extent to which the hydrogen
is randomly bonded in these films, we plot in Fig. 5 the
tetrahedron probabilities P, determined from the as-
deposited and annealed films as functions of the composi-
tion parameter x in the experimentally available range
from x=0.75 to 1.0. We find quite good agreement be-
tween the P determined for the as-deposited T, =250
and 450'C films and the P predicted by the Si-centered
tetrahedron model for the case of completely random
bonding of hydrogen, also shown in Fig. 5. For the
T, =110'C and for the annealed T, =250'C films, howev-
er, it can be seen that there is a considerable enhance-
ment of the Si—H2 bonding probability, by factors of
from 1.5 to 8, above that expected for the case of random
bonding. We note that the lack of any evidence for Si-H3
bonding configurations in these films is also consistent
with the random bonding of hydrogen, as Si-H3 is not ex-
pected to be at all significant except for x (0.7 (see Fig.
1).

This analysis of the microstructure present in these
films using our results for the Si-H„stretching modes and
film density thus provides the following results: (1) for
the T, =250 and 450'C as-deposited films, the hydrogen
bonding is random and (2) for the T, =110'C and an-
nealed T, =250'C films, the hydrogen bonding is nonran-
dom, with an enhancement of the probability for Si-H2
bonding units.

Additional information concerning the hydrogen bond-
ing in these films can be obtained from our results for the
Si-H2 bending modes at 845 and 880 cm '. With anneal-
ing, the total area A (845)+ A(880) of these peaks de-
creases while the ratio A(845)/A(880) increases from 0.25
for T, =250'C to 0.67 for T, =400 C. This ratio is equal
to 0.33 for the T, =110'C film. Also, the SiH2 stretching

TABLE IV. Tetrahedron probabilities P and volume fractions U, Values in parentheses reflect results obtained using as-
deposited film densities.

T.
(eC)

110

250
250
250
250
250
250

450
450

350
400
450
500
550

550

po
(Si-Si4)

0.786

0.824
(0.886)
(0.928)
(0.969)
(0.988)
1.0

0.907
1.0

PI
(Si-Si3H)

0.186

0.164
(0.099)
(0.063)
(0.027)
(0.011)
0.0

0.092
0.0

P2
(S&-Si2H, )

0.0275

0.0118
(0.0154)
(0.0097)
(0.0041)
(0.0008)
0.0

0.0
0.0

Vo

(Si-Si4)

0.716

0.773

0.889

Ul

(Si-Si3H)

0.151

0.137

0.080

Up

(S&-S&2H, )

0.020

0.009

0.0

U void

0.113

0.081

0.030
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FIG. 5. Comparison between measured and predicted proba-

bilities P,, for Si-centered tetrahedra in a-Si:H (Si„H, „)alloys
as functions of composition x. The solid curves are the predic-
tions for random bonding of hydrogen from Fig. 1, while the tri-
angles for the as-deposited T, = 1 10 'C, circles for the as-

deposited (and annealed) T, =250'C, and squares for the as-

deposited T, =450'C films represent experimental results.

FIG. 6. Real part E'& and imaginary part e2 of the dielectric
function vs energy E, measured for the as-deposited T, = 1 10,
250, and 450'C a-Si:H films.

mode wave number increases from 2084 to 2088 cm
following the T, =350 'C anneal. Both of these results
are consistent with the formation of (SiH2)„chains, i.e.,
clustered SiH2 units, with annealing. For the T, =350'C
anneal, the film thickness was observed to increase, which
is consistent with a decreasing film density related to the
observed formation of (SiHz)„units. These results thus
show that the nonrandom hydrogen bonding observed in
the T, = 1 10 'C and annealed T, =250 'C films can be as-
sociated with the formation of either polymeric (Si-H2)„
or clustered SiH2 units. We cannot, however, exclude the
possibility that clustered Si-H units may contribute to the
2085-cm ' stretching peak in the annealed films.

B. Visible-near-uv absorption

We first present our results for the dielectric function
e=e, +i ez from 1.45 to 4.86 eV for these as-deposited
films, along with values for the optical energy gap E,pt ~

We then present the results of a comparison between the
measured e and the predictions of the EMA using the Si-
centered tetrahedron model.
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1. Results

In Fig. 6 e, and e2 for the as-deposited T, = 1 10, 250,
and 450'C films are presented as functions of energy E.
These results indicate greater disorder in the 110 C film

as the maxima in e, and e2, while of lower magnitude, are
broader than for the 250 and 450'C films. Values of E,p,
are presented in Table III, where it can be seen that E,pt

decreases with increasing T, or T„ i.e., with decreasing
hydrogen content, in agreement with the results of other

FIG. 7. Comparison between measured and predicted real

part e& and imaginary part e2 of the dielectric function for the
as-deposited T, = 110, 250, and 450'C a-Si:H films. Solid curve,
experiment results for a-Si:H (this work); short-dashed curve,
prediction of Si-centered tetrahedron model with EMA; long-
dashed curve, results of Aspnes et al. for a-Si (Ref. 16). Uncer-
tainties in the predicted e& and ez due to uncertainties in the
measured film densities (see Table III) are indicated by the verti-
cal bars near the peaks of e& and ez. The curves labeled U for the

T, = 110' film represent the predictions of the EMA when it is

assumed that the incorporated hydrogen simply leads to voids
in the film (see text).
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2. Comparison with EMA prediction

In order to test whether the Si-centered tetrahedron
model developed here for a-Si:H can provide a useful
framework for understanding and predicting the e& and e2
spectra for these a-Si:H films, the EMA expressed by Eq.
(8) will be used to generate results for e~ and e2 using as
inputs the volume fractions U and U„„d from Table IV
and the dielectric function spectra for the individual Si-
centered tetrahedra from Fig. 2. It should be emphasized
that the volume fractions U for the Si-centered tetrahedra
and v„„d for the void component have been derived from
ir absorption and density measurements on these films,
while the e, are predictions of the Si-centered tetrahed-
ron model.

The EMA predictions for e& and e2 are presented in
Fig. 7 along with the experimental results for the as-
deposited 110, 250, and 450'C films. Also shown are the
data of Aspnes et al. ' for hydrogen-free a-Si, for refer-
ence. The uncertainties shown for the EMA predictions
reflect variations resulting from the uncertainty in the
measured film densities (see Table III). The agreement
between the predicted and measured values of e& and e2 is
quite good for the 110'C film, and is satisfactory for the
250 and 450'C films. We have also obtained predictions
for e& and e2 by assuming that the incorporated hydrogen
simply leads to a density deficit, i.e., voids, in the film, as
suggested by Aspnes et al. This is illustrated in Fig. 7
for the 110'C film. This approach, however, underesti-
mates the effect of hydrogen on the observed decreases in
E'~ and e2 by at least a factor of 2, and thus does not
correctly describe the role of hydrogen in these films.

It is clear from Fig. 7 that the T, =110 and 250'C a-
Si:H films studied here have absorption edges for e2
which are sharper than those predicted by the Si-centered
tetrahedron model. Although the model is successful in
predicting the overall shape of the e& and ez spectra, the
inability of the scaling procedure to reproduce the ab-

sorption edges is an indication that the hydrogen bonded
in the films is especially effective in reducing absorption
in the gap and band tail regions. This is in accord with
the current understanding of the role of hydrogen in a-
Si:H.

VI. CONCLUSIONS

A Si-centered tetrahedron model has been developed in
order to determine the effect of hydrogen on the
visible-near-uv dielectric function of a-Si:H. The results
of careful ir-absorption and film-density measurements
have been utilized to obtain the concentrations and rela-
tive fractions of Si-Si4, Si-Si3H (monohydride), and Si-

Si2H2 (dihydride) tetrahedra present in the a-Si:H films

studied. These results have indicated that random bond-
ing of hydrogen, with no excess of Si-H2, occurs for the
T, =250 and 450'C as-deposited films, but that nonran-
dom bonding with an excess of Si-H2 occurs for the
T, = 110'C film and for the annealed 250' film. This non-
random bonding leads to the development of the two-
phase microstructure discussed by other workers.

The use of these tetrahedron fractions along with the
EMA yields predictions for E'& and e2 which are in good
agreement with our own experimental results. Thus, this
Si-centered tetrahedron model has been shown to provide
a very useful framework for predicting e, and e2 in the
visible —near-uv region for these a-Si:H films. The neces-
sary deposition conditions [tT, =250 C, P(SiH4)=0.075
Torr, power density of 0.15 W/cm ] for random bonding
of hydrogen and the suppression of excess Si-H2 bonding
have been confirmed.
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