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Energetics of hydrogen in amorphous silicon: Anab initio study
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Using ab initio density-functional calculations, we investigate the energetics of hydrogen in amorphous
silicon. We compare a hydrogen atom at a silicon bond center site ina-Si to one inc-Si. In addition, we
identify the energetics of the dominant traps for H ina-Si. The present calculations are used to elucidate many
experiments and concepts regarding hydrogen in amorphous silicon including the role of H in equilibrium
electronic defect formation.@S0163-1829~98!09119-X#
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I. INTRODUCTION

Large concentrations of hydrogen~5–15 %! are needed to
grow device quality films of amorphous silicon (a-Si:H!.
Hydrogen plays an important role in passivating electro
defects. The incorporation of hydrogen lowers the concen
tion of both the midgap states~by a factor 103 or more! and
band tail states. However, hydrogen can also be a sourc
defects. For instance, ina-Si:H, the motion of hydrogen is
linked to the generation of intrinsic and metastable midg
electronic defects.1–4 Determining the relationships of hydro
gen to electronic defects is possible only if the mechanis
and energetics for H bonding and diffusion are well und
stood.

The details of hydrogen transport and bonding in am
phous silicon have been discussed extensively in
literature.5–12 Network disorder leads to a broadening of t
energy levels.8–10 Therefore, it is appropriate to use a
density-of-states model9 where the hydrogen chemical pote
tial energy would determine the occupancy of various hyd
gen binding states. However, recent work suggests that
discrete trapping levels in Fig. 1 are sufficient to descr
many aspects of H bonding and diffusion.7 The quantityEa
in Fig. 1 is the activation energy for long-range diffusion,Em
is the average migration barrier as H moves along the tra
port levels, andDE is the energy difference between th
deep and shallow trap levels. For intrinsica-Si:H, a large
number of studies report that the activation energy (Ea) is
1.4–1.6 eV.6–8 Fewer studies produce estimates forEm and
DE, finding Em.0.5 eV ~Refs. 8 and 11! and DE.0.4
eV.8,12 In addition, the microscopic structures responsible
the three trapping levels are not fully understood. Stud
suggest that transport level diffusion ina-Si is similar to H
diffusion in c-Si with the bond center site being the transp
level.8,11 Regarding the shallow trap level, several stud
indicate that the shallow traps are formed when hydro
atoms break weak silicon bonds to form covalent S
bonds.8,13,14However, the mechanisms and energetics of
H insertion are not well understood. Besides passiva
weak bonds, hydrogen also passivates isolated coordina
defects. These isolated defects constitute the deep traps
in a-Si:H. In addition, the mechanisms for intrinsic an
570163-1829/98/57~20!/12859~10!/$15.00
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metastable defect formation are still controversial. The
fects are argued to be unpassivated isolated dang
bonds,4,9,15 weak bonds broken by one hydrogen atom,10 or
overcoordinated bonds.16,17 The limits to the understanding
of the role of hydrogen ina-Si are due in part to the lack o
reliable theoretical calculations for the energetics of hyd
gen in amorphous silicon.

Several structural models for hydrogenated amorph
silicon have been developed.18–23 Recently, for four of the
a-Si:H structural models,18,20–22we calculated several prop
erties ~structural properties, hydrogen vibrational spect
electronic gap, etc.! and compared our results with the r
spective experimental observations.13 Although the model
from Ref. 21 was produced fromab initio molecular dynam-
ics, the final model had an unrealistically high number
coordination defects as discussed in Refs. 13 and 22.
models from Refs. 18 and 20 were the most realistic with
coordination defects and other properties in reasonable
experiment. For the present calculations of the energetic
H in amorphous silicon, we use the model developed
Guttman and Fong~see Ref. 20!.

FIG. 1. Energy levels relevant to H ina-Si. See the text for
details.
12 859 © 1998 The American Physical Society
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12 860 57BLAIR TUTTLE AND JAMES B. ADAMS
TABLE I. Tests of convergence for H inc-Si. The binding energies~in eV!, as defined in the text, are
reported for H at a bond center site and H at a hydrogenated vacancy. The calculations show that calc
with Ec516 Ry and one high-symmetry point are converged to within 0.1 eV. The reference ene
chosen as the binding energy for a H bond center in column 2. Column 4 is equal to column 3 minus colu
2. DE5Hdb2HBC .

Energy Ec518 Ry, 8k points Ec516 Ry, 1k point d

E (HBC) 0.00 10.69 10.69
E (Hdb) 22.19 21.57 10.62
DE 22.19 22.26 20.07
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Ab initio methods have been used to calculate the e
getics of H inc-Si and the results have been applied to H
a-Si;8,9 however,ab initio calculations for the energetics o
H in a-Si have not been performed previously. Previo
studies of H in a-Si, based on semiempirical11,24 or
approximate13,22 theoretical methods, were limited in scop
and a consistent picture of H bonding and diffusion did n
emerge. In several studies9,11,24–26only single Si-H bonds
were considered. In these studies, no consideration
given to the possibility that a strained Si-Si bond could
broken to form two Si-H bonds. Not considering the clu
tered Si-H bonds as a distinct phase makes it difficult
these studies to be consistent with a variety of experime
results. For instance, if only single Si-H bonds exist
a-Si:H, then as H evolves the dangling-bond concentrat
should be roughly equal to the evolved H concentrati
However, it has long been observed that the dangling-b
concentration during evolution experiments stays orders
magnitude smaller than the evolved H concentrations.5,14

A specific model for Si-H clusters, based onab initio
calculations for H2* in c-Si, is discussed in Ref. 8. The H2*
model involves a~Si-H Si-H! configuration where one H
atom is in a bond center site and one is in an anti-bond
site. A survey of severala-Si:H structural models did no
find any structures similar to H2* , but instead found hydro
gen clusters similar to a hydrogenated vacancy where
some cases a strained Si-Si bond would form upon the
moval of two hydrogens.13 The energetics of these clustere
hydrogens were calculated in Ref. 13 but, as noted by
authors, the approximate method used prevented quantit
analysis. For instance, the energy of the clustered hydrog
relative to either an H2 molecule or a bond centered hydr
gen atom could not be determined. The present calculat
will quantify the trends found in Ref. 13.

The rest of this paper is as follows. In Sec. II we pres
the calculational details including a discussion of thea-Si:H
model that we use. In Sec. III we report our results for
energetics of bond centered H and the hydrogenated vac
in c-Si. In Sec. IV our results for bond centered H ina-Si:H
are presented. In Sec. V covalent~Si-H! binding ina-Si:H is
examined. In Sec. VI we discuss our results in the contex
a variety of experiments ina-Si:H. We draw our conclusions
in Sec. VII.

II. CALCULATIONAL DETAILS

In this work we carry outab initio total-energy calcula-
tions using a self-consistent, spin-averaged implementa
of density-functional theory~DFT! within the local-density
r-

s

t

as
e
-
r
al

n
.
d

of

g

in
e-

e
ive
ns

ns

t

e
cy

f

n

approximation~LDA !.27 We use norm-conserving, nonloca
pseudopotentials developed by Troullier and Martins.28 For
the pseudopotentials, core radii of 2.25 and 0.2 Å are u
for silicon and hydrogen, respectively. For the exchan
correlation potential in the LDA, we employ the establish
results of Ceperley and Alder29 as parametrized by Perde
and Zunger.30

For H in c-Si, periodic supercells with simple cubic sym
metry are employed. Using the theoretical lattice consta
the cell length is 10.8 Å. The initialc-Si cell includes 64 Si
atoms. Integrations over the first Brillouin zone are replac
by summations using a 23232 sampling that, depending o
the symmetry of the configurations involved, reduces to 1
high-symmetryk points in the irreducible wedge.31 For the
plane-wave basis, a cutoff energy ofEc518 Ry is found to
be sufficient. For the calculations of interest, the abo
implementation of DFT is well converged and similar impl
mentations have been widely used to investigate H in b
c-Si.32,33

Since oura-Si:H model is large and has no symmetry,
more efficient implementation of DFT is desirable. For o
calculations of H ina-Si:H we modify our DFT LDA imple-
mentation as follows. Brillouin zone sampling is limited
onek point at ~0.5,0.5,0.5! and for the plane-wave basis a
energy cutoff ofEc516 Ry is used. Test calculations for H
in c-Si were performed and are reported in Table I. Althou
the absolute energies differ by over 0.5 eV, the relative
ergy of a three-center bond~Si-H-Si! versus a Si-H bond is
less than 0.1 eV from the converged results. Moreover, w
comparing the energetics of a Si-H-Si bond inc-Si versus
a-Si:H, the errors should be smaller still. For all calculation
we employ a conjugate gradient geometric minimizati
scheme to allow all the atoms to relax until each compon
of every atom’s force is less than 0.1 eV/Å.

Starting from thea-Si:H model developed by Guttma
and Fong in 1982,20 we relax the coordinates and the lattic
constant using theab initio method described above. A ba
and stick representation of the model is presented in Fig
The model includes 54 Si and 6 H atoms giving a H content
of 10%, which is consistent with device quality glow di
charge films. The model has no coordination defects and
been found to be the best model of its size.13 The average
silicon bond length is 2.35 Å, which is 0.02 Å longer tha
the silicon bond length inc-Si and the average silicon bon
angle is 109.5°, the same as inc-Si. The fully relaxed
Guttman-Fong model, at essentially 0 K, is found to ha
low network disorder with a root-mean-square silicon bo
angle ~and length! deviation of 6.2°~and 0.042 Å!. These
results are somewhat smaller than the results from exp
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57 12 861ENERGETICS OF HYDROGEN IN AMORPHOUS . . .
ments performed at room temperature which include ther
as well as intrinsic contributions network disorder. To o
knowledge, neither the bond length nor the bond angle
order has been measured near 0 K. The Guttman-Fong m
is relatively small~with 10.4 Å per side! which should over-
constrain the network. Strained bonds show up as local
band tail states in real films. However, in such small sup
cells, band tail states will hybridize to become delocaliz
having only the effect of reducing the electronic band g
Although the model has the largest gap of the publish
a-Si:H models, the gap is smaller than in device qua
films.34

Next, we will briefly discuss two important and wel
known shortcomings of density-functional theory~LDA !
within the local-density approximation~LDA !. First, the
LDA is not appropriate for systems where the charge-den
gradients are large. Thus the LDA tends to overbind so
relative to molecules and atoms. For instance, cohesive
ergies are over 10% too large for semiconductors such
silicon.35 Although the binding energies of small molecul
have not been systematically studied, results suggest tha
LDA overbinds molecules relative to atoms. Using a
electron, local orbital calculations with the commercial pac
ageGAUSSIAN94, we find H-H and H-SiH3 LDA binding en-
ergies to be only 3–5 % larger than experiment.36 These
results are consistent with the pseudopotential, plane-w
calculations by Van de Walle.33 In constrast, Perdewet al.37

studied more complicated hydrocarbons and found that
LDA gave atomization energies 10–15 % too high. To co
pensate for these shortcomings, extensions of the LDA
cluding gradient corrections have been developed by a n
ber of researchers including notably Perdew and Wan38

whose PW91 functional is perhaps the best currently av
able. Using PW91, Perdewet al.37 find the atomization en-
ergies for hydrocarcon molecules to be only 2–4 % hig
than experimental results improving upon the LDA resu
Also, hydrogen dissociation barriers@H2 from Si~100!:H sur-
faces~Ref. 39! or H exchange with H2 ~Ref. 40!# are greatly
improved with gradient corrections to the LDA. In gener

FIG. 2. Ball and stick representation of the model used for
calculations. The periodic cell has been partially repeated in
horizontal direction. The larger circles represent silicon atoms
the smaller cirles represent hydrogen atoms.
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using PW91 will give better energetics; however, we fi
that PW91 overcorrects the binding energies of H-H and
SiH3, giving results 3–4 % below experiment.36 Since we are
primarily interested in the relative binding energies of Si
bonds ina-Si, we conclude that the LDA will be appropriat
and extensions of the LDA such as PW91~Ref. 38! will not
necessarily improve the results.

Another well-known shortcoming of DFT LDA calcula
tions is that conduction-band states, although qualitativ
correct, are shifted down in energy. For instance, the LD
band gap for silicon is 0.5–0.6 eV compared to the exp
mental result of 1.13 eV.35 This error should not effect cal
culations in which conduction-band levels remain unoc
pied since unoccupied bands do not contribute to the t
energy of the system. The accuracy of total-energy LD
calculations for systems including occupied band-gap de
levels has garnered some attention in the literature.32 We will
discuss these issues in the relevant section below~Sec.
VI D !. Unfortunately, extensions beyond the LDA, such
PW91, do not improve on the DFT LDA band-gap result.35

Finally, the uncertainties of our calculated energies
similar in magnitude to those of the measured values w
which we compare. The sources of uncertainty fall into th
main categories. First, our implementation of DFT within t
LDA has some uncertainty associated with it.32 Also, be-
cause of limitations of the LDA, we can only be qualitativ
in our discussion of electronic gap states.34 The second
source of uncertainty is from the relatively small model w
use to approximate the amorphous silicon network. The
crease in network strain will mostly affect the relaxation e
ergetics. The third source of uncertainty involves the sm
number of bonded H atoms examined. The model has o
six covalent Si-H bonds, which prevents a statistical analy
of the Si-H binding energetics. In addition, the distribution
binding sites in the model cannot fully represent the act
distribution. For relative trapping energies ina-Si:H, we es-
timate 60.2 eV to be the uncertainty in our calculation
Despite the uncertainties involved, the present study qua
fies the effects of the disordered network and provide
microscopic picture of important mechanisms for hydrog
bonding and diffusion ina-Si:H.

III. HYDROGEN IN CRYSTALLINE SILICON

The calculations for H inc-Si reported below have in par
been previously performed by Van de Walle33 using a
smaller 32-atom supercell. Binding energies are typically
ported as positive if bonding is favored. In these calculatio
we will report energies relative to the bond energy of a
atom at a silicon bond center site inc-Si. LetE(X) designate
the total relaxed energy of supercell labeledX; then the bond
energy for H at a silicon bond center site (HBC) in c-Si is

Ebond~HBC
c2Si!5E~c2Si1HBC!2E~c2Si!. ~1!

Using this convention, the bond energy of one~Si-H! bond at
a hydrogenated vacancy is given by

Ebond5@E~VH4!2E~VH3!#2Ebond~HBC
c2Si!, ~2!

where VH4 represents a fully hydrogenated vacancy a
VH3 represents a vacancy where three of the four dang
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12 862 57BLAIR TUTTLE AND JAMES B. ADAMS
bonds are passivated by a H atom. We have chosen the sig
such that a negative value of the bond energy represen
bound state relative to HBC . Some caveats to Eq.~2! are
discussed in Ref. 41. We find the bond energy of Si-H a
hydrogenated vacancy to be22.04 eV ~row 2 in Table II!,
which is close to22.13 eV as calculated by Van de Walle.33

We have also calculatedE(V), the energy of a relaxed va
cancy. Our value for the formation energy of a silicon v
cancy relative toc-Si is 3.51 eV, which is consistent wit
other values found in the literature~see Refs. 42 and 43 an
references therein!. The average bond energy for the Si-
bond at a vacancy can be defined as

Ebond5FE~VH4!2E~V!

4 G2Ebond~HBC
c2Si!. ~3!

The average bond energy for Si-H at a vacancy is 1.93
where Jahn-Teller–like silicon reconstructions43 account for
the average being higher than the single Si-H binding
ergy. We find that the energy per reconstructed bond is 0
eV. The above results are included in Table II, which will
discussed below in the context of our calculations for H
a-Si.

IV. BOND-CENTERED HYDROGEN
IN AMORPHOUS SILICON

Because of disorder, the structure and energetics of
H-Si bonds ina-Si vary from site to site. In order to captur
this variation, we examined 13 bond center sites. Sincea-Si
has no crystallographic symmetry, the bond center site is

TABLE II. Energies for H at analagous sites inc-Si anda-Si.
(Si-H)C represents Si-H bonds that are clustered. Inc-Si, the cluster
is a hydrogenated vacancy.

Energy~eV!

Site c-Si a-Si

HBC 0.00 20.21
(Si-H)C with Si-Si 21.93 21.25
(Si-H)C without Si-Si 22.04 21.79
a

a

-

,

-
5

i-

ot

unambiguously defined. Also, the Si-H-Si bond may not b
stable configuration. For the 13 sites examined, we fi
placed the H midway between a Si-Si bond and then allow
all the atoms to relax. Below we examine the structure,
ergetics, and electronic structure of HBC in a-Si.

First, the structural properties of HBC in a-Si are similar
to those of HBC in c-Si. In c-Si, our results indicate that th
relaxed Si-H bond length is 1.58 Å and the Si-H-Si bond
linear with a bond angle of 180°. Ina-Si, the average bond
length ~bond angle! is 1.66 Å (163.9°) with 0.02 Å (8.8°)
being the root-mean-square deviation. In Table III we rep
both the Si-H bond lengths and the Si-H-Si bond angle for
13 cases examined. There are only three sites whose
configuration suggest that a three-center bond may not h
formed. In one case~site 10 in Table III!, the Si-H-Si bond
angle ~at 137.9°) diverges significantly from 180°; in an
other~site 12 in Table III!, one Si-H bond length~at 1.56 Å!
is significantly shorter than the other~at 1.78 Å!; in the third
and exceptional case~site 13 in Table III!, both of the above
conditions hold. In the two cases where the Si-H-Si bo
angle is less than 140°, it may be possible that a weak S
bond persists after we insert the H atom. However, in b
cases the final Si-Si distance is over 3.0 Å, which is inco
sistent with silicon bonding.13 In all 13 cases, the initial Si-S
bond is broken by the H atom and, as will be discuss
below, the electronic structure is similar to a three-cen
bond ~Si-H-Si!. Fedders25 also inserted H into silicon bond
using a high-qualitya-Si:H model. However, he found tha
two of eight attempts failed to produce a three-center bo
which is somewhat contrary to our results. These differen
may be attributed to the approximate calculational meth
used by Fedders.25 Moreover, the method has recently be
shown to overestimate the Si-Si strain energies13 so the Si-
H-Si bond will be more sensitive to the network strain; the
fore, the Si-H-Si bond will be less likely to form in case
were the local network strain is compressive in nature. O
results suggest that the three-center bond ina-Si is a locally
stable configuration.

In Table III we also report relaxed bond energies for HBC
in a-Si given by

Ebond5@E~a-Si1HBC!2E~a-Si!#2Ebond~HBC
c-Si!, ~4!
TABLE III. Details of the calculations of H at bond center sites ina-Si.

Site Ebond ~eV! dSi-Si
init ially ~Å! dSi-H ~Å! QSi-H-Si ~deg!

1 20.50 2.46 1.74, 1.65 173.7
2 10.01 2.33 1.69, 1.65 173.6
3 20.23 2.36 1.60, 1.71 151.3
4 20.16 2.33 1.68, 1.60 162.6
5 20.03 2.31 1.60, 1.69 160.8
6 20.28 2.34 1.63, 1.63 172.9
7 20.35 2.39 1.68, 1.68 169.7
8 20.14 2.33 1.64, 1.64 174.5
9 20.19 2.34 1.65, 1.61 177.2
10 20.33 2.34 1.66, 1.66 137.9
11 20.31 2.38 1.67, 1.73 171.4
12 20.22 2.29 1.56, 1.78 169.5
13 20.03 2.30 1.56, 1.74 132.2
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57 12 863ENERGETICS OF HYDROGEN IN AMORPHOUS . . .
wherea-Si designates the Guttman-Fong model. The bo
energies range from10.01 to 20.50 eV. We find that the
average HBC bond energy, for H in the neutral charge sta
is 20.21 eV ~also reported in Table II! with a standard de-
viation of 0.05 eV. Fedders25 reports an average bond ener
of 20.52 eV and a bond energy range of 1.0 eV. The stu
of Li and Biswas24 was not directly aimed at calculating th
average HBC in a-Si relative toc-Si. However, for silicon
bond lengths similar to those reported here, the results
Ref. 24 indicate a bond energy range of nearly 2.0 eV. Si
all a-Si:H models are of similar quality, quantitative diffe
ences may be attributed to the approximate methods use
Refs. 24 and 25.

The first two columns of data from Table III are report
in Fig. 3 where along thex axis is DR, the silicon bond
length ina-Si relative to 2.33 Å~the bond length for silicon
bonds inc-Si!. For the longest Si-Si bond length examin
~2.46 Å!, the HBC bond energy is20.50 eV, which corre-
sponds to20.38 eV per 0.1 Å increase in bond length, a
suming ay intercept at 0.0 eV. This result appears to
consistent with the20.4 eV per 0.1 Å increase in bon
length reported by Van de Walle and Nickel.44

To examine these results more closely, we also fit the
data points in Fig. 2 to the line given by

E~DR!5E02aDR, ~5!

FIG. 3. Energy~in eV! of H at bond center sites verses the bo
length relative toc-Si.
d

,

y

of
e

in

-

3

whereE0 is the bond energy atDR50, a is a constant in
units of eV/Å, andDR is the difference from thec-Si bond
length ~in angstroms!. We find E0520.1760.03 eV anda
52.660.6 eV/Å. The error bars indicate the 95% confiden
of the linear fit. These results contradict the results of Li a
Biswas,24 who found E050.0 eV anda;6.3 eV/Å; how-
ever, it should be noted that the study of Li and Biswas w
more concerned with cases whereDR.0.1 Å, whereas all
but one of our calculations are forDR,0.1 Å. Closer to our
results are the results of Van de Walle and Nickel,44 who
usedab intio DFT LDA calculations to examine the energ
of H in strained Si-Si bonds in ac-Si environment. They
found E050.0 eV ~by construction! and a54.0 and 4.6
eV/Å for the bond angle and bond length strain, respective

Similarly to HBC in c-Si, for all 13 cases, we find the HBC
in a-Si has a donor state near the conduction-band ed
which is consistent with the results in Refs. 24 and 44. F
all 13 final configurations, the deconvolution of the eige
vectors was calculated. In all cases except one~site 13 in
Table III!, the donor state that resulted from the HBC is lo-
calized on the two Si atoms and one H atom that form
three-center bond. The exceptional case~site 13 in Table III!
is associated with a Si-H-Si structure where the bond is
from linear and one Si-H bond is 1.56 Å with the other Si-
bond length being rather long~1.78 Å!.

V. COVALENTLY BONDED HYDROGEN
IN AMORPHOUS SILICON

As previously mentioned, there are six covalently bond
hydrogen in the Guttman-Fonga-Si:H model. All six hydro-
gen atoms interact with at least one other hydrogen atom
the degree of H-H interaction is unique in each case. For
relaxed hydrogenated vacancy inc-Si, each hydrogen atom
is 1.8 Å from three other H atoms. In thea-Si:H model, each
hydrogen atom is 2.0–2.8 Å from one or two other H atom
Information regarding the six covalently bonded hydrog
atoms is presented in Table IV. In columns 4 and 5 of Ta
IV, the number and distance of nearby H atoms are repor
By comparing NMR linewidths of the H atoms in th
Guttman-Fong model with the linewidths measured by
NMR experiments, we find that three of the H atoms~at sites
1, 2, and 3 in Table IV! are bonded in a manner comparab
to the clustered phase hydrogens in device qualitya-Si:H.13

In Fig. 2 these three hydrogen atoms are the second, th
and fourth hydrogen atoms from the bottom of the pictu
The bonding of two of the other three H atoms~at sites 4 and
TABLE IV. Details of the calculations of Si-H bonds ina-Si.

No. of H atoms nearby

Site Ebond ~eV! dSi-H ~Å! dH-H,2.5 Å 2.5 Å,dH-H,3.0 Å

1 21.84 1.54 2 0
2 21.81 1.54 1 1
3 21.71 1.54 1 0
4 22.01 1.56 0 1
5 22.05 1.56 0 1
6 21.48 1.55 0 1
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12 864 57BLAIR TUTTLE AND JAMES B. ADAMS
5 in Table IV! are more representative of isolated Si
bonds.

Similarly to our calculations for the hydrogenated v
cancy in c-Si, we have investigated the binding of sing
Si-H bonds by removing one H atom at a time from t
a-Si:H model and then fully relaxing the structures. T
bond energies (Ebond) for all six hydrogen atoms are re
ported in Table IV, where

Ebond5@E~a-Si!2E~a-Si21H!#2Ebond~HBC
c-Si!. ~6!

Three of the hydrogen atoms at sites 1, 2, and 3 in Table
were notably higher in energy~at 21.84, 21.81, and
21.71 eV, respectively! than two H atoms at sites 4 and 5~at
22.01 and22.05 eV, respectively!.40 The H atom at site 6
was highest in energy (21.48 eV! and is discussed sepe
ately. In contrast to our results, Fedders25 calculates Si-H
bond energies between22.03 and23.06 eV;40 again, dif-
ferences may be attributed to the approximate method u
by Fedders.25 For cases 1–5 in Table IV, removing one h
drogen left an undercoordinated silicon atom and the mid
electronic defect level was occupied by one electron. T
defect state issp3 in character and is highly localized on th
silicon dangling bond. The average binding energy (21.79
eV! of sites 1–3 are reported in Table IV in row 2 label
(Si-H)C without Si-Si, which is short for a clustered Si-
bond without Si-Si bond reconstructions; this value ina-Si is
0.3 eV lower than inc-Si.

For case 6 in Table IV, breaking the Si-H bond caused
Si atom to bind to a nearby Si atom, making the latter fiv
fold coordinated; moreover, a mid-gap defect level form
The eigenstate is localized on the five neighbors of the o
coordinated Si. The silicon from which the H atom was
moved has the largest localization. Interestingly, one of
five neighbors has a defect charge density that is loc
d-like in character. The defect level is occupied by one el
tron. Figure 4 includes the local configuration before a
after the H atom is removed. Atoms labeled 1 and 2 in Fig
form a bond once the hydrogen is removed. Also included
Fig. 4 are the bond lengths between a few important ato
Atom 2 in Fig. 4~b! participates in five bonds with two bond
being particularly long at 2.53 and 2.58 Å. If the the bo
length between atoms 1 and 2 in Fig. 4 were longer, th
would be some ambiguity as to whether atom 2 is a fivefo
coordinated defect or atom 1 is a threefold defect. Suc
situation was introduced by Pantelides16 to explain measure
ments of electrically active dominant defects ina-Si:H
which we will discuss in Sec. VI C.

It is interesting to compare these results for H at a fivef
defect with similar examples inc-Si. Although inc-Si there
are no examples of a single overcoordinated atom wit
midgap level, there are several Si interstitials that lead
overcoordinated configurations. The split interstitial is clo
est to the fivefold Si defect calculated here. The split int
stitial and its interactions with H have been investiga
theoretically by Van de Walle and Neugebauer.45 They find
the split interstitial can be passivated with two H atoms su
that the two fivefold-coordinated Si atoms become fourf
coordinated and all gap levels are removed. The binding
ergy ~per H atom! is reported at21.35 eV relative to the H
BC bond center inc-Si, compared to the21.48 eV calcu-
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lated here for the H passivating a single fivefold defect. V
de Walle and Neugebauer suggested that similar H rela
structures may exist ina-Si. Indeed, our calculations suppo
this suggestion. The possibility of H passivating fivefold d
fects ina-Si was suggested by Pantelides.46 Also, Mousseau
and Lewis19 passivated with hydrogen overcoordinated
atoms in their atomistic model ofa-Si:H. However, to our
knowledge, we are the first to investigate the energetics
these structures usingab initio calculations.

In two cases, a Si-Si bond reconstructs upon remov
two hydrogens. These two cases involve the three H ato
that are more representative of the clustered phase hydro
In Fig. 2, these three hydrogen atoms are the second, t
and fourth hydrogen atoms from the bottom of the pictu
The H atoms form in roughly a vertical plane perpendicu
to the page. The silicon reconstructions occur across
plane. Reported as item (Si-H)C with Si-Si in Table II, the
average bond energy per H atom for the two H pairs
21.24 eV. Due to silicon reconstruction, the clustered bo
energies are higher than single Si-H bond energies. In b

FIG. 4. H at a fivefold defect. Sketch of the local configurati
~a! before and~b! after the hydrogen atoms are removed and bo
reconstructions occur. The silicon atoms are represented by l
open circles and the hydrogen atoms are represented by small
circles. The distance between some atoms are given for each
Solid lines between atoms indicate bonding and dashed lines
cate nonbonded states. Not all bonds are shown.
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cases, a long~;2.45 Å! reconstructed Si-Si bond forms an
one of the back bonds lengthens to;2.5 Å. The initial and
final reconstructed configurations are sketched in Figs.~a!
and 5~b!, respectively. Ina-Si we find that the energy o
silicon bond reconstruction is;0.5 eV, which is much large
than inc-Si. In both cases, the electronic structure involve
localized state introduced near the valence-band edge
both cases, the defect state is occupied by two electrons
is localized primarily on the back bonded silicon atom
shown in Fig. 4.

VI. DISCUSSION

A. Hydrogen energy levels

Using our results from Tables II–IV we can identify th
energy of the trapping levels listed in Fig. 1. As in Table
the bond energy of HBC in c-Si is the reference for all ener
gies reported below. The transport level trap, associated
the average bond center site ina-Si, has an energy~ET in
Fig. 1! of 20.21 eV. The shallow trap is associated w
clustered Si-H bonds, which form by passivating strain
silicon bonds, and has an average energy~ES in Fig. 1! of
21.25 eV. The deep traps ina-Si may be associated with a
isolated Si-H bond. Using the values from Table II, the de
trap energy~ED in Fig. 1! is 2~1.7122.05! eV. However,
the energy of H at sites 4 and 5 in Table IV are a low
bound to the deep trap energy since these configurations
represent the isolated Si-H bonds. A truly isolated Si-H bo
may be lower in energy, but not by much. For instance,
energy of an isolated Si-H bond both in ac-Si environment
and on ac-Si ~111! surface is22.50 eV, according toab
initio calculations by Van de Walle.33 Also, a recent study by
the present authors found that the isolated Si-H energ
a-Si is higher than an isolated Si-H inc-Si.13 The combined
results suggest22.0 eV>ED.22.5 eV andDE>0.7 eV.

FIG. 5. H at a weak bond defect. A sketch of~a! the initial
configuration and~b! the configuration after two hydrogen atom
are removed and bond reconstructions occur. The silicon atom
represented by large open circles and the hydrogen atoms are
resented by small filled circles. The bond distance for the sil
atoms are given for each case. Not all bonds are shown.
a
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B. Hydrogen chemical potential

In device qualitya-Si:H, the majority of hydrogen are in
the clustered phase. We find that when the clustered ph
Si-H bonds form, silicon bonds are broken and netwo
strain is relieved. As proposed in Refs. 8 and 15 the chem
potential for H (mH) in a-Si:H will be pinned at the averag
binding energy per H atom of the clustered Si-H bon
Therefore, the H chemical potential will be the average sh
low trap energy,mH5ES521.25 eV. Calculations place th
bond energy of H2 in bulk Si at 20.9 eV so the clustered
hydrogen atoms in the Guttman-Fong model are stable to
formation of H2. To our knowledge, no experimental es
mate formH in bulk a-Si:H exists. However, based on ob
servations of the etching of somea-Si:H films in the pres-
ence of H2, Jackson and Tsai8 conclude thatmH near the
surface cannot be far from the bond energy of H2 in free
space, which is21.26 eV, relative toEbond(HBC).33 These
results, based on experimental observations, are in g
agreement with our estimate. Also, Van de Walle and Stre9

argue that the chemical potential for H can be associa
with the energy of the isolated Si-H bond minus the ene
to create a silicon dangling bond from thea-Si network.
Using ab initio calculations for H inc-Si, their estimate for
the hydrogen chemical potential ina-Si:H is 21.12 eV, in
agreement with our estimate.

On the other hand, using tight-binding calculations,
and Biswas investigate the energetics to remove a singl
from a Si-H bond and place it into a strained Si-Si bond24

They use the results within a density-of-states model to
plicitly calculate the silicon dangling-bond concentratio
Based on their calculations, the H chemical potential
roughly 22.0 eV, relative to HBC in c-Si, which is not in
accord with the above results. Li and Biswas use a mo
derived from the Guttman-Fong model, so the model
similar to the one we use for the present calculatio
However, in order to sample low-probability long Si-S
bonds, Li and Biswas24 dilated theira-Si:H model. In real
a-Si:H, low-probability, long Si-Si bonds typically will be
surrounded by a normal silicon network, whereas the lo
silicon bonds in the dilated model were surrounded by lo
silicon bonds. Therefore, the Si-H-Si bond energy calcula
is likely to be low. These considerations, in addition to t
uncertainties of the empirical tight-binding methodology, e
plain the low estimate by Li and Biswas24 for the hydrogen
chemical potential.

C. Midgap electronic defects

The role of H in midgap defect formation ina-Si:H is still
controversial. These defects are paramagnetic and have
studied by electron spin resonance experiments and elec
spin hyperfine experiments.47 The midgap defects are the
mally activated at temperatures above 200 °C with activat
energies around 0.3 eV. Also, the the equilibration time
the defects have the same activation energy and kinetic
the diffusion coefficient for H ina-Si:H and evolution of H
is correlated to the increase in electronic defects.15 Such ob-
servations have led to many H related models for def
creation;9,10,15,24 indeed, no H-free defect model is able
explain all of the above-mentioned observations.15 Although
the midgap defects are commonly attributed threefo
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coordinated silicon atoms, some argue that the experime
results favor fivefold-coordinated atoms.48 Following the no-
tation of Adler,49 we labeln-fold–coordinated Si asTn . For
the past decade, studies have examined the argument
and against each model.48,50–54Yet no definitive answer ha
emerged. Several factors prevent definitive tests of the c
peting structural models. One difficulty is that concentrat
of midgap defects in device quality material is roughly 16

times lower than the silicon concentration. Also, disord
allows for great variations in the local geometry surround
coordination defects. Such variations can significantly eff
the energy and electronic structure of a particular atomi
model. In addition, in amorphous siliconT3-T5 structures
may exist where the coordination of the defect may be a
biguous. For instance, if a coordination cutoff radius of 2.
Å is used for the configuration in Fig. 4~b!, then atom 1 is a
threefold-coordinated Si atom, whereas, if 2.65 Å is us
then atom 2 is a fivefold-coordinated Si atom. We discuss
competing defect models in the context of our present ca
lations.

Several researchers argue that the dangling-bond cre
process involves exciting a H atom out of an isolated Si-H
bond to the hydrogen chemical potential, leaving behin
silicon dangling-bond midgap defect.4,9,15,24The energy for
such a process would beDE ~as discussed above and in Fi
1!. The dangling-bond defect state ina-Si:H is known to be
over 3 Å from any H atoms.47,55 For all Si-H bonds in the
Guttman-Fonga-Si:H model, removing one H atom leaves
dangling bond that is within 3 Å from at least one H atom
Although more isolated Si-H bonds are not present, we
with confidence place an upper bound on their energy.
ED we should use the lowest energies reported in Table
~sites 4 and 5! since the corresponding configurations b
represent the isolated Si-H bond. From our calculationsDE
>0.7 eV, whereas experimental observations give a valu
0.3 eV ~Ref. 4! for the dangling-bond creation process
a-Si:H. The differences between our calculations and the
perimental observations are larger than the uncertainties
volved. However, the dangling-bond concentration
roughly five orders of magnitude smaller than the hydrog
concentration. A small fraction of isolated Si-H bonds m
have an energy;0.3 eV lower thanmH (5ES). In order for
the Si-H bond energy to differ from our estimate, the
would have to be significant relaxations of the silico
strengthening the three back bonds. However, Stutzmann
Biegelson56 find that theT3 model can only be consisten
with their hyperfine measurements if they assume at le
one of the back bonds is a weak bond. Therefore, it app
unlikely that isolated dangling bonds are the source of m
gap defects in amorphous silicon.

Another proposal for midgap defect creation is that
weak silicon bond could be broken by one H atom such t
an isolated dangling bond forms.10 We have attempted to
create such an isolated dangling bond starting with
strained Si-Si structure shown in Fig. 5~b! and one long Si-Si
bond~site 1 in Table III!. In one instance, a midgap danglin
bond was created that was far from the H used to create
dangling bond. However, the energy of the defect crea
process was 0.8 eV, which is much larger than observed.
results appear to contradict the H passivating a Si-Si b
tal
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mechanism for midgap defect creation. However, since
have considered only a few cases, it is difficult to form
definitive conclusion.

Pantelides16 proposed that the midgap defects a
fivefold- instead of threefold-coordinated silicon atoms. W
find, in one case~site 6 in Table IV!, that a fivefold-
coordinated silicon forms upon removing a hydrogen from
Si-H bond. The bond energy of the H atom is21.48, as
reported in Table IV. Therefore, the energy needed to ex
this H atom tomH is on average 0.2360.2 eV, which is
consistent with the measured 0.3-eV activation energy
midgap defect formation. Indeed, our calculations indic
that the fivefold-coordinated silicon defect has a midgap
ergy level. The midgap state is localized on the five neig
bors of the fivefold-coordinated silicon. Biswaset al.,50 us-
ing a tight-binding approach, examined twoT5 and threeT3

defects in an atomistic model ofa-Si. From explicitly calcu-
lating the hyperfine splitting for theTn defects, they found
that theT5 defect wave functions were too delocalized~and
theT3 defects were toop-like! to account for the experimen
tal results. However, theT5 defects examined by Biswa
et al.50 are qualitatively different from the one examine
here. As depicted in Fig. 4~b!, our T5 defect has three bond
of length 2.3–2.4 Å and two long bonds between 2.5 and
Å, whereas theT5 defects they examined had all bon
lengths between 2.3 and 2.4 Å. Also, a qualitative comp
son of the defect wave functions suggests that theT5 defect
may be more localized, which is consistent with the diffe
ences in bond lengths. These considerations suggest tha
T5 defect of Fig. 4~b! may be consistent with all experimen
tal measures of midgap defects. An explicit calculation of
hyperfine splitting would be useful, but such a calculation
beyond the scope of the present study. The defect sketch
Fig. 4~b! is perhaps better categorized as aT3-T5 defect pair.
Our results suggest that such defects should be consider
viable candidates for intrinsic midgap defects ina-Si:H.

D. Long-range diffusion

Our calculations are consistent with the following pictu
of long-range H diffusion in amorphous silicon: Si-H bon
break in pairs, leaving reconstructed silicon bonds behind
the H atoms hop along bond center sites. Referring to
energies in Fig. 1, the activation energy for long-range d
fusion isEa , whereEa 2Em5ET 2ES . We did not exam-
ine migration barriers for H ina-Si, so we do not have a
theoretical result forEm . If we use a previously establishe
value of Em.0.5 eV,8,11 then our estimate forEa is
11.2520.2110.551.54 eV, which is within the experimen
tal range 1.4–1.6 eV.6

Other researchers have proposed that the hydrogen d
sion instead occurs only by single Si-H bonds.9,11,24–26As
discussed in the Introduction, these proposals are incon
tent with well-known experimental results. For instanc
deep and shallow H traps have been observed by sev
groups.12,8,57 Also, it has long been observed that th
dangling-bond concentration during evolution experime
stays orders of magnitude smaller than the evolved
concentrations.5,14 Thus most H atoms must leave behin
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reconstructed Si-Si bonds. It is difficult to reconcile the
experimental facts with H diffusion controlled by single Si-
bonds.

Since isolated Si-H bonds are stronger than cluste
phase Si-H bonds, it is difficult to directly observe trappin
or detrapping of H from isolated Si-H bonds in the presen
of clustered phase Si-H. A recent experiment by Mah
et al.12 measured the Si-H ir stretching mode absorption a
evolved from ana-Si:H sample. They found that the de
crease in ir absorption was thermally activated in two
gimes. Initially, the activation energy was 1.4 eV, which
consistent with evolution being limited by long-range H d
fusion as discussed above. Then, after;70% of the hydro-
gen evolved, the activation energy was 2.1 eV. In gene
there may be a continuum of bonding states between sha
and deep traps. The fact that two discrete activation ener
fit the Mahanet al.12 data suggests that between the shall
and deep trap sites there is a significant reduction in
density of Si-H bonding states. Our calculations show t
the reduction in bonding states is natural since two disti
traps are involved: Shallow traps are highly strained silic
bonds and the deep traps are silicon dangling bonds. To c
pare our calculations with evolution experiments one sho
note that H atoms associated with the shallow trap level w
evolve first and so cannot also be associated with the d
trap level. Thus the calculated value ofDE relevant to evo-
lution studies is, from our analysis,DE>0.7 eV, assuming
the deep traps are primarily isolated silicon dangling bon
The analysis of Mahanet al.12 indicatesDE;0.7 eV. Mahan
et al.find an activation energy of 2.1 eV for the diffusion fo
the majority of the deep trap H atoms~at a concentration
'1021 cm23!. For much lower H concentrations, the activ
tion energy should be even larger than 2.1 eV, as sugge
by our results. Indeed, a recent study found diffusion kinet
at H concentrations'1019 cm23 have an activation energy
of 2.7 eV.57

Finally, Van de Walle and Street,9 using results fromc-Si,
calculatedEa in a manner similar to our calculation abov
Both estimates assume that the total energy of the HBC is not
affected by the LDA band-gap problem~see Sec. II!. How-
ever, since HBC in both a-Si and c-Si has an occupied
conduction-band-related defect level, the LDA results m
be in error. Also, forp-type and intrinsica-Si:H the pos-
tively charge HBC

1 may be energetically more favorable sinc
the defect electron can reduce its energy by dropping fr
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the defect level to the Fermi level, as discussed in Ref.
Preliminary results suggest that the estimate toEa is reason-
able, but that it is HBC

1 , not HBC
0 , that will be the hydrogen

species diffusing along transport levels. To resolve these
sues, one of us plans to participate in a collaboration to
plore the HBC calculation using accurate many-body qua
tum Monte Carlo calculations.58

VII. CONCLUDING REMARKS

We have performedab initio calculations for the struc-
ture, energetics, and electronic structure of hydrogen
amorphous silicon. We compare our calculations for H
a-Si with analogous calculations for H inc-Si ~see Table II!.
Our results are quantitatively compared with other theore
cal studies. We provide estimates for the energies of hyd
gen trap levels~ET , ES , and ED in Fig. 1!. The transport
level, shallow trap, and deep trap can be associated with
Si-Si bond center site, highly strained Si-Si bonds, and i
lated dangling bonds, respectively. Also, analysis of our
sults compares well with observations ina-Si:H regarding H
evolution and long-range diffusion. Finally, the present c
culations provide some insight into the H bonding states t
may be involved in the formation of electronic defects
a-Si:H. Given the limited size of the model used for th
present study, reliable results are not guaranteed. Never
less, the agreement between our theoretical calculations
experiments encourages confidence that we have exam
important features of device qualitya-Si:H.
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