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The efkcts of removing hydrogen atoms on the vibrational and the electronic properties of hy-

drogenated amorphous silicon (a-Si:H) have been investigated. Besides the missing vibrational

modes associated with the removal of H atoms, the changes in the Si-dominated modes can be

correlated to local distortions at the site of the Si whose neighboring H was removed. The
dangling-bond states have an average energy at 0.2 eV above the top of the valence band, which is

0.5 eV smaller than the generally accepted value for the electronic level with g =2.0055. The

range of interaction between the dangling-bond states is about equal to the second-neighbor dis-

tance (&4 A). Comparison of the electronic states with and without the presence of the hydrogen
atoms allows us to locate the Si—H bonding states at 5.0 and 7.5 eV below the top of the valence

band.

I. INTRODUCTION

Since the suggestion made by Paul, Lewis, Connell,
and Moustakas' that the presence of hydrogen atoms is
a crucial factor for possible doping in amorphous silicon
(a-Si}, studies of the basic vibrational and electronic
properties for hydrogenated amorphous silicon (a-Si:H)
have been carried out by many research groups. The in-
frared spectrum has been measured by Shen et a/. , who
found, in addition to the absorption in a-Si at frequen-
cies below 500 cm ', four prominent H-related peaks at
2090, 1985, 840, and 630 cm '. Photoemission measure-
ments of a-Si:H by von Roedern et aI. on sputtered
samples show four maxima in the valence-band density
of states with binding energies of 2,4, 5.2, 7.4, and 10.5
eV. These authors identified the 5.2-eV maximum„ the
so-called C peak, and the 7.4-eV maximum, the D peak,
with Si3p-H ls and Si3s-H ls states, respectively, for
bonding single H atoms to Si (monohydride
configuration) in a-Si:H. The results also show a reces-
sion of the top of the valence band (VB) in a-Si:H as
compared to a-Si.

In regards to theoretical studies, the coherent-
potential approximation (CPA) method has been applied
to calculate the vibrational density of states (VDOS) of

a-Si:H by Barrio et a/. Lattice dynamics calculations
using periodic network models of a-Si:H have also been
reported by some of us. Besides the low-frequency vi-
brations of silicon atoms, all of the theoretical spectra
have shown H-atom wagging modes at 680 cm ' and
Si—H stretching modes around 2100 cm

The electronic density of states (EDOS) of a-Si:H has
been calculated by Ching et aI. using the tight-binding
method. The self-consistent pseudopotential method has
been applied to periodic models of a-Si:H by Guttman
and Fong; they found that the valence EDOS associated
with the hydrogen atoms in monohydride configurations
shows maxima at 2.0, 5, 7.5, and 11.5 eV below the VB
edge. Allan and Joannopoulos investigated the EDOS
of different configurations of hydrogen atoms in a-Si by
using the cluster-Bethe-lattice method. They attributed
the value of —4.6 eV to the monohydride contribution
to the EDOS. Diaz et a/. ' reported Hartree-Fock self-
consistent cluster-Bethe-lattice results; the Si—H bond-
ing state appeared at —4. 5 eV. Gap states were studied
using the CPA method by Economou and Papaconstan-
topoulos, "who showed that the e6'ect of the H atoms in
a-Si is to widen the gap.

We report in this paper the efFects of removing H
atoms on the vibrational and the electronic properties of

TABLE I. Summary of the values of parameters used in Eq. (1).

a (10 dyn/cm)

0.15'

ds —s (A ds; H (A) &s —HJ & P /A'd si

0.0053

'Reference 15.
Reference 16.
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a, (a.y/ap')

a2 (1/ao)
a3
a4 (1/ap)

—1.167
0.791

—0.352
—0.018

0.351
0.280

—1.538
—0.007

a-Si:H. After the removal of a H atom from its neigh-
boring Si atom, the Si atom will be at a threefold coordi-
nated site. One of its electrons will not form a bond
with any other atom; the term "dangling bond" or "Ti
level" is usually applied to this electronic state. By com-
paring the results before and after removing H atoms,
we can study: (i) the changes in the vibrational and the
electronic properties of a-Si:H, (ii) how these changes de-
pend on the local environment at the Si atom; (iii) the
electronic properties of the dangling bond and their
dependence on the local environment; (iv) the range of
interaction between the dangling bonds. It turns out
that such comparisons enable us to determine the Si—H
bonding states in the monohydride configuration. The
results agree well with the experimental identification.
The lattice dynamics and the self-consistent pseudopo-
tential methods are applied to periodic random networks
in monohydride configurations. A brief report has been
given by Nelson et al. ' In Sec. II, we present the
methods. Results and discussion are given in Sec. III.

II. METHODS

The present calculations are based on two examples of
random network models of a-Si:H and on a number of
related examples obtained by the removal of hydrogen

TABLE II. Parameters of the ionic pseudopotentials of Si +

and H+. ap: Bohr radius.

Parameters

atoms to generate threefold coordinated Si atoms. %e
have assumed that the vibrational and the electronic
states of this material are largely determined by short-
range forces and that the eftects of these states induced
by a small structural change can be understood by exam-
ination of the immediate vicinity of that change. This
assumption is almost guaranteed to be true for the vibra-
tional states by the form of our assumed interatomic po-
tential function. That it is true for the electronic states
as well may be justi6ed a posteriori by our success in in-
terpretation

A. The models

The method of construction of the models has been
described previously. ' The two basic examples con-
tained 54 Si atoms and six H atoms in the representing
unit. No more than one H atom was bonded to any Si
atom and no two H atoms were closer than fourth neigh-
bors, in order to minimize H —H interactions. Models
derived by removal of one or more H atoms were re-
laxed to the minimum energy configurations using the
potential given in Sec. II B.

8. Vibrational spectrum

Since the models are periodic, the eigenvalues and
eigenvectors of the vibrational modes were calculated, as
usual, by diagonalizing the dynamical matrix. The po-
tential was a modified version' of the Keating poten-
tial, '4
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FIG 1 Vibrational density of states of one random network a-Si:H compared to neutron data of a-Si The calculated result
serves as reference for (b)-(d). (b) H(1) removed (solid line), the reference is shovvn as a dashed line. (c) H(2) removed (sohd line).
(d) H(1) and H(2) removed (solid line).
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C. Electronic spectrum

The self-consistent pseudopotential method has been
described in many places. ' The input ionic pseudopo-
tentials of Si + and H+ are given by the following ex-
pression with the constants listed in Table II:

l

I

I

S i (52.)
X

where a; and P,J are the bond stretching and bending
force constants. d, is the equilibrium bond length (2.35
A if the pair is two Si atoms, 1.48 A if one is an H
atom). d;J is the product of d, and d, r, is an intera-
tomic vector. The last term acts only between H and Si
atoms not directly bonded and is necessary to prevent
collapse of the network around the H atoms. The values
of these constants are given in Table I. The same P
value is used for all pairs of interatomic vectors, whether
or not one joins Si to H.

4

V(G)=a, G '[cos(o, G)+a, ]e '

where 6 is the magnitude of the reciprocal-lattice vec-
tor. The potentials were cut oft at 6 =4 a.u. to match
the inverse Fourier transforms to the known real-space
pseudopotentials. In the present calculations, we used
about 400 plane waves and included about another 100
plane waves in the Lowdin perturbation scheme.

III. RESULTS AND DISCUSSION

A. Vibrational properties

In Fig. 1(a) the vibrational density of states of one ran-
dom network model is compared to that measured by
neutron inelastic scattering of a-Si. ' It will serve as a
reference spectrum for the following discussion. The
calculated major maxima due to the bond bending and
stretching modes agree reasonably well with the experi-
mental results. The two maxima between 250&~&450
cm ' shown in the experimental curve are not account-
ed for by the theory. The modes associated with these
two structures have been discussed by Nichols et al. '

At higher frequencies (~500 cm '), the theory gives
two bands at 680 and 2100 cm ', the H-atom wagging
and the H —Si stretching modes, as shown below. Their
positions agree quite well with the infrared (ir) results.

When one of the H atoms, labeled H(1), is removed
from the model, the VDOS becomes that shown in Fig.
1(b) by the solid line. Three modes disappear, two hav-
ing frequencies near 650 cm ' and one with frequency in
the neighborhood of 2100 cm ', as indicated by the ar-
rows. But besides these changes, the Si-dominated
modes show slight changes in the bond bending region
as compared to the reference spectrum (dashed line). In
Fig. 1(c), we show the VDOS when H(1) is restored
while another H atom [labeled H(2)] is removed. Atom
H(2) does not have any second neighbor in common with
H(1). Again, three modes closely related to hydrogen
motions disappear, and other small changes occur, most-
ly in the Si—Si bond stretching region. Finally [Fig.
l(d)], both H(1) and H(2) are removed. The changes in
the Si-dominated bond bending and stretching regions
are clearly additive.

To characterize the modes associated with H(1), we
plot the corresponding eigenvector components in Fig. 2.

si(32) '
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FIG. 2. (a) The missing Si(32)—H(1) stretching mode in Fig.
1(b) with respect to the result in Fig. 1(a). (b) The missing
wagging mode of H(1) in Pig. 1(b). (c) The other missing wag-
ging mode of H(1) in Fig. 1(b). FIG. 3. The configuration between H(1) and H(3).
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FIG. 4. (a) The reference vibrational density of states. {b) H(1) removed {solid line), the reference is shown as a dashed line. (c)
H(3) removed (solid line). (d) H(1) and H(3) removed (solid line).

In Fig. 2 the atom Si(32), the nearest neighbor of H(1), is
located at the origin. H(l) is below the X-Z plane with
coordinate components x &y ~z. Because the modes
are localized, the other amplitudes except the first neigh-
bor Si [Si(32)] are too small to show on the graph. The
components of the eigenmode with a frequency at 2130
cm ' are shown in Fig. 2(a). The motion of H(1) is
along the bond Si(32)—H(1). In Figs. 2(b) and 2(c) (the
680-cm ' modes) one sees that the H-atom motion is
mainly perpendicular to the Si(32)—H bond. These
modes are therefore the stretching and the wagging
modes, respectively.

The additive behavior of the changes in the Si atom
dominated modes can be attributed to the separation of
H(1) and H(2) being greater than the range of the poten-
tial used in the calculations. For con6rmation, we calcu-
lated the VDOS with H(l) and H(3) removed, where
H(3) does have a second neighbor [Si(23)] in common
with H(1). The geometric configuration is schematically
shown in Fig. 3. The Si atoms and the H atoms are ex-
plicitly marked. H(3) is above the X-Z plane but behind
the X-F plane. The reference VDOS and that for the
cases with H(1), H(3), and both H(1) and H(3) removed
are shown in Fig. 4. By comparing the results of Fig.
4(d) to Figs. 4(a) —4(c), one sees that the changes of the
VDOS in the region ro(500 cm ' and with both H(1)

and H(3) removed cannot be obtained by linearly super-
imposing the results with one H atom removed. The in-
teraction range is about the second-neighbor distance
(54 A).

From the results shown in Figs. 2 and 4, it is obvious
that one should ask the following question: Why do the
changes in the Si-dominated modes happen in the bond
bending region in some cases, while in others they occur
in the bond stretching region? %e relate the origin of
these changes to the local environments at the Si atoms
from which the H atoms are removed. In Table III we
list for the three cases: (i) the nature of the changes in
the Si-dominated modes, (ii) the average bond angle at
the Si atoin, and (iii) the most distorted bond length be-
tween the threefold coordinated Si atom and its three
neighbors. The percentage deviations of the average
bond angle and the shortest bond length from. the ideal
values are shown in parentheses. Because the angular
distortion at Si(32) is larger than 5%, the corresponding
change happens in the bond bending modes. On the
other hand, when the bond length distortion at the Si
atom neighboring to H(2) is equal to 5%, the stretching
modes exhibit changes. Finally, the removal of H(3)
causes changes in both the bending and stretching modes
because its neighboring Si site has both angular and
bond length distortions larger than 5%. Thus a correla-

TABLE III. Correlation between local environments and changes in Si-dominated vibrational
modes.

Removed
atom

Changes in Si-
domj, nated modes

bending

stretching

bending and stretching

Average
bond angle

118'
(8%)

105.6
( —3.1%}
114.4'

(5%)

Most distorted
bond length (A)

2.312
( —1.6%)

2.237
( —5%)

2.085
(—11.3%)
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tion exists between the changes in the Si-dominated vi-

brational modes and the local environment at the Si site
which is neighboring to the removal H atom. The criti-
cal value of the distortion is about 5%. Similar results
have been obtained from other cases.

8. Electronic properties

FIG. 5. The averaged total EDOS of two network models is
compared with UPS data

sho~n as a dashed curve. The calculated peaks at —2.7,
—7.5, and —10.5 eV agree well with the experimental
results. There is a peak at —5.2 eV in the measurement,
while the theory shows a shoulder at —5.0 eV.

As mentioned in Ref. 8, it is rather diScult to unam-
biguously calculate the H-related local DOS (LDOS) in
the supercell approach. The results in Ref. 8 show four
peaks at —11.5, —7.5, —5.0, and —2.0 eV. By remov-
ing H atoms and comparing the changes in the EDOS,
we found a better way to determine the energies for the
Si—H bonding states. In Fig. 6 we plot the total DOS
with (a) all six H atoms in the network, (b) H(1) re-
moved, (c) H(2) removed, and (d) H(3) removed. We find

that, besides the states appearing at an average of 0.2 eV
above the top of the VB, which are the dangling-bond
states, the largest changes occur around —5.0 eV. The
next most affected region is about —7.5 eV. The
—10.5-eV structure remains unchanged. Therefore, we
attribute the —7.5- and —5.0-eV regions to the H-atom
related structures. For further proof we calculated the
charge densities in the H(l)—Si(32)—Si(33) plane by (i)
surrounding the H atom by a Voronoi polyhedron with
its volume equal to (1.48/2. 35)3, where the quantity in
the parentheses is the ratio of the Si—H and Si—Si
bond lengths; (ii) calculated the probability

The total averaged EDOS for the two network models
is shown as the dashed-dotted curve in Fig. 5. The pho-
toemission data measured by von Roedern et al. are

2 3
Pn Ppoiyhedron(( n d

for the nth state; (iii) calculated the charge density
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(c) ...L-
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FIG. 6. (a) Total electronic density of states of one model serves as reference. (b) H(1) removed (solid line), the reference is
shown as a dashed line. {c)H{2) removed (solid line). (d) H(3) removed {solid line).
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FIG. 7. (a) Charge density at H(1) associated with the
—7.5-eV maximum. (b) Charge density at 8{1)associated with
the —5.0-eV maximum.

p(r)= gp„(r)p„, (4)

where the sum is over states lying in the energy range of
interest. Due to the weighting, only those states with
large I.DOS around H(1) will contribute. Consequently,
the bond charges between Si(32) and Si(33) do not appear
in Figs. 7(a) and 7(b). In Fig. 7(a) the charge density as-
sociated with the —7.5-eV structure is plotted. Most of
the charge is concentrated at the H atom. However, the
maximum of the charge is displaced from the H atom

toward the Si(32). The contours are rather spherical, as
expect for H ls and Si3s bonds. The charge density
shown in Fig. 7(b) is associated with the —5.0-eV shoul-
der. At Si(32) there is essentially no charge density, in-
dicating that mainly Si p states are contributing. The
maximum of the charge is at the same distance from
H(1) as the one shown in Fig. 7(a). This indicates that
the charge distribution for this region is contributed
from H ls and Si3p states.

The charge densities in the plane [H(1)—Si(32)—
Si(33)] [Figs. 7(a) and 7(b)] can further be used to
demonstrate the effect of local distortions on the charge
distribution. For example, the maximum charge density
in Fig. 7(a) is not along the H(1)—Si(32) bond direction.
The bond angle at Si(32) is only 99.8. Consequently,
there is a stronger Coulomb repulsion between the bond
charges along H(1)—Si(32) and those along Si(32)—Si(33)
compared to the case where the angle has the ideal value
of 109'. Therefore, the maximum of the charge density
for H(l)—Si(32) is shifted away from H(1)—Si(32) bonds
direction. A similar displacement of maximum charge
density is also seen in Fig. 7(b). Table IV summarizes
the comparison between the present results and previous
studies.

Finally, we discuss the dangling bond states associated
with threefold coordinated Si atoms. As mentioned ear-
lier, we found that the dangling-bond states are at an
average of 0.2 eV above the energy of the top of the VB
(E„). The three cases are at E, +0.01, 0.2, and 0.45 eV,
so that, as one would expect, Auctuations in the environ-
ments of the threefold coordinated atom cause their en-
ergies to form a band. The average of the calculated
value is closer to the VB edge than the experimentally
measured energy of the T3 level (g factor =2.0055) at
E, +0.7 eV at a spin density of 10' cm . This ener-

gy is determined from the doped a-Si:H samples. Unfor-
tunately, the energy of the dangling bond has not been
measured for undoped sample. Recently, Adler et al.
estimated the value at E„+0.5 eV. The determination
of the energies of the dangling-bond states is complicat-
ed by other diSculties, such as uncertainty in the posi-
tion of E, when dealing with only a few states, or
discriminating between the energy of a single defect state
and that of the two or more nearby defects. The
discrepancy between the present theoretical results and

TABLE IV. Comparison of experimental and theoretical results in Si—H bonding states.

Binding energy
(e&) of monohydride Reference

C peak
5.2
7.0
5.0
4.5
5.2
5.0
5.0

D peak
7.4

10.0

7.6

UPS (experimental)
LCAO-cluster
CBL
Self-consistent CBL
Coherent potential approximation
Tight-binding
Self-consistent pseudopotential

3
7
9
10
ll
21

present work
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the generally accepted energy of the dangling bond may
only be resolved by future experimental data on undoped
a-Si:H. As a parallel to the vibrational calculations, we
present the charge distributions in the same plane as in
Fig. 7 for three typical situations: (1) H(1) removed (one
dangling bond present), (ii) H(1) and H(2) removed (two
dangling bonds present, but not sharing a common
second neighbor), (iii) H(1) and H(3) removed (two dan-
gling bonds present, and sharing a common second
neighbor). These three situations enable us to correlate
the orientation of the charge distributions for the
dangling-bond states with its local environment, and to
estimate the range of interaction between the dangling
bonds. In Fig. 8(a) we plot the charge density around
H(1) for reference. Again, the bond charge between
Si(32) and Si(33) is absent because of the weighting
scheme given in Eqs. (3) and (4). When H(l) is removed
[Fig. 8(b)], the maximum of the charge density moved
closer to Si(32) and away from the Si(32)—Si(33) bond.
This change allows the dangling bond to minimize the
Coulomb interactions with its local environment, and to
move closer to the ideal tetrahedral bond angle. [Recall
that the bond angle at Si(32) with H(l) present was only
99.8'. ] This result clearly shows that local distortions
can have a significant effect on the orientation of the
dangling bond. Studies of dangling bonds with ideal

geometrical configurations may thus be unrealistic. The
results corresponding to the removal of both H(l) and
H(2) is depicted in Fig. 8(c). The charge distribution
around H(1) exhibits the same qualitative features as
those in Fig. 8(b), indicating that H(1) and H(2) are far
enough apart so that they do not interact.

In Fig. 8(d) we give a contour plot around H(1) with
both H(1) and H(3) removed. The changes with respect
to the results in Fig. 8(b) can be easily discerned. One
feature is the movement of charge into the open region
in Fig. 8(b). These results suggest that dangling bonds
can interact if they share a common second neighbor.

In summary, we have studied the eff'ects of removing
H atoms on the vibrational and the electronic properties
of a-Si:H. For the vibrational properties, the removal of
H can induce changes in the llaw-frequency Si-dominant
modes. Our results are consistent with the recent Ra-
man scattering experiments in a-Si, ,H„(Ref. 24)
which also show changes in the low-frequency TA and
LA bands with x. %e demonstrate also the strong
correlations between the changes and the local environ-
ments.

,) &

(al

!

f

Si

[b)

i' Si(3»)

FIG. 8. (a) Total charge density at H(1} in H(1)—Si(32)—
Si(33) plane. (b) H(1) removed-the dangling bond charge den-

sity. (c) H(1)—Si(32)—Si(33) plane with H(1) and H(2) re-
moved. (d) H(1)—Si{32)—Si(33) plane with the H(1) and H(3)
removed.

For the electronic properties, we have used the varia-
tions in electronic DOS caused by the removal of H
atoms to identify the H —Si bonding states. Further-
more, the properties of the dangling bond have been cal-
culated. From the charge distributions of the dangling
bonds, the importance of the local environment is also
clearly manifested. So, the models provide useful infor-
mation of correlations between the physical properties
and the local environments in a-Si:H.

An unexpected outcome from our studies is that the
interaction range between the bond charges and the ions
is the same ( Z 4 A), even though the former was treated
by the self-consistent scheme and the latter was studied
by an explicit second-neighbor potential. It is the
screening e8'ect which reduces the range of interaction
between the bond charges. Our calculations justify the
application of the tight-binding method with short-range
interactions to a-Si.
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