
PHYSICAL REVIEW B VOLUME 31, NUMBER 8 15 A.PRIL 1985

Fluorinated hydrogenated amorphous silicon alloys. II. Electronic structure of pure
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A theoretical study of the electronic structure of hydrogenated amorphous silicon alloys (a-Si:H)
has been made after employing a cluster Bethe-lattice formalism. A number of silicon-fluorine-
hydrogen configurations, e.g. , simple units such as the SiH„, SiF„H ( m, n = 1,2, m +n (3) and the
chainlike configurations (SiH)„, (SiH2)„, and (SiFH)2 embedded in amorphous silicon, have been in-

vestigated using a realistic tight-binding Hamiltonian considering nearest-neighbor and next-
nearest-neighbor interactions within the cluster. The local densities of states at H and Si atoms in

alloys incorporating high H concentrations reveal structures in excellent agreement with the photo-
emission data. For low H concentration, a low-energy peak in the photoemission data can be under-
stood in terms of the two adjacent interacting monohydrides. Thus, the occurrence of simple units
and chainlike (SiH)„and (SiH2)„configurations can explain most of the photoemission data in pure
hydrogenated silicon samples very well. The same conclusion has recently been drawn after an
analysis of infrared and Raman data by ourselves elsewhere. Furthermore, we predict the electronic
spectra for the a-Si:F:H samples arising from the simple SiF„H units and the (SiFH)„chainlike
configurations. %e observe that the locations of the peaks induced by F atoms remain undisturbed

by the incorporation of H atoms. However, the positions of H-induced peaks are altered by the
presence of the F atoms. Photoemission measurements on a-Si:F:H alloys need to be performed to
detect the predicted electronic structure for a-Si:F:H alloys.

I. INTRODUCTION

Considerable interest has been shown recently in the
study of the various properties of amorphous silicon
(a-Si) alloys with incorporated hydrogen. It originates
from the observation of Spear and Le Comber' that the
amorphous hydrogenated silicon alloy (a-Si:H) can be
doped substitutionally by phosphorous and boron impuri-
ties. A similar observation was made by Paul et al.
These studies, together with the good electronic properties
of this material, made apparent the passivation of dan-
gling bonds present in the pure a-Si. Recently, it has been
shown that the density of the electronic states in the mid-
dle of the gap is reduced through hydrogenation from
—10 cm eV ' to —5 && 10' cm eV ', and also
leads to a sufficiently high carrier lifetime for improved
efficiency of solar cells. Furthermore, hydrogenation
widens the gap, thus causing behavior as a wide-
window-gap material.

The role of hydrogen in modifying the network of a-Si
has been investigated by a number of experimental tech-
niques such as infrared and Raman spectroscopy, ' nu-
clear magnetic resonance, small-angle x-ray scattering, '

H implantation in crystalline silicon, " and neutron-
scattering measurements. ' We refer to reviews written by
Spear, " Moustakas, Fritzsche, ' and Paul and Ander-
son' for the details of experimental work.

During the investigations of the structural, vibrational,
electronic, and transport properties of a-Si:H, quite in-
teresting observations were made. ' The photoemission
measurements by von Roedern et al. ' and Smith and
Strongin' have revealed states due to hydrogen well

within the valence band. The photoconductivity data of
Moustakes et al. ' has suggested the formation of Si:H an-
tibonding states in the conduction band. The holes have a
much lower mobility compared to electrons, suggesting
the presence of a high density of localized states near the
valence-band edge. The other experimental facts are the
presence of an optically induced spin signal, two peaks in
the gap (as observed in field-effect measurements), and re-
cession of the valence-band edge with increasing H con-
centration. In the photoemission spectra, high-
temperature modifications associated with the structures
identical to those observed in Si(111):H and Si(100):H
have been reported. A shift in the photoconductivity edge
with increasing H concentration has been seen, which in-
dicates the occurrence of Si—H antibonding states near
the bottom of the conduction band.

Furthermore, the amount of hydrogen present in the
a-Si:H alloys is as large as 100 times the maximum num-
ber of dangling bonds. The excess hydrogen is assumed to
enter in sites as "stress points, " allowing for a greater
flexibility in growing an amorphous network of undistort-
ed Si tetrahedra of crystalline silicon.

In hydrogenated a-Si, Brodsky et a/. have suggested
the occurrence of SiH, SiH2, and SiH3 configurations by
analyzing their Raman and infrared data. However, oth-
ers ' have proposed the presence of a majority of H
atoms as short (SiH2)„chains only, and have found no
need of SiH3 complexes. The observation of two charac-
teristic temperatures in H effusion experiments hints to-
ward the occurrence of SiH and SiHq complexes. Free-
man and Paul and John et al. ' also found evidence for
SiH2 units, but not for SiH3 units.
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A few theoretical attempts to understand the electronic
properties of a-Si:H alloys have been made. Using a gen-
eralized cluster-Bethe-lattice method, Allan and Joanno-
poulos' ' identified the peaks in photoemission spectra
as signatures of the nearest-neighbor Si-H interactions and
discussed the occurrence of states in the gap due to vari-
ous defects. However, no comparison with the photo-
emission data was made by them for the alloys containing
a high concentration of H atoms. Johnson et al. ' made
self-consistent-field Xa scattered-wave (SCF Xa SW)
molecular-orbital calculations for the silane molecules and
clusters. Electronic states for a series of realistic structur-
al models were computed by Ching et al. using an
orthogonalized linear combination of atomic orbitals
(OLCAO) method for a continuous-random-tetrahedral-
network (CRTN) structural model of a-Si. They found a
Si-H-H-Si model (a broken Si—Si bond with two H atoms
inserted) in good agreement with several sets of experi-
ments. Quite recently, calculations for a vacancy with
four H atoms satisfying the dangling bonds have been per-
formed by Divincenzo et al. and by Papaconstanto-
poulos and Economou. " The former authors found the
effect of compositional disorder as great as that of topo-
logical disorder. . Barring the appearance of an extra peak
in the low-energy region, the latter obtained an electron
density in the valence band in agreement with the photo-
emission experiments, and also predicted the occurrence
of antibonding Si-H states in the conduction band.

Guttman and Pong have used periodic models for a
self-consistent pseudopotential calculation and have seen
some bonding states lying just below the bottom of the
valence band which originate from the three-center bond.
For a discussion of the theory of the electronic structure
of a-Si:H, we refer to a recent review article.

Recently, we have been engaged in a detailed and
comprehensive study of the vibrational and electronic ex-
citations in hydrogenated fluorinated amorphous silicon
alloys using a cluster-Bethe-lattice method (CBLM). In a
letter we showed that most of the infrared data of
a-Si:F:H alloys can be understood in terms of the simple
five-atom complexes containing F and H atoms. Subse-
quently, we discussed the effect of the chainlike (SiF)„
and (SiF2)„configurations on the infrared data, and the
electronic and vibrational excitations of the a-Si, and
found that some of the peaks seen in the infrared data
which remained unexplained on the basis of simple units
may originate due to these chains. In addition, the photo-
emission data of these alloys have been explained by a
tight-binding Hamiltonian in the CBLM (hereafter, Ref.
28 will be referred to as paper I). Similarly, we have
shown that, in pure hydrogenated and fluorinated alloys,
peaks detected in the infrared and Raman data of heavily
doped samples can be understood on the basis of the oc-
currence of the simple SiH„units and/or their chainlike
(SiH)„, (SiH2)„, and (SiFH)„configurations.

In the present paper we pursue our study of the elec-
tronic structure of the amorphous silicon containing SiH„
(n =1,3), SiFH, SiFzH, and SiFH2 units, and also the
chainlike configurations (SiH)„, (SiHq)„, and (SiFH)„.
The predicted structure is compatible with the available
photoemission data.

We find that the photoemission data can be understood
very well in terms of the above-mentioned units. A peak
observed in the low-energy region of the photoemission
data of an alloy incorporating a low concentration of H
atoms can be explained on the basis of the two interacting
monohydrides lying on the nearest-neighbor sites, an ob-
servation also made by Allan and Joannopoulos. ' In Sec.
II we give a brief account of the cluster-Bethe-lattice for-
malism. Section III contains the results for the various
complexes attached to the silicon matrix. A comparison
with the photoemission data is also given there. Excellent
agreement between the theory and experiment is seen. In
Sec. III B, we present the results for the electronic density
of states for the F and H mixed, SiFH, SiF2H, and SiFH2
complexes. The results for the fluorosilane (SiFH)2
chainlike configuration in the trans configuration are also
included there. The main conclusions are contained in
Sec. IV.

II. THEORY

First, we performed a molecular-orbital calculation for
the various isolated silicon-hydrogen configurations
Si5 H for m =1—4. We consider the nearest-neighbor
and second-neighbor Si-H and H-H interactions. The
electrons of each atom of Si are described by one s orbital
and three p orbitals (p,p~,p, ), and, for the H atom, the s
orbital only. We need to know the following six interac-
tion integrals for each Si—Si bond:

E, = &~
I a I

s &, X= &s
I e IP'&

E, = &p I + I p &

&=&p I+Ipy' &.

Here the primes specify the atomic orbitals lying on the
neighboring site of the reference atom.

For the Si—H bond, we need to know the interaction in-
tegrals U and X only. Similarly, for the H—H bond one
should determine the interaction integral U only.

The set (E,',Ez ) denotes the atomic energies of the Si
atom, and E, denotes the atomic energy of the H atom.
The set (U', V', T',X') denotes the nearest-neighbor in-
teractions for the Si—Si bond, and (U,X) that for the
Si—H bond. For the second-neighbor interactions, the pa-
rameters are (U"',X'") for the H —Si bond and U" for the
H—H bond.

A group-theoretical analysis was made to block-
diagonalize the Hamiltonian matrix for the various units.
The various symmetry coordinates, i.e., the coefficients of
the linearized combinations of the atomic orbitals lying at
the various atoms in the interaction space, have been
given elsewhere. '

The Bethe lattice is an infinite network of atoms with
the correct coordination devoid of any ring structure. The
elementary excitations of a Bethe lattice show a smooth
and featureless density of states, and can provide a natural
background upon which the characteristic properties of
the cluster can be studied. In a cluster-Bethe-lattice cal-
culation, the dangling bonds of the surface atoms are con-
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nected to a Bethe lattice. In this method, one thus treats a
part of an infinitely connected network of atoms exactly
as a cluster, and represents the effect of the environment
by a Bethe lattice.

For a system containing a number of atoms, one may
define a Green's function in a position representation by

Orbitals Si H

Ep —6.52
—12.77 —11.10

TABLE I. Atomic-orbital energies for the free molecules (in
eV). The energies have been measured with respect to the vacu-
um.

G =(EI H)— (2)

where I is the unit matrix, E is the energy of the elemen-
tary excitation, and H is the Hamiltonian of the system.
We may split the Hamiltonian as

III. CALCULATIONS AND RESULTS

A. Pure hydrogenated a-Si alloys

Evaluation of the parameters

H=H'+ V, (3)

where H is the diagonal part containing the self-site ma-
trix elements; V is the nondiagonal part containing the
matrix element representative of the various interactions
between the different atoms of the system.

One may rewrite Eq. (2) as a Dyson equation,

(EI LI')G =I+—VG .

The matrix elements of the above equation may be writ-
ten explicitly as

E(i ~G~j)=I i++(i
~
V~k)(k~G~j) . (5)

The density of states at site i is determined by the
imaginary part of the trace of the local Green's function
as

with

G;;(E)= (i G i ) .

The characteristics of the Bethe lattice can be exploited
for the reduction of the infinite set of coupled equations
(5) to a finite set by employing the effective fields or
transfer matrices. One represents the localized atomic
orbitals by a dot. In the Bethe lattice possessing no rings,
every dot can be transformed to another dot by a fixed set
of transformations. Furthermore, the different dots are
connected to each other by one self-avoiding path. As a
consequence, the Green's function between two distant
neighbors (i, k ) is related to that between two nearer ones
(i,j) by

Before making any calculation for the various units, we
need to know the interaction parameters for the several
Si—Si, Si—H, H—H, etc. bonds, along with the self-site
energies. The atomic-orbital energies used for Si and H
atoms are shown in Table I. The value for the s orbital of
H is in accordance with that of Pandey. (However, the
present given value is measured with respect to the vacu-
um, in contrast to that of Pandey, —3.38 eV, which is
measured with respect to the top of the valence band. )

The interaction integrals for the Si—H bond are deter-
mined after performing a molecular-orbital calculation for
the intensively experimentally studied stable mole-
cule SiH4. The experimental values for the SiH4 molecule
are taken as input. The calculated values for the various
molecular orbitals are compared with the experimental
values in Table II, and the determined values of the pa-
rameters for the first- and second-neighbor interactions
are presented in Table III. The values for the Si—Si have
already been determined in paper I. For the second-
neighbor interaction U for the Si—H bond, an average of
those for the Si—Si and H—H bonds has been taken.

These parameters are then tested by evaluating the ener-

gy values for the stable molecule Si2H6. The calculated
values for the various molecular orbitals, along with their
constituency, are compared with the available experimen-
tal values in Table IV. A very good agreement is seen.

We now obtain the molecular-orbital energies for the
various Si& H (I =1,3) units. In the Si4H unit the
H-induced s-orbital bonding state appears at —13.25 eV,
which, when measured with respect to the top of the
valence band of the silicon matrix (a shift of —7.72 eV),
would be —5.5 eV. In the Si3H2 group the H-induced
state occurs at —12.77 ( —5.0) eV, and in the SizH3 group
it occurs at —12.74 ( —5.0) and —9.35 ( —1.6) eV,
respectively.

Gk; ——t kJ GJg (7) TABLE II. Energies of the various molecular orbitals for the
SiH4 molecule (in eV) (AO denotes atomic orbital).

Here, ~tJ. is the transfer matrix at sit& j in the direction of
k.

The self-site Green's function may then be expressed as

G;; =(EI H;; F)——

with

For details, we refer to paper I (Ref. 28).

Molecular
orbital

Al
F
F
Al

'Reference 34.
"Reference 35.
'Reference 36.

—19.22
—12.71
—5.42
—4.12

—18.20'
—12.70'
—5.40
—4.10'

Eigen values
Calculated Experimental

Main AO
components

Si 3s, H 1s
H 1s, Si 3p
Si 3p, H 1s
Si 3s, H 1s



5358 SAVITRI AGRAWAL AND BAL K. AGRAWAL

Bond

TABLE III. Values of the first- and second-neighbor matrix elements for the different bonds (in eV).

U X T

Si—Si
Si—H

—1.94
—3.433

First-neighbor interactions
1.01
1.307

1.73 0.66

H—H
H—Si

0.51
0.2505

Second-neighbor interactions

0.00

2. SiH„units in the CSI.M

TABLE IV. Energy values for the various molecular orbitals
for the Si2H6 molecule (in eV).

Molecular
orbital

Eigenvalue
Calculated Experimental'

Main AO

components

In Fig. 1 we reproduce the valence-band photoemission
spectra measured by von Roedern et al. ' for the hydro-
genated amorphous silicon samples prepared by different
methods at different temperatures. It may be noted that
the high-temperature samples, i.e., the glow-distance sam-
ple annealed at 350'C [Fig. 1(a)] and the sputtered sample
at 350'C with hydrogen [Fig. 1(b)], show quite similar
features in the photoemission cross section, i.e., four peaks
in the spectra. The samples prepared at room temperature
by glow discharge or sputtering [Figs. 1(c) and 1(d)] also
reveal similar features (peaks A and 8). However, the
separation of peaks 3 and B is seen to be different.

The electronic density of states for the Bethe lattice
simulating the amorphous silicon has been obtained in pa-
per I. For completeness, we reproduce it in Fig. 2(a). The
density is quite smooth and featureless, and arises mainly
from the s orbitals in the low-energy region and from the
p orbitals near the top of the valence band.

The electron density at the H atom and the averaged
density over the five atoms in the cluster have been calcu-
lated and are presented in Figs. 2—4.

In the glow-discharge- or the sputter-produced a-Si:H
films, which either have a high substrate temperature of
350'C or are annealed at 350'C, one finds a comparative-
ly low concentration of H atoms. In all, there are four
peaks (Fig. 1). The peak close to the top of the valence
band is also seen in the spectrum of bulk silicon. Thus C,
D, and E are the H-induced peaks. By comparing these
spectra with the measurements performed on H-adsorbed
Si(111) surfaces, one may interpret the appearance of

glow-discharge sample
annealed at 350 C

cO
A

I 4

l. A'
&c)

0
cD
Vl

8

(d?..'

O

~.——sputtered at 350 C

with hydrogen

.—-—sputtered with 50'lo
H2 at room temp.

peaks C and D as originating from the monohydrides
(SiH units) lying on the next-nearest-neighbor Si sites.
In the following we first discuss the features in the spectra
arising from an isolated SiH unit, and consider the in-
teracting monohydrides in the next section.

For a SiH unit [Fig. 2(a)] in the silicon bulk, the s-like
electronic density of states at the H atom reveals a broad
peak at —4.0 eV, compared to a peak seen in the photo-
emission data for the sputter-produced sample at —5.2
eV. The H-induced s-electron-like density is also ob-
served at Si* (a Si atom coupled to a H atom). In an at-
tempt to match the theoretical and the experimental peaks
[Fig. 2(b)], an arbitrary shift of 1.2 eV in the experimental
peak toward the higher-energy side has been made. For a
detailed discussion, we refer to Allan et al.

There is a depletion of states near the top of the valence
band, a result which is in agreement with the photoemis-

—18.44
—17.19
—12.90
—12.57
—10.53
—6.31
—5.39
—4.49
—4.13
—3.07

'Reference 36.

—17.3
—13.3
—12.1

—10.7

Si 3s,
Si 3s,
H 1s,
H 1s,

Si 3p, H
Si 3p,

Si 3s, H
Si 3p,
Si 3s,
Si 3p,

H 1s,
H 1s
Si 3p
Si 3p
1s, Si 3s
H 1s
1s, Si 3p
H 1s,
H 1s
Si 3s

:---- glow-discharge sample
at room temp.

I

-)1.0 -7.0 -3.0 1.0
ENERGY (eV)

5.0

FIG. 1. Valence-band photoemission spectra of von Roedern
et al. (Ref. 16) for the a-Si:H films prepared by different tech-
niques: (a) glow-discharge-produced sample annealed at 350'C;
(b) sputter-produced sample at 350 C with hydrogen; (c) a-Si
sample sputtered with 50 vol% H2 at room temperature; (d)
glow-discharge-produced sample at room temperature.
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FIG. 2. (a) Electronic density of states for a bulk-silicon
Bethe lattice and for SiH unit at H atom coupled to the Bethe
lattice. (b) Comparison of the electronic density averaged over
five atoms of the cluster Si4.H with the photoemission data for a
sputter-produced a-Si:H sample at 350 C.
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FIG. 3. Electronic density of states for SiHz unit (a) at H
atom attached to the Bethe lattice, and (b) averaged density over
five atoms of the cluster' Si3H2 along with the photoemission
data for a glow-discharge-produced sample at room tempera-
ture.

FIG. 4. The key is similar to Fig. 3, but for the SiH3 unit.
The photoemission spectra are for a silicon sample sputtered
with 50 vol% H2 at room temperature.

sion data. In addition, Si—H antibonding states appear at
the bottom of the conduction band. These states would
lead to a low conduction-band mobility, as has been seen
in the photoconductivity experiments of Moustakas et
al. ' The two other peaks (D and E) in the low-energy re-
gion in the photoemission data do not appear in the calcu-
lated density. We will discuss the origin of this extra
structure in the following section.

von Roedern et a/. ' have measured the variation of
photoemission cross section with energy for the glow-
discharge-produced, as well as for the sputter-produced,
a-Si:H films at room temperature (see Fig. 1), where a
large amount of hydrogen is incorporated into these sam-
ples. The incorporated hydrogen gives rise to two prom-
inent peaks, denoted 3 and B. There are small but dis-
tinct differences between the films prepared by sputtering
in an Ar/H2 mixture and those prepared by the glow-
discharge technique on room-temperature substrates [see
Figs. 1(c) and 1(d)]. The separation between peaks 3 and
B is (5.0+0.2) eV in the case of sputtered film and
(4.5+0.2) eV in the case of glow-discharge film. We have
conjectured that a decrease of the 3-8 splitting is associ-
ated with a shift from SiH3 to (SiII2) bonding in the
case of glow-discharge samples. We investigate the elec-
tronic structure originating from the various types of
bondings in the heavily doped a-Si:H alloys, in order to
shed light on this problem, in the following sections.

For the SiH2 unit [Figs. 3(a) and 3(b)] in the silicon
bulk, the s-like electronic density at the H atom [Fig. 3(a)]
reveals two peaks, at —5. 1 and —9.9 eV (a separation of
4.8 eV), having different strengths. The low-energy peak
at —9.9 eV, having a comparatively smaller strength, ori-
ginates from the s-like electrons of the silicon matrix.



5360 SAVITRI AGRAWAL AND BAL K. AGRAWAL 31

The higher-energy peak at —5. 1 eV, having greater
strength, extends up to the Si' atom and is somewhat
delocalized. A broad silicon p-like density has emerged
near —3 eV in the theoretical curve. The electronic densi-
ty at the H atom in the neighborhood of the top of the
valence band is depleted further with an increase in the
amount of the incorporated hydrogen, in agreement with
the photoemission data. The number of Si—H antibond-
ing states also increases.

For the SiH3 unit (Fig. 4), similar to the SiH2 unit, two
H-induced peaks appear, at —5. 1 and —10.3 eV, having a
larger separation (of 5.2 eV) in the s-like electronic densi-
ty at the H atom. Going from the SiHq to the SiH3 con-
figuration, the peak at —5. 1 eV remains undisturbed.
However, the peak lying in the low-energy region shifts by
0.4 eV. In addition, there is a further depletion of density
at the top of the valence band, and an enhancement in the
antibonding states at the bottom of the conduction band.

Upon comparing the present results with the photo-
emission data, we find that, as the calculated A-B split-
ting is smaller in the case of the SiH2 unit compared to
the SiH3 unit, one can ascribe the structure (peaks A and
B) seen in the glow-discharge sample at room tempera-
ture to the occurrence of the SiH2 units. The large split-
ting seen in the sputter-produced sample with 50 vol%
H2 at room temperature may originate from the presence
of SiH3 units. The calculated shift of 0.4 eV in the A-B
splittings for the SiH2 and SiH3 bondings is in good agree-
ment with the measured shifts of 0.3—0.5 eV.

We have compared the calculated electron density for
SiH2 bonding with the photoemission spectra, for the
glow-discharge sample at room temperature, in Fig. 3(b).
In order to match the peaks, again a shift of the experi-
mental curve by 1.2 eV has been made toward the higher-
-energy side. Very good agreement for the locations and
strengths of the peaks between the average&i electron den-
sity and the photoemission spectra is seen. The calculated
peaks at —5. 1 and —9.9 eV are in close agreement with
the experimental ones at —6.3 and —10.8 eV, respective-
ly.

The calculated electron density for SiH3 bonding has
been compared with the photoemission spectra, for the
hydrogenated a-Si film prepared by sputtering at room
temperature, in Fig. 4(b). Good agreement is seen between
the calculated peak positions at —6.3 and —11.3 eV and
the photoemission-data peaks at —6.3 and —11.6 eV.
Similar conclusions have also been drawn by Ching et al.
and by Allan and Joannopoulos. It is to be noted that
the measured photoemission spectra may not always mim-
ic the electron density of states exactly. Matrix-element
effects will appear in the photoemission spectra because of
the variation of the photoemission cross section with ener-
gy, which has not been considered in the above discussion.

Thus we find good agreement between the theoretical
results for SiH2 and SiH3 units with the photoemission
data for the glow-discharge- and sputter-produced films,
regarding the location of the peaks in the electronic densi-
ty. However, a peak appearing in the low-energy region
of the photoemission data for a low concentration of H
atoms does not appear in the calculated density of a single
SiH unit. This peak may arise either from the ring struc-

ture of the silicon network or from the interacting SiH
units. We investigate the latter possibility here. Allan et
a/. ' ' have seen extra structure in electron density arising
both from the rings in the silicon network and the in-
teracting SiH units.

3. (SiH) „and (SiH2) chains

We next perform calculations for the (SiH)„and
(SiH2) „chains.

For the (SiH)2 complex, i.e., two interacting monohy-
drides lying on the nearest-neighbor sites embedded in
a-Si, the calculated electron density, as shown in Fig. 5,
contains, in all, three peaks at the H and Si atoms locat-
ed at —10.6, —8.4, and —4.7 eV (see Table V). They are
quite compatible with peaks E,D, and C seen in the
photoemission data for the high-substrate-temperature,
sputtered a-Si:H films at 350'C appearing at —10.8,—7.6, and —5.2 eV, respectively. The two Si-H low-
energy peaks induced by H atoms are seen mainly at the
Si' atom, whereas the high-energy peak appears both at
the H and Si atoms and is somewhat delocalized. Allan et
aj'. have found the origin of the extra peaks in the rings
of the bonds of the Si network also. We refer to their dis-
cussion. Combined ultraviolet and x-ray photoelectron
spectroscopy (UPS and XPS) measurements on the same
samples may be useful in discerning the two possible ex-
planations. The x-ray scattering for the H atom has a low
cross section.

A peak of the Si-H antibonding states appears in the
band gap just below the bottom of the conduction band.
The presence of antibonding states in the pseudogap has
been established in a number of experimental measure-
ments.

For the two interacting SiH2 units lying on the nearest-
neighbor sites, i.e., (SiHz)2, the electron density shown in
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FICz. 5. Electronic density of states for two interacting
monohydrides [(SiH)q] with photoemission data for a sputter-
produced sample at 350'C.
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TABLE V. Comparison of the calculated peak positions for
the (SiH)„units with the photoemission data in a-Si:H alloys,
measured in eV. 04

( )

(SiH2)

—4. 1

—10.6
—8.4
—4.7

Calculated peak position
SiH (SiH)2 Photoemission data

—10.8
—7.6
—5.2

0.3-
j )

I
J

I

!::,K
/ ' /

CalcuLated

——photoemiss'ion data
for sputtered at
room temp.

Fig. 6 reveals splitting of all the peaks seen earlier for a
single SiH2 unit. These states are quite delocalized since a
quite appreciable density appears at the attached Si* atom.
The energies of the split peaks are given in Table VI. The
Sip-Hs —like peak, at —3 eV, of the SiH2 unit splits both
at the Si and H atoms. Splittings of about 1.7 and 0.4 eV

appear for the —9.9- and —5.l-eV, peaks, respectively.
However, these splittings are not very large and lie well
within the broad peaks of the photoemission data for the
specimen sputtered with 50 vol% H2, as has been shown
in Fig. 6(a).

Upon increasing the size of the chain by adding one
more SiHz unit, i.e., for (SiHz)3, further splittings of the
peaks in the electron density take place (Fig. 7). The elec-
tron density at the exterior and interior H atoms are
shown separately in Figs. 7(a) and 7(b), respectively.
Similar to the (SiHz)2 complex, the high-energy peak
shows splitting only at the H atom connected to the sil-
icon network, i.e., the exterior one. Again, the total split-
tings in the three peaks are about —2.5, —0.4, and 0.8
eV, respectively, and are well contained in the three broad
peaks of the photoemission data for the sputtered sample.
A large decrease in the number of s-like states at the inte-
rior H atoms takes place at the top of the valence band,
leading to a larger band gap, as has been seen experimen-
tally.

For a longer silane-like chain of four SiH2 units, i.e.,
for a (SiHz)q complex embedded in the a-Si, a spikier
structure appears in the electron density, both at the exte-
rior H atom [Fig. 8(a)] and the interior H atom [Fig. 8(b)].
However, the smoothened density is again very compati-
ble with the photoemission data for the sputtered sample.

04 (b)
U
C)

~ 0.3-
CD

~ 0.Z- H Atom

~ Si Atom

0.1-

-11.0 -7.0 -3.0 1.0
E~ERGV (eV)

5.0

FIG. 6. Electronic density of states for two interacting dihy-
drides [(SiHz)z] with photoemission data for a sample prepared
by sputtering with H at room temperature.

4. Discussion

In another paper, we studied the vibrational excita-
tions of the simple SiH„units and those of their chainlike
configurations, and compared the results with the avail-
able infrared and Raman data of the hydrogenated alloys.
It was observed that most of the experimental data can be

The splittings increase slightly (Table VI), and the sharp
peaks in the local electron density of H atoms show a
molecular-like behavior, corresponding to SiH2 units. The
influence of the silicon matrix starts disappearing at the
interior H atoms, whereas more reduction in electron den-

sity takes place at the top of the valence band, opening a
wider band gap in a'-Si:H alloys.

TABLE VI. Comparison of the calculated peak positions for the (SiHq}„units with the photoemis-

sion data in a-Si:H alloys, measured in eV.

SiH2 (SiH2)2 Si H

Calculated peak positions for
(SiH2)3

at
Si

(SiH2)4
at

H
Photoemission

data

—9.9

—5.1

—3.0

—10.65

—8.95

—5.2
—4.8
—3.2

—10.65

—9.75
—8.8

—5.0
—4.8
—3.6
—3.0

—10.7

—9.7
—8.8

—5.0
—4.8
—3.2
—2.6

—10.8

—9.95
—9.2
—8.25
—5.2
—4.8
—3.6
—2.6

—10.8

—9.95
—9.2

—5.2
—4.8
—3.6
—2.8

—11.3

—6.3
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I

well understood on the basis of the simple SiH„(n = 1,3)
units. However; some of the unexplained observed peaks
could be accounted for only by the presence of the in-
teracting (SiH)2 and (SiH2)„units. The electronic struc-
ture discussed in the present paper also supports the same

-11.0 -7.0 -3.0 1.0 5.0
ENERGY (eV)

FIG. 7. They key is similar to Fig. 6, but for three interacting
dihydrides [(SiH2)3].

proposition. The photoemission data can be very well un-
derstood on the basis of the assumed complexes. The
photoemission data for the heavily hydrogen-doped sil-
icon can be explained on the basis of the isolated dihy-
dride and trihydride units. The splitting of the peaks of a
SiHz unit arising from the interaction of these units lying
on the neighboring sites is small, and is well contained
within the broad experimental peaks. The photoemission
data for a lightly doped sample can be understood in
terms of the interacting monohydrides.

B. Fluorinated hydrogenated a-Si alloys

j. SiF„H (n, m =1,2, n+m &3) complexes

Carrying over the values of the interaction parameters
for the Si—H and Si—F bonds from the corresponding
pure hydrogenated and fluorinated silicon alloys, we
have performed calculations for the electron density for
the SiFH, SiFHz, and SiFzH units coupled to the Bethe
lattice for amorphous silicon. For complexes containing
one F atom similar to a pure a-Si:F alloy, the s- and p-
orbital energies for the F atom have been shifted by 1.8
eV towards the higher-energy side, and that for the com-
plex containing two F atoms by 0.9 eV towards the
higher-energy side. However, no shift in energy has been
made for the s orbital of H atoms in all the H and F
mixed configurations (see Table VII).

(a) SiFH unit. The local electron density for the SiFH
unit coupled to amorphous silicon at the H, F, and Si

TABLE VII. Calculated peak positions for the different
Si:F:H units (in eV). The atom activating the peak is indicated
in parentheses.

(Si H2)4
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FIG. 8. The key is similar to Fig. 6, but for four interacting
dihydrides [(SiHz)q].

Configurations

SiFH

SiFzH

SiFH2

(SiFH)

at H

11.55
—8.85
—6.2 (H)
—3.2 (H)

—12.6
—10.3

—5.4 (H)
—1.8

—11.65
—8.85
—6.8 (H)
—4.6 (H)
—2.4

—12.05
—10.8
—8.9
—8.55
—6.6 (H)
—5.6 {H)
—2.6

at F
—11.6 (F)
—8.85 (F)
—6.3
—2.3

—12.6 (F)
—10.3 (F)
—9.65 (F)
—8.65 (F)
—8.35 (F)
—5.4
—1.6

—11.65 (F)
—8.85 (F)
—6.8
—4.6
—2.1

—12.05 (F)
—10.8 (F)
—8.9 (F)
—8.55 {F)
—6.6
—5.6
—2.6
—1.6

at Si

—1 1.6
—8.85
—6.3
—1.9 (Si)

—12.6
—10.3
—9.65

—8.35
—5.4
—1.6 (Si)

—11.65
—8.85
—6.8
—4.6
—1.9 {Si)

—12.05
—10.85
—8.9
—8.55
—6.6
—5.6

—1.6 (Si)
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atoms is depicted in Figs. 9(a), 9(b), and 9(c), respectively.
Now the H-induced peak appears at —6.3 eV, in contrast
to the peak at —4.0 eV in the pure hydrogenated silicon
alloy seen in Sec. III A2. Thus, one notes a shift in the H
s peak toward the low-energy side. On the other hand,
the two p-like F-induced peaks appearing here at —8.9
and —11.6 eV, respectively, remain almost undisturbed
by the incorporation of H atoms. The corresponding
peaks in pure fluorinated alloy appear at —8.9 and —11.2
eV, respectively.

The H atom picks up extra electron states at the loca-
tion of the two peaks induced by the F atom and vice ver-
sa. These states are thus somewhat delocalized and ex-
tend up to at least the second-neighbor atoms. The au-
thors are not aware of any experimental measurements
mimicking the electron density of states such as the
photoemission experiments.

(b) SiFzH unit. For the SiFzH unit, the localized densi-
ty of states at the H, F, and Si atoms of the cluster are
presented in Figs. 10(a), 10(b), and 10(c), respectively. The
H s peak now appears at —5.4 eV, again showing a shift
towards the Iow-energy side, as compared to its location
seen for the SiH unit in a pure a-Si:H alloy. On the other
hand, all the p-like F-induced peaks seen earlier to appear
for the SiF2 unit in the pure a-Si:F alloys are present in
the electron density of the SiF2H unit exactly at the same
locations, i.e., they now occur at —12.6, —10.3, —9.65,
—8.65, and —8.35 eV, respectively.

As the H atom picks up electron density at the two F-

induced peaks at —12.6 and —10.3 eV only, these reso-
nance states are somewhat delocalized, in contrast to the
other remaining F-induced states, which are quite local-
ized. In addition, the F atoms also pick up some H s res-
onance states which are also comparatively delocalized.
The peaked densities at —8.35 and —8.65 eV are very lo-
calized, as these states are not seen even at the nearest-
neighbor Si atom. Again, no photoemission data for
a -Si:H alloys are available for comparison with the
predicted structure.

(c) SiFHq unit. The localized electron density for the
FHq unit at H, F, and Si atoms is depicted in Figs. 11(a),
11(b), and 11(c), respectively. The H-induced peaks now
appear at —4.6 and —6.8 eV, in contrast to their loca-
tions in pure a-Si:H alloys, where they are seen at —5. 1
and —9.9 eV, respectively. Hence, the incorporation of F
atoms shifts the H-induced peaks towards the higher-
energy side by different magnitudes. This behavior is to-
tally different from what has been seen above in the
fluorinated alloys containing one H atom in the configu-
rations in which a shift of the H-induced peak towards
the low-energy side was found.

On the other hand, the F-induced peaks appearing at—8.85 and —11.65 eV are seen to occur almost exactly at
their locations found in the pure a-Si:F alloys. Thus, the
incorporation of an H atom does not influence the F-
induced peak positions.

All the dopant-activated peaks are somewhat delocal-
ized as appreciable densities of states due to them are ob-

Q 3 ('~ )
SiFH

0,3- (" SiF2H

0.2- 0.2

0.1-
V)I-
K

cd

Q 3»

0.2-

0.1-
C)

LU

0.3-

0.2-

~ ~
~ ~

H ATOM

F ATOM

01.
cD

COz OA-

V)
LLI 0 3»I-
I-
V)

0.2-
o

0.1-
CD

4J
C)

(c)

o2- I

ill !
~ \

~ ~ ~I ~

!

o H ATOM

~ F ATOM

0.1-

I I

-11.0 -7.0 -3.0 1.0 5.0
ENERGY (evi

Si ATOM
0.1-

Si ATOM
I a I a I

-11.0 -7.0 -3.0 1.0 5.0
ENERGY (eV~

FIG. 9. Electronic density of states for SiFH configuration. FIG. 10. Electronic density of states for the SiF2H unit.
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FIG. 12. Electronic density of states for two interacting
SiFH units.

served at the coupled Si* atom. All the above results for
SiF H„complexes are in qualitative agreement with the
conclusions of Ching, barring a few differences. For ex-
ample, Ching has found an extra peak in the low-energy
region, —17 to —20 eV, for SiFH, SiFFH, and SiFHH
complexes, which is not seen in the present results.

2. (SiFM) „complexes

We now turn toward the study of the two interacting
SiFH units lying on the nearest-neighbor sites, for which
the density at different atoms has been presented in Fig.
12. All the F- and H-induced peaks seen in the single
SiFH unit show splittings of about 1 eV. The H-atom
peaks appear at —5.6 and —6.6 eV, showing a splitting
of 1 eV. The F-atom-induced peaks appear at
[—8.55, —8.9] eV and at [—10.8, —12.05] eV, with
splittings of 0.45 and 1.25 eV, respectively.

Furthermore electron density appears at the H atom in
the gap just below the bottom of the conduction band. A
similar density was seen earlier for the two interacting
SiH units (see Fig. 5). These antibonding states have been
detected in a number of measurements made on a-Si:H al-
loys.

Calculations have also been extended to the interacting
three and four SiFH units, i.e., to (SiFH)3 and (SiFH)4
chains attached to the Bethe lattice. The F- and H-
induced states split further, and the number of the peaks
increases with the number of SiFH units. However, the
magnitudes of these splittings are not very large.

IV. MAIN CONCLUSIONS

The present CBL calculation has been seen to be able to
very successfully explain the photoemission data available
for pure hydrogenated silicon alloys. The structures in
the simple SiH„units give rise to electronic densities of
states which have been detected in the experimental mea-
surements. However, the two interacting monohydrides
SiH lying on the nearest-neighbor sites give rise to three
peaks in the electronic density, in agreement with the
photoemission data for an alloy containing comparatively
a low concentration of H atoms.

Two other theoretical observations, i.e., the depletion of
electron density near the top of the valence band and an
enhancement in the antibonding states just below the bot-
tom of the conduction band have been seen in the experi-
mental measurement.

Extra structure in the electron density originates from
the interacting SiH2 units, i.e., in the silane-like (SiH~)„-
chain configurations. However, this structure, combined
with the effects of the quantitative disorder present in an
amorphous phase, may not reveal itself in the experi-
ments. A number of peaks in the phonon density of states
having their origin in these chainlike configurations have
been predicted by our group elsewhere, and they have been
detected in infrared measurements made on a-Si:H alloys.

The electron density for the SiFH, SiF2H, and SiFH2
units and the (SiFH)„chains have shown all the dopant-
induced peaks. The locations of all the F-induced peaks
remain almost unaffected by the presence of H atoms in
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these complexes. On the other hand, the H-induced peaks
change their positions in the bulk-silicon electron density
by the incorporation of the F atoms. Splittings in the F, -

and H-induced peaks appear in the interacting SiFH units.
However, these splittings are not very large.
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