
PHYSICAL REVIEW B VOLUME 44, NUMBER 19

Model for growth of a-Si:H and its alloys

15 NOVEMBER 1991-I

R. A. Street
Xerox Palo Alto Research Center, Palo Alto, California 94304

(Received 5 April 1991)

Alloys of a-Si:H with Ge, C, N, O, etc., have higher defect densities and poorer electronic properties
than a-Si:H. Recent ideas of hydrogen equilibration during growth are used to explain the structural
trends in the alloys responsible for the different electronic properties. The analysis finds two character-
istically different types of behavior, distinguished by the hydrogen-bond strengths of the alloy elements.
Type-1 alloys have predominantly silicon dangling bonds and a large disorder broadening of the
valence-band tail, while type-2 alloys have dangling defects on the nonsilicon element and low disorder.
Examples are a-Si:C:H and a-Si:Ge:H, respectively. The same approach to understanding the electronic
structure is applied to alloys with halogens such as Auorine, to the different elemental hydrogenated
amorphous semiconductors, and to microcrystalline thin films.

I. INTRODUCTION II. GROWTH MODEL

Hydrogenated amorphous silicon (a-Si:H) is one of a
broad class of plasma-deposited materials based on
group-IV elements, in which the presence of hydrogen is
crucial. a-Si:H is usually deposited from SiH4 and con-
tains about 10 at. % hydrogen, which terminates most of
the silicon dangling bonds, giving a material with very
low defect density. Many alloy materials are grown by
the same technique; examples are a-Si:Ge:H, which is im-
portant in solar cell applications', a-Si:N:H, and a-
Si:0:H, which are dielectrics used in thin-film transis-
tors; and a-Si:C:H, which acts as a transparent doped
layer on solar cells and sensors and as an electrolumines-
cence materia1. Polycrystalline silicon and diamond are
grown in closely related plasma-deposited process using
SiH4 or CH4, heavily diluted with hydrogen. '

A perplexing aspect of the amorphous alloys is that a11

of them possess poorer electronic properties than a-Si:H.
This discussion focuses on two of the most important pa-
rameters determining the electronic properties, namely„
the dangling-bond defect density, and the inverse slope
Eo of the exponential valence-band tail density of states,
which is rejected in the optical absorption edge. A
broadband tail lowers the drift mobility, and a high de-
fect density reduces the excited carrier lifetime, both of
which are undesirable electronic properties. Some alloys,
such as a-Si:Ge:H have a high defect density while retain-
ing reasonably sharp band tails, while others, e.g. , a-
Si:C:H, have both a high defect density and broadband
tails. In many cases, the poor electronic properties are
related to structural features, such as a high density of
voids or specific hydrogen bonding configurations, but
without a clear explanation of why these features occur.
This paper proposes a general explanation of the struc-
ture of this class of materials, which accounts for special
nature of a-Si:H and the poorer properties of alloys. The
model is also applied to the growth of polycrystalline sil-
icon and diamond from a hydrogen-rich plasma.

The model of growth of amorphous alloys is based on
the recent description of the interaction of hydrogen with
the growing surface of the a-Si:H film, which makes the
following assumptions. '

(1) During deposition from hydrogen-containing gases,
the bonding structure of the film is in large part con-
trolled by the effective hydrogen chemical potential in the
plasma, pH. The hydrogen influences the structure
through its reaction with the distribution of weak and
broken silicon bonds.

(2) At suKciently high growth temperature, pH in the
plasma and the film tend to equalize because of the rapid
interchange of hydrogen across the growth surface. The
structure then approaches an equilibrium distribution of
Si—Si and Si—H bonds, which minimizes the weak-bond
and dangling-bond density, subject to the topological
constraints of the amorphous network. The network
constraint leads to minimum weak-bond disorder, as indi-
cated by the valence-band tail slope which is not less than
Eo -40—50 meV.

(3) At low growth temperature there is a kinetic con-
straint to the structural equilibration because insufhcient
hydrogen motion does not allow the network to rearrange
between alternative configurations. Material grown in
the kinetically limited regime has a higher disorder mani-
fested by a broader distribution of weak bonds.

The model focuses on the effect of hydrogen chemical
reactions on the growth structure. The detailed reactions
of the impinging gas radicals (i.e., SiH3, SiH2, etc.) clearly
also play a role in defining the structure. " The hy-
pothesis of this paper is that the hydrogen reactions
beneath the surface of the film change the structure from
that which is created by the attachment of radicals at the
surface to a structure which approaches a constrained
equilibrium. In neglecting the specific surface chemical
reactions, the model attempts to explain the general
structural trends, but is not expected to account for all
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FIG. 1. Illustration of the hydrogen density of states for a-
Si:H, showing the Si-H bonds and the energy of H in the distri-
bution of Si—Si bonds. E~~ is the energy of hydrogen in vacu-

um, E~ is the e8'ective migration energy of H in a-Si:H p~ is
the hydrogen chemical potential, and E& is the redistribution
energy as defined in the text.

the details.
The approach taken is to describe the hydrogen in-

teractions in terms of a hydrogen density of states
(HDOS) distribution, N~(E), which is illustrated in Fig.
1. ' The energy is of the hydrogen bonding sites relative
to the vacuum level, E~~. Hydogen resides in the occu-
pied states below p~, which, in a-Si:H, are the Si—H
bonds. No distinction is made here of the different hy-
drogen environments (i.e., the dilute and clustered hydro-
gen phases), except to represent these local variations by
a broadened Si—H band. ' The band of unoccupied
states above p~ includes the distribution of weak Si—Si
bonds into which hydrogen can insert with low energy,
and stronger Si—Si bonds at high energy. The hydrogen
migration energy, EM, is indicated in Fig. 1, and corre-
sponds to the average energy at which hydrogen can
diffuse freely.

The energies of the different features of the HDOS are
known only approximately, and are discussed further
elsewhere. ' ' The migration energy EM is estimated to
be 0.5—1 eV below E~v, based on information about the
bond-center hydrogen site in crystalline silicon. The ac-
tivation energy of 1.5 eV for hydrogen diffusion corre-
sponds to the energy separation of EM and iM~ (with a
possible correction for the temperature dependence of
p~). The peak of the Si-H band lies about 0.5 eV below

p~, to account for the low equilibrium defect density in
a-Si:H (see later discussion). These values place the Si-
H bonds 2.5—3.0 eV below Ezz, which is roughly compa-
rable with the expected Si—H bond strength.

The equilibration of the bonding structure induces a
minimum in the hydrogen density of states at p~, because
this configuration corresponds to the minimum defect
density. ' This interaction between p~ and the HDOS
allows hydrogen to inhuence the distribution of weak
Si—Si bonds and the density of dangling bonds, which to-
gether are two primary determinators of the electronic

properties of the films. The distribution of weak bonds is
characterized by the inverse slope, Ew~, of the assumed
exponential distribution of hydrogen bonding sites; ac-
cording to one of the weak bond models, E~g 2Ep. '

The model predicts the conditions for optimum growth
of a-Si:H as follows. The surface layer formed by attach-
ing highly hydrogenated gas radicals (e.g. , SiH3) has a
high hydrogen concentration and is assumed to be highly
disordered. ' The final film structure is determined in the
subsurface region through the motion and elimination of
the excess hydrogen, and the reduction in structural dis-
order. In order to obtain the optimum growth structure,
it is assumed that a large fraction of the bonded hydrogen
must redistribute within the time t, in which the subsur-
face reactions establish the final film structure. The rate-
limiting step in this process is attributed to the excitation
of hydrogen to the mobile state at EM, which occurs with
rate cooexp[ (EM —E)Ik—T], where E is the hydrogen en-

ergy. A redistribution energy E~ is therefore defined by
equating the inverse of the excitation rate to the time t„
giving

EM E~ =kT—ln(coot, ),
where EM is the hydrogen migration energy (see Fig. 1),
and co, =10' sec '. Ez is indicated in Fig. 1 and
separates those hydrogen atoms of higher energy which
can move in time t, from the deeper-lying states which
cannot. It is difficult to give a precise value of t„but it is
expected to be usually of order 10 sec, this being the typi-
cal time to grow a few atomic layers of the film.

It is a considerable simplification to assume that
structural rearrangement takes place by excitation of hy-
drogen to EM. In practice there is probably a range of
excitation energies which depend on the details of thy
structural relaxation. For example, a close pair of Si—H
bonds may interact directly to liberate H2 without excita-
tion over a large energy barrier. The excitation to EM is
the largest energy barrier to move hydrogen, and should
therefore represent the rate-limiting step in the structural
rearrangement. A limitation of the present model is that
the complexities of the surface reactions are replaced by a
single average process.

The assumption that most of the hydrogen must move
in order to relax the network implies that the most or-
dered structure requires Ez to be sufficiently far down
the Si-H band. If this condition is not met, then the
structural ordering is kinetically limited and the material
has a broader distribution of weak bonds. We do not
know what fraction of the hydrogen needs to move to
give the optimum structure, but guess that it is in the
range 50—90 %. An empirical expression for the
valence-band tail slope (and weak-bond distribution) is

Emin +13E

where P is the fraction of.hydrogen which remains une-
quilibrated. Ep '" is the band tail slope of the ideal amor-
phous network. Ed;, represents the additional disorder of
a nonoptimal network and is estimated to be of order 100
meV, since the band tail slope in a-Si:H deposited at
room temperature is about 150 meV, ' compared to the
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most ordered structure for which Eo '" =50 meV.
A low defect density in a-Si:H requires that pH is well

above the Si-H band, otherwise a large fraction of these
states are unoccupied and are dangling bonds. The posi-
tion of the chemical potential of the hydrogen in the plas-
ma 1s

EHV I H=kTin(NHO~NHP)

where NHp is the atomic hydrogen concentration of the
plasma and NHo is the inverse of the hydrogen quantum
volume, 3 X 10 cm . ' The dangling-bond density aris-
ing from Si—H bonds which lose hydrogen is related to
pH in the film by

NDH = fNH(E)[1 f (pH—, E, T)]dE

N total exp
PH EH

siH kT

where f is the Fermi function for the hydrogen occupa-
tion. The approximation on the right side of Eq. (4) as-
sumes a 6-function SiH band and allows us to estimate
that pH-EH is about 0.6 eV for a defect density of 10'
cm at 550 K, which is a typical value for a-Si:H. De-
fects are also formed when hydrogen occupies the meak-
bond states, with density.

NDg =fN~(E)f (pH, E, T)dE, (5)

where N~(E) is the weak-bond distribution. When the
structure is equilibrated with a minimum defect density,
ND~-NDH. For nonequilibrated structures, the two14

densities depend on the position of the chemical poten-
tial.

To satisfy simultaneously the conditions for low defect
density and minimum disorder, good-quality material re-
quires that pH is well above the Si-H band, while at the
same time ER must be as far as possible below the Si-H
peak; otherwise the structure is kinetically limited and
has increased disorder. (Note that a broad weak-bond
distribution causes a high defect density through its over-

lap with pH, so that the kinetically limited structure has a
high defect density regardless of the energy of pH). Com-
bining Eqs. (1) and (3) gives

~o~ NHp
pH

—E& =EHv EM+kT ln
NHO

value of AE which comes primarily from the lack of a
precise value for EM. The large uncertainties in the
values of t, and NHp have less effect on hE because these
parameters occur in the logarithmic term in Eq. (7).

Figure 2 describes the temperature dependence of pH
and Ez, and illustrates the range of growth temperatures
at which good-quality equilibrated films grow. The low-
temperature limit occurs when Ez is at the energy of the
Si-H band and corresponds to the onset of kinetically lim-
ited growth. This temperature is about 500 K for a-Si:H,
which indicates that the Si-H band is roughly 1.5 eV
from EM. Note that the model associates the kinetic lim-

it with the temperature at which hydrogen diffusion
occurs, which is also at about 500 K in a-Si:H. ' The
high-temperature limit to optimum film growth occurs
when pH is too close to the Si:H band, resulting in a high
defect density according to Eq. (4). The model suggests
that the upper limit to the range of growth temperatures
is increased by a high concentration of atomic hydrogen
in the gas and is reduced if the hydrogen bonding band is
particularly broad. This prediction is supported by re-
cent experiments which have found that good-quality a-
Si:H can be grown at high temperature in a remote hy-
drogen plasma-deposition system, which features a high
H concentration. '

A. Type-1 alloys

The model attributes the poor electrical properties of
alloys to the presence of different H bonding
configurations. Figure 3 illustrates the HDOS of a-
Si:C:H, and a similar model applies to alloys with nitro-
gen and oxygen, all of which are referred to as type-1 al-

loys. Table I shows that each of these elements forms a
stronger bond with hydrogen than Si-H, and therefore
the hydrogen-bonding states lie at lower energy by
0.8—1.5 eV. ' The difficulty in growing these alloys is im-

mediately apparent; in order to prevent the formation of
silicon dangling bonds, pH must be above the Si-H band,
while the kinetic limitation is avoided only if Ez is below
the C-H band. The large difference between the Si-H and
C-H bonding energies prevents both conditions from be-
ing applied simultaneously.

The model predicts that the C—H (or N—H and
0—H) bonds are not equilibrated in type-1 alloys grown

For typical plasma conditions we estimate t, =10 sec,
NHp = 10' cm, and that EH v

—EM is about 1 eV, to
obtain,

IJH —Ez =AE=1+4kT-1.2 eV at 550 K . (7)

The estimate that pH is about 0.6 eV above EH in a-Si:H
indicates that E& is approximately 0.6 eV below EH. The
two conditions for optimum growth are met, provided
that the Si-H band is not too broad. The observation that
the a-Si:H films are of good quality over a substantial
range of deposition conditions indicates that hE is indeed
large compared to the width of the Si-H band.

There is a substantial uncertainty in the numerical
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FICx. 2. Temperature dependence of the energies E& and pH,
showing the range of deposition temperatures which result in
low density material.
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FIG. 3. Illustration of the hydrogen density of states for a-
Si:C:H {type 1) and a-Si:Ge:H (type 2) alloys, showing the
different hydrogen bonding states.

TABLE I. Bond strengths of various hydrogen bonds and
SiF (Refs. 8 and 15).

Bond
Bond

strength

under the same conditions as for optimal a-Si:H. A
broad distribution of weak bonds occurs because of the
extra bonding disorder, and these tend to suppress pH
and lead to high Si dangling-bond density. Carbon dan-
gling bonds are not expected in the alloys because the
C—H states lie well below pH. A continuous deteriora-
tion of the electronic properties is expected in the alloys
because the fraction of nonequilibrated hydrogen in-
creases with carbon concentration.

The experimental observations support the proposed
model. The infrared spectra of a-Si:C:H alloys indicate a
high density of CH2 and CH3 groups which are presumed
to be formed during growth and remain because the hy-
drogen cannot equilibrate. The equivalent SiH2 and
SiH3 groups are observed in a-Si:H films grown at low
temperature' and seem to be characteristic of kinetically
limited growth structures. These bonding groups may
reAect the deposition gas radicals which are unable to
cross link because there is insufficient thermal energy to
break the Si—H bonds. The valence-band tail of the
type-1 alloys are broad, rejecting the additional disorder
due a nonequilibrium structure, and the predominate de-
fects are Si dangling bonds. The observed linear in-
crease in the band tail slope with carbon concentration is
consistent with Eq. (2). In addition, annealing studies
find structural relaxation at elevated temperature, similar
to that for a-Si:H grown at low temperature.

Of the three alloy elements, C, 0, and N, the N—H
bond is closest in energy to the Si—H bond (see Table I).
The model therefore predicts that a-Si:N:H is the type-1
alloy which is easiest to deposit with good electronic

properties. This material is indeed commonly used as a
dielectric in thin-film transistors, in part because it has a
relatively low defect density. On the other hand, it is well
established that Si02 can be made as a much better
dielectric with an extremely low defect density. Howev-
er, the deposition conditions needed to obtain good-
quality plasma-deposited SiO2 (e.g. helium dilution) ' ap-
parently do not involve significant hydrogen reactions.
The present model only makes predictions about the
properties of the films when growth is controlled by the
hydrogen reactions, and does not preclude a better
growth structure resulting from a different set of plasma
reactions. The model also predicts how the structure of
the type-1 alloys may be improved. The requirement to
reduce Ez without changing pH may be achieved by rais-
ing the growth temperature and simultaneously diluting
the plasma with hydrogen. This change in deposition
conditions is found to improve a-Si:C:H alloys.

B. Type-2 alloys

a-Si:Ge:H is an example of the second type of alloy
(type 2) in which the Ge—H bond is weaker than Si-H
and therefore lies at higher energy in the density of states
(see Fig. 3). In this case the same deposition conditions
as for a-Si:H avoid the kinetic limitation, and a large
broadening of the band tails is not expected. On the oth-
er hand, the Ge—H bonds are at sufficiently high energy
that they intersect the chemical potential and therefore
should result in many Ge dangling-bond defects, but few
Si dangling bonds. Experiments again confirm these pre-
dictions. Alloying does increase the Ge dangling-bond
density, often to above 10' cm, while the Si dangling-
bond density remains low, and the alloys can be grown
with a band tail slope no larger than 70 meV. Improved
a-Si:Ge:H material should result from raising the H
chemical potential above the Ge-H bands, for example,
by hydrogen dilution of the plasma, and this process has
indeed been shown to improve the Si-Ge alloys in some
reports. However, the assumption of a minimum disor-
der of the network implies that the weak-bond distribu-
tion overlaps the Ge-H bands and cause a high defect
density irrespective of the energy of pH, as indicated in
Fig. 3. It may not be possible to grow low defect density
Ge-rich alloys. Growth of optimal Si-Ge alloys requires
careful control of pH, and should be grown as close as
possible to the conditions for the transition to microcrys-
tallinity (see below).

Thus, both types of alloys tend to have higher defect
densities than a-Si:H, but with characteristically different
material properties. Type-1 materials have Si dangling
bonds and broadband tails, while type-2 materials have
dangling bonds of the other alloy element, and a narrow-
band tail distribution.

Si—H
C—H
Ge—H
N—H
0—H
Si—F

3 ~ 3 eV
4.3 eV
3.0 eV
4.1 eV
4.8 eV
5.6 eV

C. Halogen substitutes for hydrogen

Another group of alloys to which the model can be ap-
plied are those containing halogen substitutes for hydro-
gen (e.g. , a-Si:F:H). The replacement of hydrogen with
fluorine is common, and in some cases is reported to im-
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prove the material. However, films with more F than H
are of poor electronic quality. ~ Fluorinated a-Si:H has
the properties of a type-1 alloy, since the Si-F band lies
far below Si-H in a combined hydrogen and fluorine den-
sity of states. The redistribution energy Ez therefore lies
above the Si-F band under typical growth conditions.
Provided the fluorine content is sufficiently low (perhaps
up to 20% of the hydrogen), the inability of the bonded
fluorine to equilibrate may not degrade the structure
significantly. However, the structure is kinetically limit-
ed at high F concentrations and therefore characterized
by a high Si dangling-bond density and broadband tails.
SiF2 and SiF3 bonding structures are expected to result
from the kinetically limited Si—F bonds, and these have
been observed in the films.

D. Elemental amorphous materials

The differences between the elemental hydrogenated
amorphous semiconductors a-C:H, a-Si:H, and a Ge:H
can also be considered using the same approach. The
HDOS of these materials are shown in Fig. 4. Assuming
that these materials have similar minimum weak-bond
distributions, then the model predicts that a-Ge:H intrin-
sically has the highest defect density of the three materi-
als, because of the larger overlap between the weak bonds
and Ge-H bands. The lowest defect densities reported for
a-Ge:H are about 5X10' cm, even with careful con-
trol of the hydrogen dilution of the plasma. Although
this reasoning suggests that a-C:H should have an even
lower defect density than a-Si:H, the optimum growth
temperature also increases across this composition se-
quence and is highest in a-C:H because of the strong C-
H bonds. The increased growth temperature potentially
increases the defect density because of the activated term
in Eq. 4, but the actual defect density also depends on the
position of the chemical potential and is dificult to pre-
dict because of the two offsetting effects. Experiments
find that a-C:H can be made with as low a defect density
as a-Si:H. The model indicates that high-temperature
growth with a high hydrogen dilution are the optimal
deposition conditions. However, the model does not ad-
dress the possibility of graphitic bonding in a-C:H films
and its effect on the materia1 properties.

E. Plasma-deposited crystalline films

III. RELATION TO THE WEAK-BOND MODEL

The model presented in this paper associates the equi-
librium defect densities with the position of the hydrogen
chemical potential in the H density of states [Eqs. (4) and
(5)]. Previously the defect density has been successfully
explained by the weak-bond model, ' ' which describes
the defect-formation energy UD in terms of electronic
states in the band gap,

UD —ED —Ey~, (8)

where ED is the gap state energy of the defect and Ev~ is
valence-band tail energy associated with the weak bond.
At first sight there seems to be no connection between
these models, since one relates the defect-formation ener-

gy only to the gap states without involving hydrogen,
while the other relates the defects to hydrogen bonding
energies without considering the electronic states.

The two models are, however, closely related. Consid-
er, for example, the chemical reaction

The final application of the model to be considered is
the growth of polycrystalline films from a hydrogen plas-
ma. The transition from amorphous to crystalline
growth induced by the high dilution of silane by hydro-
gen in the plasma is attributed in the model to a chemical
potential which is high up in the weak bond band. ' The
crystalline structure occurs because the weak-bond distri-
bution of the amorphous phase is unstable to hydrogen
reactions. Crystalline films are expected to occur most
readily at the lowest temperature at which the kinetic
limit is avoided, because further increase of temperature
reduces the hydrogen chemical potential, according to
Eq. (3). We therefore expect that the optimum growth
temperatures of both amorphous and crystalline phases
are similar. The same arguments should apply to silicon
films and to diamond, which is also deposited from a
hydrogen-rich plasma. Diamond thin films are typically
grown at 600 C or above, compared to about 250'C for
microcrystalline silicon. The higher temperature is con-
sistent with the stronger C—H bond compared to Si—H
and suggests that a similarly high temperature should be
used to grow optimal a-C:H and possibly also a-Si:C:H
alloys.

Si—H+(Si—Si) „q~~Sio+SioH—Si; 2UD (9)

EM

a-Ge:H

Eil

a-C:H

Hydrogen Density of States

FIG. 4. Illustration of the hydrogen density of states for the
elemental hydrogenated semiconductors, a-Ge:H, a-Si:H, and
a-C:H.

where Si~ represents a dangling-bond defect and 2UD is
the energy of the reaction. The reaction corresponds to
the excitation of hydrogen from the Si-H band into the
weak-bond states in the HDOS of Fig. 1. The reaction
equally corresponds to the conversion of a weak bond
into two dangling bonds. Street and Winer showed that
the assumption of the weak-bond model that only elec-
tronic energies contribute to the defect-creation energy
[Eq. (8)] allows a mapping of the electronic density of
state onto the HDOS. '

Figure 5 compares the two density of states distribu-
tions and illustrates the relation between the energies as
reaction (9) proceeds. The HDOS is taken from Fig. l
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also allow a mapping between the two density-of-states
distributions.

The situation in the alloys is further complicated. The
weak bond model predicts that the defect densities are
different in the alloys, because of the change in band gap
energy and of the gap state energy levels of different types
of defects. For example, in a-Si:Ge:H alloys, the Si and
Ge dangling bonds have formation energies

UD(Si) =Eve —En(Si~ ), UD(Ge)+EvB =ED(Gee) .

= N(E)

FIG. 5. Illustration of the mapping between the HDOS (left)
and the electronic DOS (right) based on the assumptions of the
weak-bond model. The lines show the relation between the
states for the defect-creation mechanism defined by reaction (9).
Solid lines are the left side of reaction (9) [Si-H+(Si—Si)„„z],
and dashed lines are the right side (Si+ Si—HeSi).

and the electronic DOS is the usual description of a-Si:H,
with localized band tails and a defect state in the gap.
The Si—H bond has electronic states deep in the valence
band, while the Si-Si weak bonds are associated with
valence-band tails states. The bond contains two elec-
trons and corresponds to two levels in the one-particle
electronic DOS. The release of hydrogen from Si-H con-
verts this state into a dangling-bond defect with electron-
ic states in the gap. The insertion of the hydrogen into
the weak bond splits the two energy levels; one becomes a
dangling-bond defect and the other an Si—H bond. (It is
assumed that the H bonding is very asymmetrical in a
sufficiently weak bond. ) The different energy-level split-
tings for the states is indicated in Fig. 5, from which the
total energy of the reaction is UD+E2 —E& which equals
2UD, provided that the Si—H bonds on the two sides of
the reaction have similar energies.

The mapping of the hydrogen and electronic DOS dis-
tributions follows from Eq. (8) and depends on it being
correct. The expression for the defect-formation energy
neglects the contributions to UD from the changes in the
other bonding electrons and from the ion-core interac-
tions. In particular, the model depends on the assump-
tion that the Si—H bonds in the two configurations are
similar. It is not obvious that this should be the case, al-
though the bonds may not be significantly perturbed by
their surroundings if the Si—Si bond is suKciently weak.
Although the weak-bond model gives a good quantitative
description of the defect density, the assumptions have
not yet been verified by theory.

The HDOS model describes the formation of two de-
fects, while only one defect is involved in Eq. (8). Thus,
the slope of the assumed exponential distribution of weak
bonds is twice that of the valence-band tail, as was noted
in Sec. II. Reaction (9) is not the only possible model for
hydrogen-induced defect creation. ' Other mechanisms
in which hydrogen reacts with weak bond to form defects

Evn —ED(Si~ ) presumably decreases upon alloying with
germanium, because of the shrinking of the band-gap en-
ergy, which moves the band edge closer to the defect
state, and suggests that the Si dangling-bond density
should increase. The model predicts that Ge dangling-
bond density is larger than the Si density provided that
the Ge defect level is closer to the valence band than
Si~.

The shrinking of the gap with alloying is not included
in the HDOS description of the defect creation. Instead
the difference between the Ge and Si defect density are
related to the different binding energies of Ge-H and Si-
H, rather than to the different gap state energies. Fur-
ther, neither model makes a distinction between the
different possible types of weak-bond states (i.e., Si-Si,
Ge-Ge, and Si-Ge). These may have different energies in
the HDOS and also different energies in the valence-band
tail states, which would affect both the calculations of the
defect densities. The simple model which allows a map-
ping of the gap state energies onto the HDOS does not
seem to apply to the alloys. A much more detailed
knowledge of the bond energies and their associated gap
states is needed to clarify the relation between the two
models.

IU. CONCLUSIONS

The model described here attributes the lower electron-
ic quality of a-Si:H-based alloys to the presence of
different hydrogen binding energies to the alloy elements.
This makes it dificult to achieve the necessary conditions
of almost full occupancy of the H bonding sites and
suf.Iicient mobility of the hydrogen to equilibrate the
structure. Type-1 alloys are those with elements having a
stronger hydrogen bond than Si-H. The kinetic limit im-
posed by the slower migration of hydrogen causes a dis-
order broadening of the weak bonds and extra silcon dan-
gling bonds. Type-2 alloys have weaker hydrogen bonds,
and are less susceptible to a kinetic limitation to the
structure. However, the H bonding band tends to over-
lap with the weak-bond distribution, resulting in a large
dangling-bond density, but of the alloy element rather
than silicon.
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