J Mater Sci: Mater Electron (2009) 20:S33-S37
DOI 10.1007/s10854-007-9427-x

Microscopic and macroscopic models of photo-induced volume

changes in amorphous selenium

Rozalia Lukacs - Jozsef Hegediis - Sandor Kugler

Received: 20 July 2007/ Accepted: 1 October 2007 / Published online: 25 October 2007

© Springer Science+Business Media, LLC 2007

Abstract We have proposed a new explanation for the
photo-induced volume changes in chalcogenide glasses.
We have found that the covalent bond breaking occurs in
these glasses with excited electrons, whereas holes con-
tribute to the formation of inter-chain bonds. We have
calculated the charge distribution in a-Se, too.

1 Introduction

During bandgap illumination, chalcogenide glasses exhibit
various changes in structural and electronic properties like
photo-induced volume change, photodarkening, and photo-
induced change in the phase state (photo-crystallization
and photo-amorphization) [1]. The phase change materials
are one of the most exiting recent developments. Phase
change memory is based on transition between nanocrys-
talline and glassy chalcogenides. The macroscopic picture
of chalcogenide memory operations is simple: heating and
fast or slow cooling of the liquid leads to reaching phases
with different electrical resistivities. Rewritable optical
data recording is the recent most important applications of
thin chalcogenide films. Dominant materials for them are
Ge Sb Te alloys today.

These phenomena do not occur in any other amorphous
semiconductors. The microscopic structural changes are
facilitated by two factors common to chalcogenide glasses:
the low average coordination number and the structural
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freedom of the non-crystalline state. During illumination
some of the films can expand (a-As2S3, a-As2Se3, etc.),
and the others shrink (a-GeS2, a-GeSe2, etc.) [2]. Several
investigations have been carried out in order to provide an
explanation of these phenomena [3—10]. We proposed a
simple, unified description of the photo-induced volume
changes in chalcogenides based on tight-binding (TB)
molecular dynamics (MD) simulations of amorphous
selenium [8]. We have found that the microscopic rear-
rangements in the structure (like bond breaking and bond
formation) are responsible for the macroscopic volume
change under illumination. The first in situ surface height
measurement [11] on amorphous selenium was carried out
recently and supports our proposed mechanism.

2 Computer simulation background

We have recently developed a molecular dynamics com-
puter code (ATOMDEP program package) to simulate the
preparation procedures of real amorphous structures
(growth by atom-by-atom deposition on a substrate and
rapid quenching) [12-16]. Standard velocity Verlet algo-
rithm was applied in our MD simulations in order to follow
the atomic scale motions. To control the temperature we
applied the velocity-rescaling method. We chose At = 1 fs
or 2 fs for the time step, depending on the temperature. In
our works the growth of amorphous carbon [12], silicon
[13, 14] and selenium [15, 16] films were simulated by this
MD method. This computer code is convenient to inves-
tigate photo-induced volume changes as well if the built-in
atomic interaction can handle the photo-excitation. For
calculating the inter-atomic forces in a-Se we used tight-
binding [16, 17] and self-consistent tight-binding (SCF-
TB) [16, 18] models. The TB parameterization [17] has
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been introduced for disordered selenium following the
techniques developed by Goodwin et al. [19].

3 Sample preparation

Hundred and sixty-two atom glassy networks in rectangular
box were fabricated with periodic boundary conditions in
two dimensions [x,y]. The samples were open in the
z-direction. When we illuminated the cell, it could expand
or shrink into the open direction if did. The volume
changes in the sample could be derived by measuring the
distance between atoms at the two open ends (see arrow in
Fig. 1).

The sample had an initial density of 4.33 g/cm®. We
prepared our samples from liquid phase by rapid quench-
ing. Our ‘cook and quench’ sample preparation procedure
was as follows (see Fig. 2.): first we set the temperature of
the system to 5,000 K for the first 300 MD steps. During
the following 2,200 MD steps, we decreased linearly the

Fig. 1 Snapshot of a final glassy selenium network. The sample can
move in z-direction
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Fig. 2 Temperature as a function of time during the sample
preparation
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temperature from 700 K to 250 K, driving the sample
through the glass transition and reaching the condensed
phase. Then we set the final temperature to 20 K and
relaxed the sample for 500 (1 ps) MD steps. The closed
box was opened in the z-direction at the 3,000th MD step.
We thus obtained two surfaces with increased number of
onefold coordinated atoms. This final topology corre-
sponded to a thin-film structure. A typical configuration
can be seen in Fig. 1.

Samples prepared at 20 K had final densities from
3.95 g/em® upto 4.19 g/cm’. The number of coordination
defects ranged from 3% up to 12%. Most of these defects
were located on the surfaces. The structure mainly con-
sisted of branching chains, but some rings could also be
found. The samples were accepted if the volume fluctuation
was less than 0.5% in 60 picoseconds. We prepared alto-
gether 30 samples, and 17 were considered to be stable and
useful for further studies. A radial distribution function of a
representative sample can be seen in Fig 3.

In our Molecular Dynamics (MD) simulation on a-Se
[8], we assumed that immediately after a photon absorption
the electron and the hole become separated in space on a
femtosecond time scale [20]. This effect is applied in our
everyday life using copy machines, where the cylinder is
made from selenium. Therefore, excited electrons and
created holes can be treated independently in our cluster
calculations. We ran two sets of simulations: first, to model
the excited electron creation, we put an extra electron into
the Lowest Unoccupied Molecular Orbital (LUMO), and
second, we annihilated an electron in the Highest Occupied
Molecular Orbital, HOMO (hole creation). We neglect the
Coulomb interaction between electrons and holes. In our
approach, excitons do not play any role during the photo-
induced volume changes.
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Fig. 3 Radial distribution function of amorphous selenium network

in function of atomic distances. The model was prepared by MD
simulation at 20 K
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4 Electron excitation and hole creation

When an additional electron was put on the LUMO in the
majority of cases, a covalent bond between twofold and
threefold coordinated atoms was broken (C2 + C3 >
C1 + C2). This effect causes a macroscopic volume
expansion. Release of excitation restores all bond lengths
to their original value. More interesting results were
obtained during hole creation. We observed that inter-chain
bonds were formed after creating a hole, and they cause a
contraction of the sample. This always happens near to
atoms where the HOMO is localized. Since the HOMO is
usually localized in the vicinity of a onefold coordinated
atom, the inter-chain bond formation often takes place
between a onefold coordinated atom and a twofold coor-
dinated atom (C{1,0} + C{2,0} = C{1,1} + C{2,1},
where the second number means the number of inter-chain
bonds). However, sometimes we also observed the for-
mation of inter-chain bonds between two twofold
coordinated atoms (C{2,0} + C{2,0} = C{2,1} + C{2,1}).

5 Charge distributions

A covalent bond between twofold and threefold coordi-
nated atoms was broken (C2 + C3 >C1 + C2) in the
majority. In that occasion we started to investigated the
charge distribution in our a-Se models. Two different
method were applied for this purpose i.e. Density Func-
tional Theory (DFT) and Tight-Binding model. Figure 4
displays the charge distributions using DFT GGA calcu-
lation on 162 atom clusters. Basically, the absolute value of
charge accumulations on the twofold coordinated atoms are
less the 0.1 electron units. Furthermore we can observe
some larger charge accumulations in both directions as the
two insets show. The larger positive charge accumulation
belongs to the threefold coordinated atoms, while the
negatively charged atoms are onefold coordinated.

Similar effect was observed using TB model. The only
difference between charges calculated by TB and DFT is
the values because the TB case the charges are a little bit
larger (see Figs. 4. and 5).

In stable condensed phases the selenium atoms (and
other chalcogenide elements) form covalent bonds with
two nearest neighbours in accordance with the 8-N rule.
These atoms have six electrons in the outermost shell with
a configuration of s’p*. Electrons in s states do not par-
ticipate in bonding since these states have energies well
below the p states. Two covalent bonds are formed between
chalcogen atoms by two p electrons, but the other electron
pair—also called a lone pair (LP)—remains in not bonding
state. If there is coordination defect or doping the 8-N rule
must be broken. No electron-spin-resonance (ESR) signal
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Fig. 4 Charge distribution in a-Se calculated by DFT method. Two
insets display the atomic charges on onefold and threefold coordi-
nated atoms
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Fig. 5 Charge distribution in a-Se calculated by TB method. Two
insets display the atomic charges on onefold and threefold coordi-
nated atoms. In this case the charges are a little bit larger than in DFT
calculations can be found

has been observed in a-Se. A possible explanation of this
phenomenon is that the defects are not neutral: onefold
coordinated atoms are negatively charged (C1) and three-
fold coordinated atoms are positively charged (C3) which
are called valence alternation pairs(VAP’s).

Our calculations which do not contain phonon-electron
interaction suggest that the threefold coordinated atoms
lost electron and these electrons are transferred to the end
of chains causing negatively charged end.

6 Macroscopic models. Kinetics of volume change
The light induced volume expansion and volume shrinkage
in amorphous selenium simultaneously exists, so that

they are additive quantities. The expansion in thickness d.
is proportional to the number of excited electrons n,
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(de = Pene), while the shrinkage d, is proportional to the
number of created holes ny, (dy, = finy), The parameter f3,
(Pr) is the average thickness change caused by an excited
electron (hole). The macroscopic time dependent thickness
change is equal to

A(t) = Bene(t) — Bunn(t) (1)

where A(t), ng(t), and ny(t) are sum of stepwise functions.
Assuming ne(t) = nu(t) = n(t) we get

A(t) = (Be = Bun(t) = Ban(®) (2)

where fi is a characteristic constant of the chalcogenide
glasses related to the photo-induced volume (thickness)
change. The sign of this parameter governs whether the
material shrinks or expands. The number of electrons excited
and holes created is proportional to the time during
illumination. Their time independent generation rate G
depends on the photon absorption coefficient. Recom-
bination is a reverse process. The number of electron-hole
recombination events depends on the time and on the number
of excited electrons and holes. A rate equation for this
dominant process can be written as follows

dne/dt = G — C n¢(t) ny(t), (3)

where C is the recombination rate. Using
n.(t) = np(t) = n(t) and A(t) = fan(t), we obtain an
equation for the time dependent volume change, namely

dA(t)/dt = G By — (C/Ba)A%(v). (4)

The solution of this nonlinear differential equation is
given by (using: G' = G fia; C' = C/fp)

A(t) = (G'/C)* tanh ((G'C)'?). (5)
In the steady state case (t = c0)
At = 00) = (G'/C)'/* = a. (6)

A(t = o0) = a is a well-known measurable value from
experiments (A(t) = a tanh ((G'C")"? t))). After the light is
turned off. Eq. (4) reduces to (G = 0)

dA(t)/dt = —C'A*(t) (7)
with the solution
A(t) =a/(aC’t+1). (8)

We have only one fitting parameter (only C' because
G'/C' = a®) and two different curves to fit using this
parameter! Fig. 6 displays the best fit for the photoinduced
volume expansion of a-Se glass during illumination. The
dashed line shows the measured volume including
fluctuations while the solid line was drawn using our
model. The horizontal dashed line is the upper limit of the
volume expansion (A(t = c0) = a). The measured volume
shrinkage of a-Se (dotted line) and the fitted curve (solid
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Fig. 6 Time development of the measured volume expansion in
amorphous selenium (dotted line) and its fit using our model (solid
line)
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Fig. 7 The measured shrinkage of a-Se (dotted line) and the fitted
curve (solid line) after switching off the illumination

line) are shown after switching off the illumination in
Fig. 7.

This kinetics is not a stretched exponent governed process
which is usually expected for amorphous materials. In our
microscopic model we applied a uniform S for explanation
the photoinduced volume change. In order to give a detailed
description we applied a distribution for /5. Furthermore we
used Debye type exponential expansion and shrinkage with
different relaxation time instead of stepwise description. We
were not able to obtain stretched exponent function for the
time development of photoinduced volume change.

7 Summary

In summary, we have proposed a comprehensive explana-
tion of photo-induced volume changes in chalcogenide
glasses, which can simultaneously describe photo-induced
shrinkage and expansion. This phenomenon is unique to
amorphous chalcogenides because of the twofold coordi-
nation of the chalcogenide atoms, which provides structural
flexibility. We found covalent bond breaking in systems
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with excited electrons, whereas holes contribute to the
formation of inter-chain bonds in the vicinity where these
excited electrons and holes are localized. The interplay
between photo-induced bond breaking and inter-chain bond
formation leads to either volume expansion or shrinkage.
Our comprehensive microscopic explanation of the photo-
induced volume change is in an excellent agreement with
the first in situ surface height measurements in amorphous
selenium. QOur calculations of atomic charge accumulation
provide a direct evidence of existences of positively
charged (C3) and negatively charged (C1) atomic sites in a-
Se network. Methods we used for this purpose do not
contain phonon-electron interaction.
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