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We investigate the simultaneous presence of topological and thermal disorder in amorphous silicon. We find
that localized electronic states arery sensitive to moderate amounts of thermal disorder: for a given gap or
band tail electronic eigenstate, both the fraction of the total charge on a given site as well as the energy
eigenvalue can vary greatly with smathermally accessibjechanges to the positions of the atoms. This
observation, which is almost certainly relevant to any disordered insulator including glasses, has important
implications to the microscopic theory of transport, optical properties, and doping, as well as existing models
of defect kinetics[S0163-1829)50426-§

Amorphous semiconductors and glasses are importartvo favored sites are nearest neighbors. However, in a vari-
materials employed in a wide variety of electronic and opto-ety of physically relevant temperature and energy ranges
electronic applications. All such applications depend criti-States, they never form a static structure, and often a spheri-
cally on the nature of the electron states near the Fermi levé&@l approximation for their geometry would be inappropriate.
(since conduction, for example, depends on transitions nedriS 1S very different from the prevailing view. While we
the Fermi energy In summary, we will show that modest have I_|m|ted the current §tuc_]y ®Si, there is every reason .
amounts of thermal disorder, superposed onto a structuralg).be“eve that_ the qual!tanve picture we przsent here is
disordered network, are sufficient to dramatically change th uited to any disordered insulator, such as glastégortu-

energy and structure of band tail electronic eigenstates O|;1]ately it is very difficult to directly connect these results to

: . . . experiments because the time scales are very short; yet the
time scales of order 50 f§a time characteristic of lattice P y y

- . . ) ideas contained here are important in constructing proper
vibrationg. These fluctuations in structure of the eigenstatesy o ories of transport and optical effects

ogcqronly if there are Iocgli;ed energy states adjacent both 115 work overlaps an important body of existing theory
within energy(meaning within a few tenths of an gVand  \yqrk phenomenological theories of defect dynamics and ki-
real space, and such that the thermal disorder at a giveRetics (the defect pool mod®l and transpofthave solved
temperature is sufficient to occasionally bring the energy eipytstanding problems in their respective areasifi and
genvalues of the adjacent states very close together. Theggasses. A value of the present work is to elucidate the foun-
conditions are often met in realistic modelseeBi for states  dations of these approaches by describémglicitly the na-
near the Fermi level at room temperature. In applicationsture of the electron states and their short-time dynamics. This
one is usually interested in doped semiconductors, where thgill hopefully enhance and extend the value of these theo-
Fermi level is shifted away from the middle of the optical ries, and perhaps enabéb initio input to the phenomeno-
gap into either the conduction or valence band tails. Thuslpgical models. An important complement to this paper is the
the picture that emerges is one where the energy eigenvaluesisting work on temperature dependence of electronic ener-
and sites where those eigenstates are localized change rages in crystals, presented by other autHbirsthis paper we
idly and drastically in a quasioscillatorgput not periodit  employ the approximate local basih initio molecular-
manner. Further, the sites where a state is most localized magynamics scheme of Sankey and co-workeffie method is
form wandering stringlike structures or columns where notested for Si in many forms and is quite reliable. As in pre-
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FIG. 3. Approximate LDA energy eigenvalues plotted against
time (in fs) for a 512 atom mode[Ref. 6 for 300 K thermal
simulation. The Fermi level is contained in the gdpear
—-3.0 eV).

peratures a phonon picture would be necess@yLiteral
interpretation of Kohn-Sham eigenvalu@ere is no rigor-
ous basis to this assumption. We rely here on the experience
of a number of researchers which shows that useful informa-
tion may be extracted from the eigenvalues and vectors of
density-functional theoryeven for transpojt'®!! (3) Finite-
size artifactsare certainly relevant for any study of localized
states using periodic boundary conditions, which is partly
why we have adopted a Hamiltonian capable of describing
the dynamics of as many as 512 atom cells.

In Fig. 1 we indicate the time dependence of the local-
density approximatiofLDA) eigenvalues in the vicinity of
the optical gap. The Fermi level is near the middle of the gap
time (fs) and several states near the Fermi level are appropriately de-
scribed as band tail states. These are much like the states
which would be responsible for conduction in dome®i:H.

Energy eigenvalue

FIG. 1. Approximate LDA energy eigenvalues plotted against

time (in fs) for a 216 atom mode(Ref. § from 300 K thermal The top panel illustrates the effect for a simulation at 300 K,

simulation. The Fermi level is in the middle of the optical dapar : . .
—2.7 eV). Note the large thermal fluctuations in the eigenvalues:[he bottom panel for 150 K. As in earlier wdfkthere is a

near the gap, and the occasional close approach of neighborir{ ughly linear relation between rms temporal fluctua'glon and
energy eigenvalues. The top panel is for a simulation at 300 K; th mperature. As expegted, _the h'gher_ t_emperature S|mulat|9n
lower panel for 150 K(see text leads to larger excursions in the positions of the energy ei-
genvalues. Note for Fig.(4) (300 K) that the lowest unoc-
vious work, we start with relaxed versions of the supercellcupied molecular orbitalLUMO) fluctuates in time by
structural models of Djordjevic, Thorpe, and Woofamhich ~ ~0.3 eV, muchlarger than thermal energies-(L0 meV).
are currently the most realistic models @fSi extant since States deeper into either the valence or conduction bands
they are the only ones to our knowledge whisimulta- show progressively less thermal modulation because they are
neouslyreproduce structural, electronic/optiaind vibra-  less localizedwe have notetia very strong correlation be-
tional properties of-Si. We describe this elsewhéte. tween the rms fluctuation in the energy eigenvalues due to
We briefly discuss three approximations utilized in thisthermal disorder and the inverse participation ratio, a simple
work relevant to the electronic states and the influence ofmeasure of localization in thE=0 mode). The localization
thermal disorder on them(1) The Born-Oppenheimer ‘“amplifies” the electron-phonon coupling. Also, the con-
approximatio® We assume here electrons follow the duction states fluctuate more than the valence st@eg-
nuclear motion adiabatically, so that the electron state degesting that the conduction tails are more sensitive to thermal
forms progressively by nuclear displacements. The details adisorder than the valence tails which originate primarily
an electronic transition cannot be obtained from an adiabatifrom structural disordey in pleasing agreement with total
simulation. Yet the main featurémrge modulation of eigen- yield photoemission experimentsand earlier theory work?
values and large variation of conjugate vectamse surely The key conclusions of this paper can be inferred from
properly reproduced with such an approach. In addition, théig. 2, in which we illustrate “snapshots” of a particular
atomic motion is classical; the nuclei move in a classicalelectronic eigenvectofthe LUMO stat¢ extracted from a
potential derived from the electronic structure. At lower tem-300 K simulation ofa-Si.}* In these figures, different colors
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FIG. 4. (Color) A representation of the HOMO energy eigen-
(b} state and the time dependence of its structure, as modulated by

FIG. 2. (Colon A representation of the LUMO energy eigen- thermal disorder for a 512 atom mod@&ef. 6 from 300 K simu-
state and the time dependence of its structure, as modulated bBytion, Same color mapping as Fig. 2.

thermal disorder for a 216 atom mod&ef. 6 from 300 K simu-

lation. The color coding reflects different amounts of electronggmetimes becoming strongly localizEgig. 2(a)], but also
charge on a site: Redj-0.1), green (0.059<0.1), blue (0.05  oeagionally developing a substantially more extended
<q<0.01), grey (0.0+:<0.005), and whiteq<0.005).qisthe  «qyinglike” character[Fig. 2b)]. These are not the only two
total charge on the site. The charge summed over all S|t'es is qnlty 'Pecognlzable structures, but recur most frequently. The time
all cases/(a) and (b) are “snapshots” from the 2.5 ps simulation. between “characters” is not predictable, though it is of order
(a) is a very localized compact clustely) a “string”-like state, !

tens of hundreds of fs.

much less localized thata). These are only “snapshots” and de- . .

pict only the two most commonly recurringystructtﬁ)res of the LUMO In Fig. 3.’ we reproduce the 300 K temporal fluctuations of

state. the LDA eigenvalues near the gap for a larggt2 atom
model ofa-Si also made by Djordjeviet al.® and also in

indicate different levels of charge on a given atétime or-  excellent uniform agreement with experiments. This larger

dering is red, green, blue, gray, white; see the caption fomodel illustrates some additional points. Although the

detai). There is a clear tendency for the LUMO state to LUMO energy level fluctuates considerably, the structure of

alternately “accumulate” on a strained part of the network, its conjugate eigenvector is much more “static” than the
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LUMO state of Fig. 2. Even though there is obviously a largeleading. Mott® and others have made fundamental contribu-
electron-phonon couplingpecause of the large fluctuations tions to the theory of transport in a noncrystalline medium;
in energy, the state does not approach closely enough to théor example, variable range hopping. In the kind of simula-
next conduction state in energy to exhibit strong mixing andion we present here, one can estimate the conductivity, in-
therefore markedly change its structure. This emphasizes thguding its temperature and frequency dependeduectly
point that a large electron-phonon coupliby itselfis not  from the electronic states through an appropriate thermal av-
sufficient to cause major changes in the structure of the relerage of the KubY formula. It is also a complement to the
evant eigenvector. In Fig. 4, we illustrate the highest occuphenomenological models of transpdtin the latter work,
pied molecular-orbital “HOMO” state and snapshots in transport is modeled as a hopping between localized tail
analogy with Fig. 2. By inspection of the time developmentstates. Our work can be viewed as an explanation of the
of this state from Fig. 3, there are two “close approaches” ofprecise nature of the states among which electrons are hop-
this state to the next valence tail state. Indeed we find that thging (the very complicated states of Figs. 2 and 4, and Ref.
qualitative behavior of this state is similar to that from Fig. 15). The waiting time between hops must be related to the
2; “snapshots™ with identical color coding to Fig. 2 are pre- time between eigenvalue “close encounters” or level cross-
sented as Figs.(d and 4b), illustrating compact cluster and ings near the Fermi level. It also points at an atomistic level
chainlike character, respectively. In the short simulation forto the dynamics of bandtail defects and their kinetics.
the 512 atom modd&K00 fg, we also saw a distinctive struc- The consequences of this work can be stated another way.
ture involving three rather separated clusters. We conclud |i)(|f)) are initial (final) electronic states with energy
that the phenomenon is qualitatively similar for occupiedE;(E;), then for an electronic transition ia-Si, a Fermi
levels such as this or for unoccupied statéee LUMO of  golden rule argument leads quicky to the conclu¥idhat
Fig. 2). . _ __ the transition rate is proportional tfi|T|f)|?8(E;—E;

We have argued earli€rthat structural disorder ia-Si — %iw), whereT is a perturbation inducing the transitigto

gives rise to Iocgllzed states Wlth energies in the band tallsﬁrst approximation a momentum operatand e is the fre-
These system eigenstates can invatrany atoms and can o
quency of an external probe. Both the energies indlienc-

have a Byzantine structure. This wotkshowed that it is o : -

useful to view localized energy eigenstatesakSi as either fuon and the tran5|t_|on matrix elements are sensitive to the
ure or mixed “cluster states” Cluster states are localize nstantaneous details of the structural disorder, and as such

P : ransition probabilities are also strongly dependent on the

eigenstates of an_ldeallzed system Wh'Ch stem from SOMfme and temperature. The consequences of this to transport
structural irregularity such that there is no overlap with en- e under investigation: the discussion here is based upon

e_rgetlcally d.eg(.ant'erate 'clu.sters. Such clgster states can be Gﬁf:'st-order time dependent perturbation theory, which for the
ficult to realizein isolationin real a-Si, since structural de-

i . ! . very strong electron-phonon coupling we discuss, could be
fects can occur with similar local electron energies, which.
n?adequate.

would cause the system energy eigenvectors to consist 0O . . .
Y 9y €19 In conclusion we have found a strong time dependence in

T e esonan, sfectsuters e defects a1 e energy cigervalues and siates near the Fermi evel i
states. We have explained this in Ref. 15. The “simple physfa_SI at ordinary temperatures. We expect the phenomenon to

ics” of this paper is that the strong electron-phonon couplingbe much more general, certainly occurring in glasses, but
for localized band tail stateis sufficientto cause strongly probably in insulating liquids and perhaps polymers as wel.

time/temperature dependent quantum mechanical mixin 'Fhe origin of the effect is a strong electron-phonon coupling
P P 9 9 For the localized band tail states plus a reservoir of energeti-

f!,:ifrtﬁ;?:egn\gr?Qstr;]ee;ﬂe”3:' grgse?;?:r 'fovjiléztd”t%r:t ttr?ecally adjacent states with which quantum mixing can occur,
g y 0€g P s driven by the lattice vibrations.

have some overlap in real space. Strong mixing of course
implies less localization and thus better prospects, at least We thank Dr. Jianjun Dong and Serge Nakhmanson for
while the more extended state survives, for conductivity andhelpful discussions, and Professor M. F. Thorpe for sharing
optical transitions. This work shows that transport and optistructural models with us. D.A.D thanks the NSF for support
cal calculations based only dn=0 results can be quite mis- of this work under Grant No. DMR 9618789.
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