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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 sigeShto one inc-Si. In addition, we
identify the energetics of the dominant traps for Hai®i. 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 formationS0163-182308)09119-X]

[. INTRODUCTION metastable defect formation are still controversial. The de-
fects are argued to be unpassivated isolated dangling
Large concentrations of hydrogéh-15 % are needed to bonds*®'®*weak bonds broken by one hydrogen atthor
grow device quality films of amorphous silicora-Gi:H).  overcoordinated bond§:'” The limits to the understanding
Hydrogen plays an important role in passivating electronicof the role of hydrogen im-Si are due in part to the lack of
defects. The incorporation of hydrogen lowers the concentrareliable theoretical calculations for the energetics of hydro-
tion of both the midgap stateéby a factor 18 or morg and  gen in amorphous silicon.
band tail states. However, hydrogen can also be a source of Several structural models for hydrogenated amorphous
defects. For instance, ia-Si:H, the motion of hydrogen is silicon have been developé®:?® Recently, for four of the
linked to the generation of intrinsic and metastable midgam-Si:H structural model$®2°~??we calculated several prop-
electronic defect$:* Determining the relationships of hydro- erties (structural properties, hydrogen vibrational spectra,
gen to electronic defects is possible only if the mechanismelectronic gap, etg.and compared our results with the re-
and energetics for H bonding and diffusion are well under-spective experimental observatidiisAlthough the model
stood. from Ref. 21 was produced froab initio molecular dynam-
The details of hydrogen transport and bonding in amor-ics, the final model had an unrealistically high number of
phous silicon have been discussed extensively in theoordination defects as discussed in Refs. 13 and 22. The
literature>~*? Network disorder leads to a broadening of the models from Refs. 18 and 20 were the most realistic with no
energy level§~1° Therefore, it is appropriate to use a H coordination defects and other properties in reasonable with
density-of-states mod&vhere the hydrogen chemical poten- experiment. For the present calculations of the energetics of
tial energy would determine the occupancy of various hydroH in amorphous silicon, we use the model developed by
gen binding states. However, recent work suggests that th@uttman and Fongsee Ref. 2
discrete trapping levels in Fig. 1 are sufficient to describe
many aspects of H bonding and diffusibithe quantityE,
in Fig. 1 is the activation energy for long-range diffusié, A
is the average migration barrier as H moves along the trans-
port levels, andAE is the energy difference between the A
deep and shallow trap levels. For intringeSi:H, a large E,,
number of studies report that the activation enerBy)(is
1.4-1.6 e\*~8 Fewer studies produce estimates By, and E || TransportLevel
AE, finding E,=0.5 eV (Refs. 8 and 11 and AE>0.4 T
eV &12|n addition, the microscopic structures responsible for
the three trapping levels are not fully understood. Studies E,
suggest that transport level diffusion @aSi is similar to H
diffusion in c-Si with the bond center site being the transport
level®1! Regarding the shallow trap level, several studies E " Shallow Trap Level
indicate that the shallow traps are formed when hydrogen
atoms break weak silicon bonds to form covalent Si-H AE
bonds®'**However, the mechanisms and energetics of the
H insertion are not well understood. Besides passivating L Deep Trap Level
weak bonds, hydrogen also passivates isolated coordination
defects. These isolated defects constitute the deep traps for H FIG. 1. Energy levels relevant to H ia-Si. See the text for
in a-Si:H. In addition, the mechanisms for intrinsic and details.

Energy per H atom
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TABLE |. Tests of convergence for H io-Si. The binding energiegn 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 calculations
with E.=16 Ry and one high-symmetry point are converged to within 0.1 eV. The reference energy is
chosen as the binding energy foH bond center in column 2. Column 4 is equal to column 3 minus column
2. AE: Hdbf HBC'

Energy E.=18 Ry, 8k points E.=16 Ry, 1k point 1)

E (Hgo) 0.00 +0.69 +0.69
E (Hgp) -2.19 —-1.57 +0.62
AE -2.19 —2.26 -0.07

Ab initio methods have been used to calculate the enempproximation(LDA).2” We use norm-conserving, nonlocal

getics of H inc-Si and the results have been applied to H inpseudopotentials developed by Troullier and MartfhBor
a-Si:3° however,ab initio calculations for the energetics of the pseudopotentials, core radii of 2.25 and 0.2 A are used
H in a-Si have not been performed previously. Previousfor silicon and hydrogen, respectively. For the exchange-
studies of H in a-Si, based on semiempirica?* or  correlation potential in the LDA, we employ the established
approximat&*?? theoretical methods, were limited in scope results of Ceperley and Ald€ras parametrized by Perdew
and a consistent picture of H bonding and diffusion did notand Zunger?

emerge. In several studigs?*~2®only single Si-H bonds For H in c-Si, periodic supercells with simple cubic sym-
were considered. In these studies, no consideration wametry are employed. Using the theoretical lattice constant,
given to the possibility that a strained Si-Si bond could bethe cell length is 10.8 A. The initiat-Si cell includes 64 Si
broken to form two Si-H bonds. Not considering the clus-atoms. Integrations over the first Brillouin zone are replaced
tered Si-H bonds as a distinct phase makes it difficult foby summations using a2 x 2 sampling that, depending on
these studies to be consistent with a variety of experimentahe symmetry of the configurations involved, reduces to 1-3
results. For instance, if only single Si-H bonds exist inhigh-symmetryk points in the irreducible wedg®.For the
a-Si:H, then as H evolves the dangling-bond concentratiorplane-wave basis, a cutoff energy Bf=18 Ry is found to
should be roughly equal to the evolved H concentrationbe sufficient. For the calculations of interest, the above
However, it has long been observed that the dangling-bondnplementation of DFT is well converged and similar imple-
concentration during evolution experiments stays orders ofnentations have been widely used to investigate H in bulk
magnitude smaller than the evolved H concentratiots. c-Gi3233

A specific model for Si-H clusters, based ab initio Since oura-Si:H model is large and has no symmetry, a
calculations for H in c-Si, is discussed in Ref. 8. TheH more efficient implementation of DFT is desirable. For our
model involves a(Si-H Si-H) configuration where one H calculations of H ira-Si:H we modify our DFT LDA imple-
atom is in a bond center site and one is in an anti-bondingnentation as follows. Brillouin zone sampling is limited to
site. A survey of severah-Si:H structural models did not onek point at(0.5,0.5,0.% and for the plane-wave basis an
find any structures similar toH, but instead found hydro- energy cutoff ofE.=16 Ry is used. Test calculations for H
gen clusters similar to a hydrogenated vacancy where iin c-Si were performed and are reported in Table I. Although
some cases a strained Si-Si bond would form upon the réhe absolute energies differ by over 0.5 eV, the relative en-
moval of two hydrogen&® The energetics of these clustered ergy of a three-center bor{®i-H-Si) versus a Si-H bond is
hydrogens were calculated in Ref. 13 but, as noted by théess than 0.1 eV from the converged results. Moreover, when
authors, the approximate method used prevented quantitati@@mparing the energetics of a Si-H-Si bondciSi versus
analysis. For instance, the energy of the clustered hydroger@sSi:H, the errors should be smaller still. For all calculations,
relative to either an KHimolecule or a bond centered hydro- we employ a conjugate gradient geometric minimization
gen atom could not be determined. The present calculatiorgcheme to allow all the atoms to relax until each component
will quantify the trends found in Ref. 13. of every atom’s force is less than 0.1 eV/A.

The rest of this paper is as follows. In Sec. Il we present Starting from thea-Si:H model developed by Guttman
the calculational details including a discussion of #a8i:H  and Fong in 19829 we relax the coordinates and the lattice
model that we use. In Sec. lll we report our results for theconstant using thab initio method described above. A ball
energetics of bond centered H and the hydrogenated vacaneyd stick representation of the model is presented in Fig. 2.
in ¢-Si. In Sec. IV our results for bond centered HairSi:H  The model includes 54 Si dr6 H atoms givig a H content
are presented. In Sec. V covaléBi-H) binding ina-Si:H is  of 10%, which is consistent with device quality glow dis-
examined. In Sec. VI we discuss our results in the context o¢harge films. The model has no coordination defects and has
a variety of experiments ia-Si:H. We draw our conclusions been found to be the best model of its sizélhe average
in Sec. VII. silicon bond length is 2.35 A, which is 0.02 A longer than

the silicon bond length ir-Si and the average silicon bond
Il. CALCULATIONAL DETAILS angle is 109.5°, the same as @Si. The fully relaxed
Guttman-Fong model, at essentially 0 K, is found to have

In this work we carry outb initio total-energy calcula- low network disorder with a root-mean-square silicon bond
tions using a self-consistent, spin-averaged implementatioangle (and length deviation of 6.2°(and 0.042 A. These
of density-functional theoryDFT) within the local-density results are somewhat smaller than the results from experi-
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Acive v using PW91 will give better energetics; however, we find
that PW91 overcorrects the binding energies of H-H and H-
SiHs, giving results 3—4 % below experimeiitSince we are
primarily interested in the relative binding energies of Si-H
bonds ina-Si, we conclude that the LDA will be appropriate
and extensions of the LDA such as PW®ef. 38 will not
necessarily improve the results.

Another well-known shortcoming of DFT LDA calcula-
tions is that conduction-band states, although qualitatively
correct, are shifted down in energy. For instance, the LDA
band gap for silicon is 0.5—-0.6 eV compared to the experi-
mental result of 1.13 e¥ This error should not effect cal-
culations in which conduction-band levels remain unoccu-
pied since unoccupied bands do not contribute to the total
energy of the system. The accuracy of total-energy LDA
calculations for systems including occupied band-gap defect
levels has garnered some attention in the literattiwge will
discuss these issues in the relevant section belBec.

FIG. 2. Ball and stick representation of the model used for oury| D). Unfortunately, extensions beyond the LDA, such as
calculations. The periodic cell has been partially repeated in the\y91, do not improve on the DFT LDA band-gap resiilt.
horizontal dir_ection. The larger circles represent silicon atoms and Finally, the uncertainties of our calculated energies are
the smaller cirles represent hydrogen atoms. similar in magnitude to those of the measured values with

ments performed at room temperature which include thermal/nich we compare. The sources of uncertainty fall into three
as well as intrinsic contributions network disorder. To our™Main categories. First, our implementation of DFT within the
knowledge, neither the bond length nor the bond angle distPA has some uncertainty associated withitAlso, be-
order has been measured near 0 K. The Guttman-Fong modeduse oflllmltat_|ons of the LDA, we can only be qualitative
is relatively small(with 10.4 A per sidgwhich should over- !N Our d|scu35|on' of .electronlc gap 'stafésThe second
constrain the network. Strained bonds show up as localizegOUrce of uncertainty is from the relatively small model we
band tail states in real films. However, in such small superYS€ {0 approximate the amorphous silicon network. The in-
cells, band tail states will hybridize to become delocalized €r€@S€ in network strain will mostly affect the relaxation en-
having only the effect of reducing the electronic band ga ergetics. The third source of uncertainty involves the small

Although the model has the largest gap of the publishedumber of bonded H atoms examined. The model has only
a-Si:H models, the gap is smaller than in device qualitySX covalent Si-H bonds, which prevents a statistical analysis

films 34 of the Si-H binding energetics. In addition, the distribution of
Next, we will briefly discuss two important and well- b!nd@ng .sites in the model ca_nnot fuIIy.rep'res.ent the actual
known shortcomings of density-functional theofyDA) Q|str|but|on. For relative trapping energlgsan8|:H, we es-
within the local-density approximatiofLDA). First, the timate *+0.2 eV to l_)e_the_ uncertainty in our calculanons._
LDA is not appropriate for systems where the charge-density espite the uncerta|nt|es_|nvolved, the present study quanti-
gradients are large. Thus the LDA tends to overbind soliddieS the effects of the disordered network and provides a
relative to molecules and atoms. For instance, cohesive eflicroscopic picture of important mechanisms for hydrogen
ergies are over 10% too large for semiconductors such a&°nding and diffusion ira-Si:H.
silicon® Although the binding energies of small molecules
have not been systematically studied, results suggest that the lll. HYDROGEN IN CRYSTALLINE SILICON
LDA overbinds molecules relative to atoms. Using all-
electron, local orbital calculations with the commercial pack-
ageGAUsSSIAN94 we find H-H and H-SiH LDA binding en-
ergies to be only 3-5% larger than experiménthese
results are consistent with the pseudopotential, plane-wa
calculations by Van de Walf& In constrast, Perdeet al

The calculations for H irc-Si reported below have in part
been previously performed by Van de Wafleusing a
smaller 32-atom supercell. Binding energies are typically re-
\}%orted as positive if bonding is favored. In these calculations,
we will report energies relative to the bond energy of a H

studied more complicated hydrocarbons and found that th tOT ?tla SI'“COQ bond cer:cter S'teGFhs:' te;eEoEri() df:'gt?atz
LDA gave atomization energies 10—15 % too high. To com- eto af re Iixet enﬁ_rgy obsugercet a .? en g. on
pensate for these shortcomings, extensions of the LDA inENergy for 1 at a silicon bond center Si ed¢) in c-Siis
cluding gradient corrections have been developed by a num- c—Sh _ . _ .
ber of researchers including notably Perdew and WHéng, Evond Hec™) =E(c—Si+Hgc) —E(c—Si). (1)
whose PW91 functional is perf;;’:\ps the best currently availysing this convention, the bond energy of déH) bond at
abl_e. Using PW91, Perdeet al>’ find the atomization en- g hydrogenated vacancy is given by

ergies for hydrocarcon molecules to be only 2—4 % higher

than experimental results improving upon the LDA results. Epona=[E(VH,) — E(VH3)]— Epond HS S 2
Also, hydrogen dissociation barrigrsl, from Si(100):H sur- bond ¢ * pond7BC

faces(Ref. 39 or H exchange with Kl (Ref. 40] are greatly where VH, represents a fully hydrogenated vacancy and
improved with gradient corrections to the LDA. In general, VH; represents a vacancy where three of the four dangling
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TABLE Il. Energies for H at analagous sites érSi anda-Si.
(Si-H)c represents Si-H bonds that are clusterea-Bi, the cluster
is a hydrogenated vacancy.

unambiguously defined. Also, the Si-H-Si bond may not be a
stable configuration. For the 13 sites examined, we first
placed the H midway between a Si-Si bond and then allowed
all the atoms to relax. Below we examine the structure, en-

Energy(eV) ergetics, and electronic structure ofHin a-Si.
Site c-Si a-Si First, the strl_Jctura_I proper_ties ofgld in a_-Si_are similar
to those of K¢ in c-Si. In c-Si, our results indicate that the
Hsc 0.00 -0.21 relaxed Si-H bond length is 1.58 A and the Si-H-Si bond is
(Si-H)¢ with Si-Si -1.93 -1.25 linear with a bond angle of 180°. la-Si, the average bond
(Si-H)¢ without Si-Si —2.04 -1.79 length (bond anglg is 1.66 A (163.9°) with 0.02 A (8.8°)

being the root-mean-square deviation. In Table Il we report
both the Si-H bond lengths and the Si-H-Si bond angle for all
bonds are passivateq la H atom. We have chosen the sign 13 cases examined. There are only three sites whose final
such that a negative value of the bond energy represents@nfiguration suggest that a three-center bond may not have
bound state relative to . Some caveats to Ed2) are  formed. In one casésite 10 in Table 11}, the Si-H-Si bond
discussed in Ref. 41. We find the bond energy of Si-H at Ehng|e (at 1379°) diverges Significanﬂy from 180°; in an-
hydrogenated vacancy to be2.04 eV (row 2 in Table 1),  other(site 12 in Table 11}, one Si-H bond lengtkat 1.56 A
which is close to-2.13 eV as calculated by Van de Watfe. s significantly shorter than the othéat 1.78 A in the third

We have also calculatei(V), the energy of a relaxed va- and exceptional cagsite 13 in Table II), both of the above
cancy. Our value for the formation energy of a silicon va-conditions hold. In the two cases where the Si-H-Si bond
cancy relative toc-Si is 3.51 eV, which is consistent with angle is less than 140°, it may be possible that a weak Si-Si
other values found in the literatufeee Refs. 42 and 43 and pond persists after we insert the H atom. However, in both
references therejn The average bond energy for the Si-H cases the final Si-Si distance is over 3.0 A, which is incon-

bond at a vacancy can be defined as

E(VH,) —E(V)

. ®

_ c—Si
bond™ _Ebond(HBC .

The average bond energy for Si-H at a vacancy is 1.93 e
where Jahn-Teller—like silicon reconstructihaccount for
the average being higher than the single Si-H binding en
ergy. We find that the energy per reconstructed bond is 0.0
eV. The above results are included in Table II, which will be
discussed below in the context of our calculations for H in
a-Si.

IV. BOND-CENTERED HYDROGEN
IN AMORPHOUS SILICON

Because of disorder, the structure and energetics of S
H-Si bonds ina-Si vary from site to site. In order to capture
this variation, we examined 13 bond center sites. Sm&?

has no crystallographic symmetry, the bond center site is not

\)J

sistent with silicon bonding® In all 13 cases, the initial Si-Si
bond is broken by the H atom and, as will be discussed
below, the electronic structure is similar to a three-center
bond (Si-H-Si). Fedder® also inserted H into silicon bonds
sing a high-qualitya-Si:H model. However, he found that
two of eight attempts failed to produce a three-center bond,
which is somewhat contrary to our results. These differences
may be attributed to the approximate calculational method
sed by Fedders. Moreover, the method has recently been
shown to overestimate the Si-Si strain enertie® the Si-
H-Si bond will be more sensitive to the network strain; there-
fore, the Si-H-Si bond will be less likely to form in cases
were the local network strain is compressive in nature. Our
results suggest that the three-center bond-Bi is a locally
stable configuration.
i- In Table Il we also report relaxed bond energies feiH
In a-Si given by

Epona=[E(a-Si+Hgc) — E(a-Si)]— Epond HSS),  (4)

TABLE lll. Details of the calculations of H at bond center sitesai®i.

Site Ebond (€V) dgie!" (A) dsin (A) Osip.si (deg
1 —0.50 2.46 1.74, 1.65 173.7
2 +0.01 2.33 1.69, 1.65 173.6
3 —-0.23 2.36 1.60, 1.71 151.3
4 —-0.16 2.33 1.68, 1.60 162.6
5 —0.03 2.31 1.60, 1.69 160.8
6 —-0.28 2.34 1.63, 1.63 172.9
7 —-0.35 2.39 1.68, 1.68 169.7
8 -0.14 2.33 1.64, 1.64 174.5
9 —-0.19 2.34 1.65, 1.61 177.2
10 —0.33 2.34 1.66, 1.66 137.9
11 —-0.31 2.38 1.67, 1.73 171.4
12 —-0.22 2.29 1.56, 1.78 169.5
13 —0.03 2.30 1.56, 1.74 132.2
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AR (%) whereE, is the bond energy ahR=0, « is a constant in
10 00 0 20 30 40 5.0 units of eV/A, andAR is the difference from the-Si bond
00 _‘|4 _________ | _________ | _________ | _________ ‘ _________ ‘ _________ length (in angstroms We findEq=—0.17+0.03 eV anda
“lem i § § 5 3 3 =2.6+0.6 eV/A. The error bars indicate the 95% confidence
| i i ; f f of the linear fit. These results contradict the results of Li and
R ey et beeeecenn bemcecens oo oo e Biswas?* who found E,=0.0 eV anda~6.3 eV/A; how-
’ i | ; ‘ ‘ ever, it should be noted that the study of Li and Biswas was
O N P S P S S more concerned with cases whes®>0.1 A, whereas all
' ' ’ o | § § § but one of our calculations are f&tR<0.1 A. Closer to our
: : § § § results are the results of Van de Walle and NicKelyho
-0.3 "‘ """"" S R I B usedab intio DFT LDA calculations to examine the energy
; ; : Lo | § § of H in strained Si-Si bonds in a-Si environment. They
N SN SN N S S A N found E,=0.0 eV (by constructioh and a«=4.0 and 4.6
’ ’ : : 5 ‘ ‘ eV/A for the bond angle and bond length strain, respectively.
: : . ‘ ‘ Similarly to Hg in ¢-Si, for all 13 cases, we find thegd
0.00 0.05 0.10 in a-Si has a donor state near the conduction-band edge,
AR (Ang.) which is consistent with the results in Refs. 24 and 44. For
all 13 final configurations, the deconvolution of the eigen-
FIG. 3. Energy(in eV) of H at bond center sites verses the bond vectors was calculated. In all cases except (i 13 in
length relative toc-Si. Table 1ll), the donor state that resulted from thg Hs lo-
calized on the two Si atoms and one H atom that form the
where a-Si designates the Guttman-Fong model. The bondhree-center bond. The exceptional césite 13 in Table 1)
energies range from0.01 to —0.50 eV. We find that the is associated with a Si-H-Si structure where the bond is far
average Iéc bond energy, for H in the neutral Charge Sta_te’from linear and-one Si-H bond is 1.56 A with the other Si-H
is —0.21 eV (also reported in Table Jiwith a standard de- bond length being rather lorg..78 A).
viation of 0.05 eV. Feddef3reports an average bond energy
of —0.52 eV and a bond energy range of 1.0 eV. The study
of Li and Biswa$* was not directly aimed at calculating the V. COVALENTLY BONDED HYDROGEN
average Hc in a-Si relative toc-Si. However, for silicon IN AMORPHOUS SILICON
bond lengths similar to those reported here, the results of

Ref. 24 indicate a bond energy range of nearly 2.0 eV. Sinc : - ;
all a-Si:H models are of similar quality, quantitative differ- %ydrogen in the Guttman-ForgSi:H model. Al six hydro-

ences may be attributed to the approximate methods used en atoms interact with at least one other hydrogen atom and
Refs. 24 and 25 e degree of H-H interaction is unique in each case. For the

The first two columns of data from Table IIl are reported relaxeg hydrogenated vacancy ¢ri, each..hydrogen atom
in Fig. 3 where along the axis is AR, the silicon bond is 1.8 A from three other H atoms. In tlaeSi:H model, each

; . . o hydrogen atom is 2.0—2.8 A from one or two other H atoms.
length |_na-S_| relative to 2.33 ,B(the l_aond length for S'“an Ir¥‘orn?ation regarding the six covalently bonded hydrogen
bonds inc-Si). For the longest Si-Si bond length examined t . ted in Table IV. 1 | 4 and 5 of Tabl
(2.46 A), the Hyc bond energy is—0.50 eV, which corre- atoms IS presentedn 1able Iv. In coiumns = and 5 of table

' ’ C R i A IV, the number and distance of nearby H atoms are reported.
Sp‘”?ds t0_9'38 eV per0.1 Increase in bond length, as'By comparing NMR linewidths of the H atoms in the
suming ay ".“e“’em at 0.0 eV. This 'gegult appears to beGuttman-Fong model with the linewidths measured by H
Iceonnstlr?trimo\;\t/gg éhe\;:rﬁ dee\\/lvgﬁé 2n1d Nk%ease inbond NMR experiments, we find that three of the H atofassites

9 por y : ' , 2, and 3 in Table IYare bonded in a manner comparable

To examine these results more closely, we also fit the 1 o the clustered phase hydrogens in device qualii:H 13
data points in Fig. 2 to the line given by In Fig. 2 these three hydrogen atoms are the second, third,
and fourth hydrogen atoms from the bottom of the picture.
E(AR)=Ey— AR, (5)  The bonding of two of the other three H atoKas sites 4 and

Energy (eV)

-0.4

As previously mentioned, there are six covalently bonded

TABLE 1IV. Details of the calculations of Si-H bonds &-Si.

No. of H atoms nearby

Site Epong (€V) dsiy (A) dy.y<25A 2.5 A<dy.y<3.0A
1 -1.84 1.54 2 0
2 —1.81 1.54 1 1
3 -1.71 1.54 1 0
4 —2.01 1.56 0 1
5 —2.05 1.56 0 1
6 —1.48 1.55 0 1
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5 in Table IV) are more representative of isolated Si-H
bonds.

Similarly to our calculations for the hydrogenated va-
cancy inc-Si, we have investigated the binding of single
Si-H bonds by removing one H atom at a time from the
a-Si:H model and then fully relaxing the structures. The
bond energiesK,,,y for all six hydrogen atoms are re-
ported in Table IV, where

Ebona=[E(a-Si) —E(a-Si— 1H)]— Epond HES).  (6)

Three of the hydrogen atoms at sites 1, 2, and 3 in Table IV
were notably higher in energyat —1.84, —1.81, and
—1.71 eV, respectivepythan two H atoms at sites 4 and&
—2.01 and—2.05 eV, respectively’® The H atom at site 6
was highest in energy-(1.48 e\j and is discussed seper-
ately. In contrast to our results, Fedd@rsalculates Si-H
bond energies between2.03 and—3.06 eV4 again, dif-
ferences may be attributed to the approximate method used
by Fedder$® For cases 1-5 in Table IV, removing one hy-
drogen left an undercoordinated silicon atom and the midgap 25 Al
electronic defect level was occupied by one electron. The
defect state isp® in character and is highly localized on the
silicon dangling bond. The average binding energyl(79
eV) of sites 1-3 are reported in Table IV in row 2 labeled
(Si-H)¢ without Si-Si, which is short for a clustered Si-H 26 A
bond without Si-Si bond reconstructions; this valuaii is
0.3 eV lower than irc-Si.

For case 6 in Table 1V, breaking the Si-H bond caused the
Si atom to bind to a nearby Si atom, making the latter five-
fold coordinated; moreover, a mid-gap defect level forms.
The eigenstate is localized on the five neighbors of the over-
coordinated Si. The silicon from which the H atom was re- (®)
moved has the largest localization. Interestingly, one of the

f""? ngghbors has a defect chargg densny that is Iocamfa) before andb) after the hydrogen atoms are removed and bond

d-like n CharaCFer. The defect level is o_ccupl_ed by one eIeC'reconstructions occur. The silicon atoms are represented by large
tron. Figure 4 includes the local configuration before and,pen circles and the hydrogen atoms are represented by small filled
after the H atom is removed. Atoms labeled 1 and 2 in Fig. 4ijrcles. The distance between some atoms are given for each case.

form a bond once the hydrogen is removed. Also included insojid lines between atoms indicate bonding and dashed lines indi-
Fig. 4 are the bond lengths between a few important atomsate nonbonded states. Not all bonds are shown.

Atom 2 in Fig. 4b) participates in five bonds with two bonds
being particularly long at 2.53 and 2.58 A. If the the bondlated here for the H passivating a single fivefold defect. Van
length between atoms 1 and 2 in Fig. 4 were longer, therele Walle and Neugebauer suggested that similar H related
would be some ambiguity as to whether atom 2 is a fivefoldstructures may exist ia-Si. Indeed, our calculations support
coordinated defect or atom 1 is a threefold defect. Such &his suggestion. The possibility of H passivating fivefold de-
situation was introduced by Pantelid®® explain measure- fects ina-Si was suggested by PantelidésAlso, Mousseau
ments of electrically active dominant defects @Si:H  and Lewis® passivated with hydrogen overcoordinated Si
which we will discuss in Sec. VI C. atoms in their atomistic model &f-Si:H. However, to our

It is interesting to compare these results for H at a fivefoldknowledge, we are the first to investigate the energetics of
defect with similar examples io-Si. Although inc-Si there  these structures usirap initio calculations.
are no examples of a single overcoordinated atom with a In two cases, a Si-Si bond reconstructs upon removing
midgap level, there are several Si interstitials that lead tawo hydrogens. These two cases involve the three H atoms
overcoordinated configurations. The split interstitial is clos-that are more representative of the clustered phase hydrogen.
est to the fivefold Si defect calculated here. The split interdn Fig. 2, these three hydrogen atoms are the second, third,
stitial and its interactions with H have been investigatedand fourth hydrogen atoms from the bottom of the picture.
theoretically by Van de Walle and NeugebafreThey find  The H atoms form in roughly a vertical plane perpendicular
the split interstitial can be passivated with two H atoms suchio the page. The silicon reconstructions occur across the
that the two fivefold-coordinated Si atoms become fourfoldplane. Reported as item (Si-H)with Si-Si in Table II, the
coordinated and all gap levels are removed. The binding eraverage bond energy per H atom for the two H pairs is
ergy (per H atom is reported at-1.35 eV relative to the H —1.24 eV. Due to silicon reconstruction, the clustered bond
BC bond center irc-Si, compared to the-1.48 eV calcu- energies are higher than single Si-H bond energies. In both

FIG. 4. H at a fivefold defect. Sketch of the local configuration
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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 phase
Si-H bonds form, silicon bonds are broken and network
strain is relieved. As proposed in Refs. 8 and 15 the chemical
potential for H (uy) in a-Si:H will be pinned at the average
binding energy per H atom of the clustered Si-H bonds.
Therefore, the H chemical potential will be the average shal-
low trap energyuy=Eg= —1.25 eV. Calculations place the
bond energy of Hin bulk Si at —0.9 eV so the clustered
hydrogen atoms in the Guttman-Fong model are stable to the
formation of H. To our knowledge, no experimental esti-
mate foruy in bulk a-Si:H exists. However, based on ob-

245 A servations of the etching of sonaeSi:H films in the pres-
253 A ence of H, Jackson and Tshiconclude thatu, near the
surface cannot be far from the bond energy of iH free
space, which is-1.26 eV, relative toEyyn(Hgc).>® These
(b) results, based on experimental observations, are in good
agreement with our estimate. Also, Van de Walle and Street

FIG. 5. H at a weak bond defect. A sketch @ the initial  argue that the chemical potential for H can be associated
configuration andb) the configuration after two hydrogen atoms \ith the energy of the isolated Si-H bond minus the energy
are removed and bond reconstructions occur. The silicon atoms afg§ create a silicon dangling bond from tleeSi network.
represented by large open circles and the hydrogen atoms are réfyging o initio calculations for H inc-Si, their estimate for

resented by small filled circles. The bond distance for the silcon[he hydrogen chemical potential @Si:H is —1.12 eV, in
atoms are given for each case. Not all bonds are shown. agreement with our estimate.

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

. . X They use the results within a density-of-states model to ex-
and b), respectively. Ina-Si we find that the energy of plicitly calculate the silicon dangling-bond concentration.

silicon bond reconstruction is0.5 eV, which is much larger Based on their calculations, the H chemical potential is
than inc-Si. In both cases, the electronic structure involves aroughly “20 eV. relative to 'lg in c-Si. which is not in
. ’ C -2

localized state introduced near the valence-band edge. Ig cord with the above results. Li and Biswas use a model
both cases, the defect state is occupied by two electrons a y

is localized primarily on the back bonded silicon atom as rived from the Guttman-Fong model, so the model is
shown in Figp4 y similar to the one we use for the present calculations.

However, in order to sample low-probability long Si-Si
bonds, Li and Bisw&é dilated theira-Si:H model. In real
VI. DISCUSSION a-Si:H, low-probability, long Si-Si bonds typically will be
surrounded by a normal silicon network, whereas the long
] ) . silicon bonds in the dilated model were surrounded by long
Using our results from Tables II-IV we can identify the gjlicon bonds. Therefore, the Si-H-Si bond energy calculated
energy of the trapping levels listed in Fig. 1. As in Table Il, i5 |ikely to be low. These considerations, in addition to the
the bond energy of gt in c-Si is the reference for all ener- \ncertainties of the empirical tight-binding methodology, ex-

gies reported below. The transport level trap, associated Wit§|ain the low estimate by Li and BiswAsfor the hydrogen
the average bond center site arRSi, has an energ{Er in chemical potential.

Fig. 1) of —0.21 eV. The shallow trap is associated with
clustered Si-H bonds, which form by passivating strained
silicon bonds, and has an average endifgy in Fig. 1) of
—1.25 eV. The deep traps &Si may be associated with an ~ The role of H in midgap defect formation axSi:H is still
isolated Si-H bond. Using the values from Table Il, the deepontroversial. These defects are paramagnetic and have been
trap energy(Ep in Fig. 1) is —(1.71-2.095 eV. However, studied by electron spin resonance experiments and electron
the energy of H at sites 4 and 5 in Table IV are a lowerspin hyperfine experiment§.The midgap defects are ther-
bound to the deep trap energy since these configurations bastlly activated at temperatures above 200 °C with activation
represent the isolated Si-H bonds. A truly isolated Si-H bondenergies around 0.3 eV. Also, the the equilibration time of
may be lower in energy, but not by much. For instance, thehe defects have the same activation energy and kinetics as
energy of an isolated Si-H bond both inceSi environment  the diffusion coefficient for H ira-Si:H and evolution of H

and on ac-Si (111) surface is—2.50 eV, according t@b s correlated to the increase in electronic defétSuch ob-

initio calculations by Van de Walf€ Also, a recent study by servations have led to many H related models for defect
the present authors found that the isolated Si-H energy inreation®!%'>24indeed, no H-free defect model is able to
a-Si is higher than an isolated Si-H #3Si.*® The combined explain all of the above-mentioned observatibhalthough
results suggest 2.0 eV=Ep>—2.5 eV andAE=0.7 eV. the midgap defects are commonly attributed threefold-

cases, a long~2.45 A) reconstructed Si-Si bond forms and
one of the back bonds lengthens+@.5 A. The initial and
final reconstructed configurations are sketched in Fi¢gm. 5

A. Hydrogen energy levels

C. Midgap electronic defects
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coordinated silicon atoms, some argue that the experimentahiechanism for midgap defect creation. However, since we
results favor fivefold-coordinated atorffsFollowing the no-  have considered only a few cases, it is difficult to form a
tation of Adler?® we labeln-fold—coordinated Si a$,,. For  definitive conclusion.
the past decade, studies have examined the arguments for Pantelide® proposed that the midgap defects are
and against each mod&>->*yet no definitive answer has fivefold- instead of threefold-coordinated silicon atoms. We
emerged. Several factors prevent definitive tests of the confind, in one case(site 6 in Table 1V, that a fivefold-
peting structural models. One difficulty is that concentrationcoordinated silicon forms upon removing a hydrogen from a
of midgap defects in device quality material is roughly’ 10 Si-H bond. The bond energy of the H atom 4s1.48, as
times lower than the silicon concentration. Also, disorderreported in Table IV. Therefore, the energy needed to excite
allows for great variations in the local geometry surroundingthis H atom tou, is on average 0.280.2 eV, which is
coordination defects. Such variations can significantly effectonsistent with the measured 0.3-eV activation energy for
the energy and electronic structure of a particular atomistienidgap defect formation. Indeed, our calculations indicate
model. In addition, in amorphous silicofis-Ts structures  that the fivefold-coordinated silicon defect has a midgap en-
may exist where the coordination of the defect may be amergy level. The midgap state is localized on the five neigh-
biguous. For instance, if a coordination cutoff radius of 2.55bors of the fivefold-coordinated silicon. Biswasal,>® us-
A'is used for the configuration in Fig(#), then atom 1 is a ing a tight-binding approach, examined tWg and threeT,
threefold-coordinated Si atom, whereas, if 2.65 A is useddefects in an atomistic model atSi. From explicitly calcu-
then atom 2 is a fivefold-coordinated Si atom. We discuss théating the hyperfine splitting for th&,, defects, they found
competing defect models in the context of our present calcuthat theTg defect wave functions were too delocalizeahd
lations. the T; defects were top-like) to account for the experimen-
Several researchers argue that the dangling-bond creatieal results. However, th@; defects examined by Biswas
process involves excitfia H atom out of an isolated Si-H et al®® are qualitatively different from the one examined
bond to the hydrogen chemical potential, leaving behind @ere. As depicted in Fig.(8), our T5 defect has three bonds
silicon dangling-bond midgap defeti:'>?*The energy for  of length 2.3—2.4 A and two long bonds between 2.5 and 2.6
such a process would keE (as discussed above and in Fig. A, whereas theTs defects they examined had all bond
1). The dangling-bond defect stateanSi:H is known to be lengths between 2.3 and 2.4 A. Also, a qualitative compari-
over 3 A from any H atom&”°° For all Si-H bonds in the son of the defect wave functions suggests thatTthelefect
Guttman-Fong-Si:H model, removing one H atom leaves a may be more localized, which is consistent with the differ-
dangling bond that is withi 3 A from at least one H atom. ences in bond lengths. These considerations suggest that the
Although more isolated Si-H bonds are not present, we caff; defect of Fig. 4b) may be consistent with all experimen-
with confidence place an upper bound on their energy. Fofal measures of midgap defects. An explicit calculation of the
Ep we should use the lowest energies reported in Table Myperfine splitting would be useful, but such a calculation is
(sites 4 and psince the corresponding configurations bestheyond the scope of the present study. The defect sketched in
represent the isolated Si_—H bond. From our cal_culati@Es Fig. 4(b) is perhaps better categorized aE.aTs defect pair.
=0.7 eV, whereas experimental observations give a value oy results suggest that such defects should be considered as

0.3 eV (Ref. 4 for the dangling-bond creation process in yiaple candidates for intrinsic midgap defectsairsi:H.
a-Si:H. The differences between our calculations and the ex-

perimental observations are larger than the uncertainties in-
volved. However, the dangling-bond concentration is D. Long-range diffusion
roughly five orders of magnitude smaller than the hydrogen ) ] ) . )
have an energy-0.3 eV lower thanu, (=Eg). In order for ~ Of long-range H diffusion in amorphous silicon: Si-H bonds
the Si-H bond energy to differ from our estimate, therebreak in pairs, leaving reconstructed silicon bonds behind as
would have to be significant relaxations of the silicon,the H atoms hop along bond center sites. Referring to the
strengthening the three back bonds. However, Stutzmann arghergies in Fig. 1, the activation energy for long-range dif-
Biegelsor® find that theT; model can only be consistent fusion isE,, whereE, —E,,=E; —Eg. We did not exam-
with their hyperfine measurements if they assume at leashe migration barriers for H ira-Si, so we do not have a
one of the back bonds is a weak bond. Therefore, it appeatbeoretical result foE,. If we use a previously established
unlikely that isolated dangling bonds are the source of midvalue of E,=0.5 eV3!! then our estimate forE, is
gap defects in amorphous silicon. +1.25-0.21+0.5=1.54 eV, which is within the experimen-
Another proposal for midgap defect creation is that atal range 1.4—1.6 e¥.
weak silicon bond could be broken by one H atom such that Other researchers have proposed that the hydrogen diffu-
an isolated dangling bond form&.We have attempted to sion instead occurs only by single Si-H borid$:?4-2°As
create such an isolated dangling bond starting with theliscussed in the Introduction, these proposals are inconsis-
strained Si-Si structure shown in Figbpand one long Si-Si  tent with well-known experimental results. For instance,
bond(site 1 in Table Il). In one instance, a midgap dangling deep and shallow H traps have been observed by several
bond was created that was far from the H used to create thgroups:?>®°’ Also, it has long been observed that the
dangling bond. However, the energy of the defect creatiomdangling-bond concentration during evolution experiments
process was 0.8 eV, which is much larger than observed. Owtays orders of magnitude smaller than the evolved H
results appear to contradict the H passivating a Si-Si bondoncentrations:** Thus most H atoms must leave behind
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reconstructed Si-Si bonds. It is difficult to reconcile thesethe defect level to the Fermi level, as discussed in Ref. 32.
experimental facts with H diffusion controlled by single Si-H Preliminary results suggest that the estimat& t{as reason-
bonds. able, but that it is H¢, not H, that will be the hydrogen
Since isolated Si-H bonds are stronger than clusteregdpecies diffusing along transport levels. To resolve these is-
phase Si-H bonds, it is difficult to directly observe trappingsues, one of us plans to participate in a collaboration to ex-

or detrapping of H from isolated Si-H bonds in the presenceplore the K calculation using accurate many-body quan-
of clustered phase Si-H. A recent experiment by Maharium Monte Carlo calculation?.

et al}? measured the Si-H ir stretching mode absorption as H

evolved from ana-Si:H sample. They found that the de-

crease in ir absorption was thermally activated in two re- VIl. CONCLUDING REMARKS

gimes. Initially, the activation energy was 1.4 eV, which is h ; @b initi lculati for th

consistent with evolution being limited by long-range H dif- We have performeab initio calculations for the struc-
fusion as discussed above. Then, aft&f0% of the hydro- ture, energetics, and electronic structure of_ hydrogen in
gen evolved, the activation energy was 2.1 eV. In general‘rf‘m(_)rp.houS silicon. We compare our .calgulatlons for H in
there may be a continuum of bonding states between shallo@S! With @nalogous calculations for H ®Si (see Table Il
and deep traps. The fact that two discrete activation energidgUr results are quantitatively compared with other theoreti-
fit the Mahanet al 2 data suggests that between the shallowcd studies. We provide estlmatgs fo.r the energies of hydro-
and deep trap sites there is a significant reduction in th@en trap levelsSEr, Es, andEp in Fig. 1). The transport
density of Si-H bonding states. Our calculations show that€V€l, shallow trap, and deep trap can be associated with the
the reduction in bonding states is natural since two distincP~S! Pond center site, highly strained Si-Si bonds, and iso-
traps are involved: Shallow traps are highly strained silicon@€d dangling bonds, respectively. Also, f;\naly5|s of our re-
bonds and the deep traps are silicon dangling bonds. To cons4!tS compares well with observationsarSi:H regarding H
pare our calculations with evolution experiments one shoul@Vvo!ution and long-range diffusion. Finally, the present cal-
note that H atoms associated with the shallow trap level wilCulations provide some insight into the H bonding states that
evolve first and so cannot also be associated with the dedp@Y be involved in the formation of electronic defects in
trap level. Thus the calculated value HE relevant to evo- &-SiH. Given the limited size of the model used for the
lution studies is, from our analysid E=0.7 eV, assuming present study, reliable results are not gugranteed. N.everthe-
the deep traps are primarily isolated silicon dangling bondsess, the agreement between our theoretical calculations and

The analysis of Mahaet al2 indicatesAE~ 0.7 eV. Mahan experiments encourages confidence that we have examined
et al. find an activation energy of 2.1 eV for the diffusion for IMPortant features of device qualigySi:H.

the majority of the deep trap H atonfat a concentration

~10?* cm™3). For much lower H concentrations, the activa-
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