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Abstract

A molecular-dynamics simulation has been carried out for amorphous selenium. The simulation used 64 atoms in a

constant volume simple cubic cell. The pair correlation function, g�r�, and structure factor, S�Q�, were computed and

compared with experimental and previous theoretical studies. The average coordination number is exactly 2. Only one

defect, an intimate valence alternation pair type defect was produced. The electronic density of states and the local-

ization of the electronic state also manifest some properties of valence alternation pair defect type. The results give new

evidence for valence alternation in a-Se. Ó 1998 Published by Elsevier Science B.V. All rights reserved.

PACS: 61.43.Dq; 71.23.-k; 71.23.Cq

1. Introduction

The photoconducting and semiconducting
properties of amorphous Se [1,2] are connected
with the properties and concentration of defects in
the structure. In spite of the accumulation of much
experimental data, the atomic structure of a-Se
remains controversial. Among the numerous
studies on a-Se, the models by Street and Mott [3],
Kastner et al. [4] have received considerable at-
tention. They postulated that for amorphous se-
lenium defects with the smallest energy were
charged pairs consisting of a positively charged
triply coordinated atom C�3 and a negatively
charged singly coordinated atom Cÿ1 , `valence al-
ternation pairs' (VAP). Here C denotes a chalco-

gen atom, and subscripts and superscripts
represent coordination number and charge state,
respectively. Most of the C�3 and Cÿ1 were conjec-
tured to be bound together to form `intimate' VAP
(IVAP). This model is successful in explaining the
majority of experimental facts and is widely used.
There have been many experimental results to
support the VAP model [5].

First-principles molecular-dynamics simulation
using Car±Parrinello(CP) method [6] by Hohl and
Jones [7] suggested that single threefold coordi-
nated atoms C0

3 are the most numerous defect type.
We noticed that the concentration of defects atoms
is �23% in Hohl's calculation. As to our know-
ledge, all previous theoretical models have con-
tained well over 10% coordination defects, so that
the defects cannot be easily analyzed as isolated
entities. Such samples bear only limited relevance
to real a-Se, in part because this arti®cial defect±
defect interaction causes a reduction in the local-
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ization of the defect wave function. To better
connect to experiment, it is necessary to form net-
works with only a few percent coordination defects
and radial distribution function in agreement with
experiment. In this paper, we present a network
that has geometrical defect densities of a few per-
cent level which is small by the current theoretical
standards but is still large compared to experiment.
Such a network can give the evidence of VAP in a-
Se. The fewer coordination defects can facilitate the
interpretation of the total electronic density of
states, particularly in the region of the band gap in
terms of the coordination defects.

2. Constraints on theory

We used the program of Demkov et al. [8]
`®reball96' to construct our network. This model
generalizes the non-self-consistent local basis
Harris functional local density approximation
(LDA) scheme of Sankey and co-workers [9] to an
approximate self-consistent form. We tried non-
self-consistent (Harris functional) calculation but
found that self-consistency was essential to obtain
a realistic network. These local basis density
functional methods have been successful for sev-
eral other disordered systems: GeSe2 [10], a-Si [11],
a-GaN [12] and tetrahedral a-C [13].

A cubic supercell of 12.90 �A with 64 atoms
placed randomly inside the cube was chosen for
the initial con®guration of our model. This num-
ber gave us a density close to the experimental one
of 3.91 g/cm3 corresponding to the liquid Se at
ambient pressure and T� 573 K. After a thermal
equilibration at T� 300 K (a-Se), a steepest de-
scent quench was applied to quench the system to
T� 0 K. All of our calculations were done at
constant volume using only the C point to sample
the Brillouin zone.

3. Results

3.1. Structural properties

The static structure factor of the 64-atom model
is shown in Fig. 1 and is in reasonable agreement

with the experiment measurements taken from
Ref. [14]. The location of all the principal peaks
are close to the measured ones. The only impor-
tant discrepancy is the ®rst di�raction peak. This
discrepancy also appeared in the Hohl and Jones'
[7] calculation. Generalized Gradient Approxima-
tion (GGA) simulations by Kircho� et al. [15]
show better agreement. With an MD cell size of
12.9 �A boundary artifacts will be present for small
q.

Fig. 2 shows the computed pair correlation
function g�r� and the comparison with the exper-
iment. The experimental data is from Ref. [14].
Prominent peaks at 2.3 and 3.65 �A are evident. A
feature is the appearance of the shoulder between

Fig. 1. Comparison of theoretical and experimental (Ref. [10])

static structure factors S�Q� for a-Se.

Fig. 2. Pair correlation function g�r� obtained from MD sim-

ulation and experiment (Ref. [10]) for amorphous selenium.
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®rst and second peaks. This shoulder also ap-
peared in the Hohl and Jones' calculation [7].

The comparison of computed g�r� and S�Q�
functions with experimental data shows that our
simulation gives a satisfactory view of local order
and distance correlation in a-Se. In Fig. 3 we give
an image of our model of a-Se. Only two constit-
uents emerge in our calculations: a large chain
with 56 atoms, one of which is a three coordinated
defect, connecting with another one coordinated
defect, and one six member ring weakly bonded to
the chain. We ®nd that the `distance' between the
ring and chain is about 3.05 �A where the shoulder
in g�r� appears.

The defect atoms are those atoms whose
coordination number di�ers from two. Here,
coordination is de®ned by the number of neigh-
boring atoms within cuto�, rc, of the atom,
where rc is taken as the position of the ®rst
minimum of pair correlation function, g�r�. The
defect type is a three-coordinated atom, one of

whose neighbors is a one-coordinated atom
(IVAP). This con®guration gives an average co-
ordination number of 2. This number also agrees
with the di�raction measurements which showed
that the atomic coordination number is almost
exactly 2 in the low-temperature liquid Se and
amorphous Se [14].

3.2. Electronic properties

Fig. 4 shows the electronic density of states
(EDOS) and inverse participation ratio (IPR) of
our 64-atom model. The inset of the ®gure is the
EDOS and IPR around the gap region. The in-
verse participation ratio describe the degree of
localization. We calculate the `Mulliken charge',
q(n,E), associated with the energy eigenvalue, E,
and the atomic site centered at atom number n.
For details we refer the reader to Ref. [16]. The
IPR(E) is de®ned as IPR�E� �PN

n q�n;E�2, where
N� 64 is the number of atoms. Note that IPR�
1/N for completely uniform extended states and
IPR� 1 for a state completely localized on a single
orbital.

The key feature in Fig. 4 is that there are two
localized states, one at the top of the valence band
and the other at the bottom of conduction band.
Very interestingly, the energy di�erence between
the two states is about 2.2 eV which is close to the
bandgap of 2.22 eV [1]. This EDOS is in part de-

Fig. 3. A unit cell of our model of amorphous selenium. All the

bonds are drawn between atoms with separation d 6 2:7 �A.

Fig. 4. Electronic density of state and the inverse participation

of a-Se. The inset shows EDOS and IPR in band gap region.

The diamond stands for Q2�n;E� for Cÿ1 atom and the square

stands for the Q2�n;E� for C�3 atom. The optical gap contains

E� 0.
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termined by the structure of the a-Se. The dia-
monds stand for the Q2�29;E� where atom number
29 is the singly coordinated defect atom and the
squares stand for the Q2�44;E�, where atom
number 44 is the three coordinated atom. It shows
that the localized state at the top of the valence
band comes almost from a singly coordinated de-
fect. The localized state at the conduction band
edge is localized on the three-fold site and its
nearest neighbors, and the singly coordinated de-
fect is more localized. This localization agrees with
the early tight-binding calculation by Vanderbilt
and Joannopoulos [17]. This characteristic density
of state can be interpreted by the chemical bonding
con®guration of selenium.

Selenium, having 34 electrons, has six electrons
outside of closed shells: two 4s and four 4p elec-
trons. For valence energies, a 4s-like band is fairly
well separated from three 4p-like bands. Interac-
tions between nearest neighbors split the p orbital
into bonding (r), lone pair (LP) and antibonding
(r�) bond orbitals. Interactions between di�erent
bond orbitals yield bands which give rise to the
conduction and valence bands in the solid [17]. For
the case of singly coordinated defect sites, at least 3
electrons (3 for neutral defect and 4 for negatively
charged defects) are in the LP orbital. The stronger
direct p interaction will give rise to localized states
above and below the lone pair band edges. If the
defect is charged, the defect state above the valence
band will be ®lled. Analogous to that for one co-
ordinated defect, for the three coordinated case,
this time there is a pair of r� orbitals (and a pair of
r orbitals) which are connected by direct p inter-
action. The splitting exceeds the band width, and
we expect a pair of threefold degenerate localized
states [p��r�� and p�r�� in our notation] to emerge
from the conduction bond edges, and similarly for
the valence band. In the case of IVAP defect, the
one-fold and three-fold defects are neighbors. The
defect states associated with the two defect sites
remain but are shifted closer to the band edges. In
our calculations, the distribution of IVAP defect in
the EDOS and IPR nicely ®t into above analysis.
Our ab initio calculations of EDOS agrees with the
descriptions of IVAP defect state by Vanderbilt
and Joannopoulous [17] given in their simple tight-
binding models.

4. Discussion

4.1. Structure

The main shortcoming of Hohl and Jones's [7]
calculations is that the depth of ®rst minimum in
g�r� is substantially underestimated. The recent
generalized gradient approximation (GGA) cal-
culations [15] give the ®rst minimum in g�r� in
much better agreement with experiment, but
there is still some discrepancy. So, it is assumed
by Kircho� et al. [15] that GGA is essential to
mitigate these problems primarily by getting the
proper interatomic distances. We have veri®ed
that our Hamiltonian gives a dimer bond length
of 2.16 �A which is close to experimental length
2.17 �A. A steepest descent quench was applied to
fully relax Hohl and Jones' network to equilib-
rium with our Hamiltonian [8]. To our surprise,
quenching decreases the ®rst minimum of g�r�
and the resulting g�r� is in improved agreement
with experiment. The static structure factor does
not change signi®cantly. Considering the small
size of the super cell, the overall agreement with
experiment is rather good. Now, we are working
on a larger model to reduce the size e�ect of the
supercell. The relaxed Hohl and Jones model
only contains six defect atoms. The defect type
are 2C3 � C1 (IVAP), C1 and C3. The defect
structure results in an average coordination
number of 2, a strong signature of dominance of
VAP type defect.

Many structural models have been proposed.
They often con¯ict even if apparently supported
by more than one experiment. On the basis of X-
ray and neutron scattering data, Henninger et al.
[18] concluded that a-Se consisted of Se chains in
random orientation and `liquid-like assemblage'.
Kaplow et al. [19] were led by their X-ray data to
conclude that a-Se is a molecular solid made up of
distorted Se8 molecules. Nevertheless, it is gener-
ally agreed that vibration spectra [20] and solu-
tion-extraction experiments [19] virtually exclude
an atomic ring fraction of more than �5%. In our
MD simulation, it clearly shows that coexistence
of long chain and weakly bonded ring is the mic-
ropicture of a-Se. The ring fraction in this 64-atom
cell is 6/64 � 10%, a bit large compared to ex-
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periment. Another distinct feature in our network
is that the ring is six-membered. Because Se8 and
Se6 rings occur in the monoclinic and the rho-
mbohedral phase respectively, it was long believed
that there might be a large concentration of similar
rings in a-Se [21]. The Se8 ring did not appear in
our simulation. This is consistent with the result by
Kircho� et al. [15]. Experiment [21] also indicated
that a signi®cant Se8 fraction were shown to be
unreliable in a-Se due to equilibration reactions
Se1 () Se8 () Se7 () Se6.

4.2. Electronic density of states and localization

Since we use self-consistent methods with
charge transfer properly accounted for, we are
able to distinguish the charge state of the defects
in our model. We ®nd that the atoms at the
singly coordinated defect site and three-coordi-
nated site have ÿ0:2e and 0:2e net charge, re-
spectively. The net charge of the IVAP pair is
neutral, in agreement with Kastner et al. [4].
According to the picture of VAP by Kastner et
al., the lowest-energy neutral defect is C0

3 rather
than C0

1. the VAP and IVAP pair are formed
through 2C0

3 ! C�3 � Cÿ1 So, in the process of
forming the a-Se, in addition to the atomic re-
arrangements accompanying the above con®gu-
ration changes, there are relaxation e�ects
associated with a change in charge state. We
admit that the transfer of �0:2e is small enough
that we should not exclude the possibility that
the defect is essentially a neutral C0

3±C0
1 pair.

5. Conclusion

The results of static structure factor and pair
correlation function are in good agreement with
experimental data where available. We provide a
mixed long chain and Se6 ring model of a-Se. The
calculation agrees with the prediction that VAP's
C�3 ±Cÿ1 pair is the dominant type in a-Se. We as-
sociate the localized states at the top of the valence
band and bottom of conduction band to the Cÿ1
and C�3 defects, respectively. The present calcula-

tion gives a strong evidence of valence alternation
pairs in amorphous selenium.
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