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Recent nuclear magnetic resonance experiments on protons in hydrogenated amorphous silicon
(a-Si:H) by T. Su, P. C. Taylor, G. Ganguly, and D. E. Carl$Bhys. Rev. Lett89, 015502(2002)]

have shown that light exposure leads to structures involving two protons separated by 2.3+0.2 A.
In this report, using supercell modelsa®fSi:H, we show that Siklconfigurations in the solid state

are consistent with these observations. We find an average proton distance of 2.39 A for SiH
structures considered for four different configurations. We also find that the details of basis set and
density functional are important for accurately representing these structure80® American
Institute of Physic§ DOI: 10.1063/1.1943488

In 1977 Staebler and Wronski reported an experiment orchanges in the spin density and also the changes caused by
hydrogenated amorphous silicém Si: H),* which revealed a evolving hydroger?.
marked change in dark photoconductivity after light soaking.  Some current theories combine the electronic and hydro-
Subsequent work showed that defects, most probably damen energy states and hydrogen diffusion as in the hydrogen
gling bonds, were created by light soaking. Because hydroeollision model of BranZ? and the hydrogen flip model of
genated amorphous silicda-Si:H) is a material with tech- Biswaset al™ Kopidakiset al. then proposed that clustered-
nological applications, understanding the phenomenon ophase sites can bind either one or two hydrogen felirsy/-
light-induced degradation, now named the Staebler-Wronskiride bonding.*? In this line of argument, Zhang and Branz
effect (SWE), has been a major focdsin the intervening proposed a model thah vacancies ofn missing Si atoms,
thirty years, extensive work in experiment and modeling hagvhich are fully terminated with Si-H bonds to eliminate DBs
been carried out to obtain the microscopic origin and fundaand strained Si-Si bonds, provide the paired H reservoir and
mental understanding of light-induced degradation. Disordemetastability sites in St There are also new findings that
in the network, hydrogen concentration and its complexeveal a lack of spatial correlation between the defects and
bonding structure and concentration of impurities are som&ydrogen, the realization that the effectiveness of light in-
of the material properties that play a role in the SWE. duced defects as recombination centers depends on the light

An experimental clue of importance was recently re-exposure conditions, and the observation that it is not only
ported by Stet al.® who performed nuclear magnetic reso- defects which are produced by extended light exposure but
nance(NMR) experiments on protons ia-Si:H and found also larger structural changes in the material involving the Si
that the NMR spectrum of light-soakedSi:H films show network?
the preferential creation of a H-H distance of 2.3+0.2 A. There are two possible interpretations of the results of
Remarkably, this experiment directly connects light soakingSuet al® The simplest interpretation is that some metastable,
to the creation of a specific new structyce family of struc-  paired-hydrogen site, perhaps, but not necessarily,, S#4
tureg in the amorphous matrix. Here, we show that Sisla  formed after the exposure to light. A second interpretation,
possible candidate for the observed proton separation. Zhavghich cannot be ruled out by the experiments to date, is that
et al. and Chadi have shown in careful calculations insome changes in the various NMR relaxation rates after ex-
¢-Si:H that a two H interstitial complex, H is another po-  posure to light allow existing paired-hydrogen sites, such as
tential candidate for the observed defé2tBoth proposals ~SiH,, to become observable in the NMR spectra.
have the merit that they do not rely on an unlikely confor- ~ Of particular importance to the latter interpretation,
mation found only in specific models, and appear to occuStutzmanret al. have argued that the breaking of weak Si-Si
with significant reproducibility, consistent with the well de- bonds will also promote the diffusion of dangling bonds
fined experimental distance. away from the original sitd.If the presence of such a dan-

There have been various proposals for the microscopigling bond near a stable, paired-hydrogen site, for which the
origins of the SWE. One class of models involves breakingnost logical candidate is Siallows this site to be seen in
of “weak bonds” which were often unspecifiéddnother the H NMR, then the results of Set al. are also logically
class of models propose the creation of new defects as explained. Although there are technical reasons why this ex-
result of movement of the original defecZafaret al. con-  planation is not as probable as the formation of metastable,
sidered a metastability model based upon transfer of H bepaired-hydrogen sites, it cannot be ruled out. Our simulations
tween clustered and isolated phases seen by KBBnding  strongly support either of these two interpretations.
in each of these phases was presumed to be monohydride. In In our calculations we used thab initio code
their subsequent work Zafat al. showed that the two-phase siEsTA**~® within the local density approximatiofLDA)
image closely accounted for experiments on the thermalith parametrization of Perdew and Zungémnd the gen-
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FIG. 2. Thermal MD simulation for the H-H distance aSiH—72 model
(b) using @ LDA calculations and pGGA calculations.

FIG. 1. (Color onling (a) SiH, conformation inaSiH-70 model andb) v note that there is a consistent pattern that in the amor-
SiH, conformation inaSiH—72 model with a dangling bond. In the figure . . . N
the hydrogen atoms are shown in r@ehaller in siz¢ and the silicon atoms phous mamx_ the proton—proton _separatlon 1S S'Qn'f'ca”“y
are shown in cyarlarger in size. reduced relative to a gas phase silane molecule with tetrahe-
dral bonds(which produces a separation of 2.45. A

) ) o ] o We performed thermal molecular dynami®4D) simu-
eralized gradient approximatid®GA) with parametrization  |ations to estimate the H-H distance at room temperature and
of Perdew, Burke, and Emzerhtf. Norm conserving 1o compare toT=0. The cells evolved freely for 250 fs
Troullier-Martins pseudopotentia’rg, factorized in the (within a time step of 0.05fs at a temperature of
Kleinman-Bylander fompff)_ were used. For LDA we em- T=300 K. We observed thermal fluctuations in the bond
ployed both double polarized basis set®ZP), where two  |engths as indicated in Figs(&2 and 2b). We obtained an
s and threep orbitals for the H valence electron and t80  ayerage H-H distance of 2.41 A in the case of the LDA
six p, and fived orbitals for Si valence electrons were used, ca|culation and an average H-H distance of 2.34 A for the

and for comparison a cruder singfebasis se{S2), where  GGA calculations for an initial H—H distance of 2.27 A over
ones orbital for the H valence electron and osend thred 3 5000 step MD run.

orbitals for Si valence electrons were used. We used only  For the first group of four configuratiortaSiH—70), our

DZP basis sets for GGA calculations. Details on generatioegyits are summarized in Table I. In all these configurations,
of the basis orbitals a%rf reported in the work of Artaehal. oy gifferent initial proton distances, we see a consistent ap-
and references therefn. proach to near the measured proton—proton separation of

. . 22
We began with a defect-free 64 atarSi model,” and  (2.3+0.2 A as the basis set improves from SZ to more com-
removed two Si atoms and added eight H atoms to creatfiete pzp. Though the shift is smaller, there is also an im-

defect-free (that is, gap state freestructures with SiH
grb?;ﬁ:gd \Il\rl]etl,?:rgsgn éh\l/iar;oe?(?g;_tggt Q::trl’:]%l’r gn g?zltcl)sm i%gBLE I. H-H distance before and after relaxation fagiH-70 using

. ; A and GGA exchange correlation functional for four different configu-
removed to formaS|H—72_(61 Si atoms and 11 H atoms_ rations. The GGADZP) calculation is expected to be the most accurate.
which includes one dangling boffdWe then repeated this
supercell surgery at other sites to generate an ensemble of Model aSiH—70
models to obtain some insight into the bonding statistics of
SiH, conformations in the solid state. The Sildonfirma- H-H distance
tions obtained in the two models are shown in Figs) And after relaxation
1(b). We have considered four configurations for each model
in our calculation. Each configuration in the respective mod-

H-H distance

els was constructed by selecting differétyipically tetrahe- before relaxation LDA (S2) LDA (DZP) GGA (DZP)
dral) sites of the SiH conformations in the cell. We per- configurations A A) A) &)
formed our calculations of SiHstructure and dynamics on

each of the four configurations aSiH—70 and also on each 1 158 »51 240 238
of the four configurations of thaSiH—72 model. The sys- 5 2:27 2:38 2:36 2:35
tem was then relaxed using polarization functiobZP) ba- 3 302 269 246 242
sis sets on all of the atoms employing a GGA exchange- 4 3.30 259 247 242

correlation functional and also using polariz&¥P) and SZ Average 254 242 239

basis sets using the LDA exchange-correlation functional
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TABLE II. H-H distance before and after relaxation faBiH—72 using time scales for simulation are presumamy Vasﬂy |onger than
LDA and GGA exchange correlation functional for four different configu- \yhat is directly accessible from our simulation. Still, special
;f‘(::?;gg:;g";dgf t%%”:;nsfgscifgtge"”g bond. The @) calcula- o chniques like the activation relaxation technique exist to
i track such diffusive motiof? and might indicate a plausible
Model aSiH—72 path to SiH creation.
Using accurate methods and supercells properly repre-
senting the disorder &-Si:H, we have seen that the Sik$
a credible candidate for the proton—proton distance inferred
from the work of Suet al. We have seen that rather accurate
H-H distance methods (including a double-zeta polarized basis and a
before relaxation LDA (S2) LDA (DzP) GGA(Dzp)  GGA) are needed to properly describe the bonding in this
Configurations R A) (R) (R) system.

H-H distance
after relaxation
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