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Abstract
Molecular dynamics simulations using a density functional description of energies and forces
have been carried out for a model of an as-deposited (AD) surface of amorphous selenium.
The deposition model assumed the annealing (at 400 K) of layers of randomly located single
atoms, followed by compression to the density used in earlier melt-quenched (MQ)
simulations of amorphous Se, and by further annealing. The AD and MQ structures are
predominantly twofold coordinated and similar, for example in the pair distribution functions,
with notable differences: the AD structures have more defects (atoms with one and three
neighbours), and the ring distributions differ. These differences are also reflected in the
electronic structures of the AD and MQ samples, where the increased presence of defects in
the former influences the Bader charges and the edge states of the band gap. The dominance of
rings found in a previous simulation of AD structures is not found.

Keywords: amorphous selenium structure, molecular dynamics, density functional theory

(Some figures may appear in colour only in the online journal)

1. Introduction and rings present in a particular sample [2]. There are at least
six allotropes of the element [3, 4] comprising both chains and
Amorphous selenium (a-Se) has had important technological rings. The most stable form (a-Se, trigonal) is composed of
applications for decades, most recently in the field of sensors  parallel helical chains, and three monoclinic forms comprise
[1]. In its amorphous and liquid forms, selenium is also one  Seg rings with different packings [4].
of the best studied disordered materials and the only element The composition of Se vapour depends on temperature and
that forms a stable glass at ambient temperatures. The unusual  pressure [4, p 154], and there are extensive data at equilib-
physical properties of disordered Se at temperatures near rium of vapours containing Se and Se; [5] and Se, molecules
300 K and above have provided a challenge for structural stud-  with n between 2 and 8 atoms [6]. Ring and chain isomers in
ies, the main point of controversy being the number of chains  group 16 elements show only small variations in bond lengths,
bond angles, and dihedral angles [7-9], the main differences
being the pattern of the signs of the dihedral angles (‘motif’
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conformations for n atoms is 2”3, and chain structures are
generally much more numerous than rings, although the lat-
ter generally have an additional bond and lower energies
[7-9]. Interconversion between rings and chains is an essential
component of ring-opening polymerization in liquid sulphur
[12].

Polymorphism occurring during vapour deposition can lead
to ‘hidden’ glassy states that cannot be formed by slow cooling
of a liquid [13], and recent molecular dynamics (MD) simula-
tions on SiO, [14] indicate that the substrate temperature is
important for the existence of such structures, which can be
induced in a-Se in situ by light [15] or during vapour deposi-
tion [16]. Differences between bulk and surface structures are
increasingly important in amorphous materials [15], and the
vibrational dynamics and surface structure of a-Se have been
interpreted in terms of overcoordinated defects near the sur-
face [17]. Structures and photo-induced effects in elemental
chalcogens, with particular focus on Raman scattering, have
been reviewed recently [2].

The first MD simulations of vapour deposition of a-Se films
[18, 19] considered individual Se atoms incident randomly on
a crystalline substrate and interacting via tight-binding Hamil-
tonians and a classical three-body force field (FF) [20], whose
parameters were chosen to reproduce the structures of small
Se clusters and other properties of selenium. This FF has been
used in many studies over the past 20 years [21], including a
study of deposition from a vapour containing Se, rings, with
2 < n < 8 [22]. The structures were compared with available
experimental data and with the results of early MD simulations
of a-Se [23, 24] with density functional (DF) [25] calcula-
tions of energies and forces. Particular attention was paid to
defect configurations. An analytical bond-order potential has
been developed for the ternary system Cd—Te—Se using exper-
imental information and selected DF results [26]. It was tested
in MD simulations of vapour deposition of Se, resulting in
the known crystalline structure, and this approach presents an
attractive alternative for future work.

Experimental and theoretical work on amorphous and lig-
uid Se was summarized recently [27], with particular focus on
melt-quenched (MQ) phases, where a liquid sample is cooled
slowly to a specified temperature. The viscosity of selenium
changes by 12 orders of magnitude between the melting point
(494 K) and the glass temperature (~300 K), and the history
of a sample has a pronounced effect on its properties. Fur-
thermore, the tendency of a-Se to crystallize spontaneously
between 343 K and 441 K limits the availability of exper-
imental data in this temperature range. The results of MD
simulations of liquid and glassy Se were published recently
[27], where the forces and energies were calculated using both
DF methods and a classical FF [20]. These simulations cov-
ered different time and length scales (DF: 600 atoms, 140 ps,
400-773 K, FF: 5488 atoms, up to 800 ns, 290-500 K), with
even larger samples being used in subsequent ageing studies
[21]. There is good overall agreement with measured struc-
tural and dynamic properties, although the approaches lead to
differences in the distributions of rings and chains, and the FF
simulations indicate that the DF calculations below 500 K may
be too short to ensure equilibration.

We report here results of DF/MD simulations on a model
of the disordered ‘as-deposited’ (AD) surface of Se, which is
sometimes referred to as ‘vapour deposited’. We avoid a bias
towards rings or chains by assuming a random generation of
atomic positions. The results are compared with previous work
on MQ samples of a-Se, and we pay particular attention to
the electronic structures of the two systems. We also compare
the present AD results with those of the FF deposition simu-
lations mentioned above [18, 19, 22]. Earlier DF/MD simula-
tions on polymorphism in AD and MQ samples include work
on Ge,Sb,Tes [28], where tetrahedrally bonded Ge atoms and
homopolar bonds (including Ge—Sb) are favoured in the AD
sample, and on GaSb and GaSb; [29], where Sb segregation is
evident in the AD sample of the latter.

2. Methods of calculation

2.1. Density functional calculations

The DF/MD simulations were performed with the same pro-
gram and input parameters as in [27], where full details (pseu-
dopotential, energy cutoff for the plane wave basis, time step,
thermostat) are provided. The PBEsol approximation [30] to
the exchange—correlation energy was used, and the measured
density of Se at the melting point (3.99 g cm—3, number density
0.03043 atoms A~?) was used in the MQ simulations for all
temperatures. The density of a-Se has been somewhat contro-
versial [31], and a value of 4.25 g cm > (0.03240 atoms A~3)
has also been suggested [32].

An additional focus of this study is the electronic struc-
ture, particularly the states near the semiconducting gap,
which is underestimated by the PBEsol and other general-
ized gradient or local density approximations. MQ calculations
[27], for example, led to band gaps in the range 0.6-0.4 eV
between 400 K and 600 K, compared with optical gaps
close to 2 eV [33-35]. Improved agreement with experiment
is often found with ‘hybrid’ approximations, where a frac-
tion of exact exchange is added to the generalized gradi-
ent form. Here we use the PBEO form [36] and the CP2K
program [37], which uses a Gaussian basis set and an aux-
iliary plane-wave basis. The Se atoms were represented by
a double-( (DZVP) Gaussian basis optimized for molecular
structures, a kinetic energy cutoff of the plane wave basis
of 400 Ry, and the Goedecker—Teter—Hutter pseudopoten-
tial [38]. The lowest energy MQ and AD structures were
re-optimized for the PBEO approximation using the Broy-
den—Fletcher—Goldfarb—Shanno method [39], and the elec-
tronic structure and charge distributions were determined for
the final structures. The Bader ionic charges were computed
from the total electronic density as described in [40].

2.2. Preparation of AD structure (DF/MD simulations)

The procedure used to generate the AD structure is shown
in figure 1. The simulation cell was taken to have variable
extent in the z-direction and square in the xy-plane with side
(26.4567 A) such that a cube of this size would have the
above experimental density. The structure was generated by
first depositing a random substrate layer of 30 atoms in a thin
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Figure 1. Visualization of layer-by-layer deposition at 400 K, shown
for the odd-numbered layers. The final structure (19) is shown prior
to compression. See text for more information.

(z-coordinate range was 0.5 A) square slab with 3.5 A min-
imum distance between atoms. The coordinates of the sub-
strate atoms were then fixed throughout the deposition simula-
tions. A succession of 19 sparse layers of 30 atoms each were
generated and allowed to relax at 400 K on top of the exist-
ing structure, using the same minimum interatomic separation
3.5 A) until layer 16, when convergence difficulties in the
orbital expansion led to an increase to 4.5 A. Each sparse layer
was allowed to relax for 10 ps on top of the existing struc-
ture before the next layer was deposited, and the temperature
was kept at 400 K throughout. The simulation cell was large
enough in the z-direction that the interaction of each new layer
with the bottom of the substrate layer was negligible.

The structure at this point contained a total of 20 layers
(19 sparse layers and the fixed substrate layer) and was approx-
imately twice as high as wide, with density approximately half
of the experimental value. The structure was then compressed
first by decreasing the z-dimension of the box so that the top
atoms of the 19th layer were close to the bottom atoms of the

Figure 2. Final AD structure. Rings are shown with 5 (blue), 7
(green, grey), and 8§ (red) atoms. Magenta atoms are singly
coordinated (end of chain) and black denotes threefold coordinated
(branch) atoms.

substrate, and then reducing the size by 0.1 A every ps, while
allowing the structure to relax. The substrate atoms were no
longer fixed and could relax as part of the structure. After
160 ps, the lateral size was adjusted from 26.4567 A to
27.0167 A over 6 ps to yield a cubic structure with density
3.99 g cm 3 (0.03043 atoms A~3) to allow a direct comparison
with the MQ structures. The total length of the compression
simulations was 253 ps, and data collection was carried out
over 20 ps under conditions of constant particle number N,
volume V, and temperature 7 at 400 K. The choice of this
temperature represents a compromise between 300 K, where
atomic motion is extremely sluggish, and the melting point
(494 K).

3. Results

3.1. Structural properties

The structure at the end of data collection is shown in figure 2.
Most of the atoms are in chains, but rings of five, seven, and
eight atoms are evident. Singly coordinated atoms at chain
ends and threefold coordinated atoms at branching points are
also shown.

3.1.1. Pair distribution function, coordination numbers. The
pair distribution function (PDF) gives the probability of find-
ing pairs of atoms separated by a distance r. It is particularly
useful in discussing short-range order in amorphous materi-
als and was used in analyzing the FF simulations of vapour
deposition mentioned above [18, 19, 22]. The pair distribu-
tion function (PDF) for the final AD structure (figure 3) has
a pronounced minimum at 2.8 10\, which is used to define the
neighbours and the coordination number. Also shown are the
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Figure 3. Pair distribution functions g(r) for Se atoms in MQ
samples at 400 K (green) and 773 K (red), and AD sample at 400 K
(blue).

Table 1. Percentage of atoms with single (Se 1), twofold (Se 2),
threefold (Se 3) and fourfold (Se 4) coordination in AD (left
column) and MQ samples (remaining columns) at given
temperatures.

400 KAD 400K 450K 500K 600K 773K
Se 1 1.02 0.02 0.05 0.10 0.26 2.17
Se 2 98.5 99.9 99.8 99.6 99.2 95.8
Se3 0.46 0.10 0.17 0.29 0.57 2.02
Se 4 — — — — — 0.01

PDF for the MQ samples at 400 K and 773 K, and the AD and
MQ functions at 400 K are clearly very similar. Twofold coor-
dination of atoms of group 16 elements is very common [27],
and this is true in all samples of a-Se considered here. In table
1 we show the percentage of atoms with coordination numbers
between 1 and 4 in AD and MQ samples.

Most atoms have a coordination number of 2. Rings and
chains are obvious candidates, and the main features of the MQ
structures at 600 K and below were long chains [27]. How-
ever, the use of periodic boundary conditions in a cell with
600 atoms can make it difficult to distinguish between rings
and chains near a cell boundary that can form closed loops
under periodic constraints. If we limit consideration of rings
to those with less than 30 atoms, up to 15% of the atoms in
MQ structures and up to 25% of atoms in the AD structure are
in rings.

3.1.2. Chains. On the basis of x-ray diffraction measure-
ments on sulphur ring molecules and the sulphur helix, Steudel
and co-workers [11, 41] found that the longest bonds are
always adjacent to short bonds, with the bond length (d,) being

20

dy (A)

2.2 2.3 24 25 26 2.7 2.8
(d1+d3)/2 (A)

Figure 4. Colour map of bond lengths (d>) of twofold-coordinated
atoms against the average lengths of bonds to neighbouring atoms
(d, and d3) for AD a-Se. The origins of the axes correspond to the
interatomic separation in Se; (2.17 A).

approximately inversely related to the mean of the two neigh-
bouring bonds (d; and d3). Analyses of calculated bond lengths
in S, ring molecules (n = 2—13) [42] and S,; ions [43] found
the same inverse relationship. Figure 4 shows colour maps
of these two quantities for the AD simulations for all four-
atom segments in rings and chains, where the central atoms are
each twofold coordinated. The results show a slight shift to
shorter side bonds in the tail, as also found in MQ simulations
at 500 K [27].

The second empirical relation that was supported by calcu-
lations on S, and S, ring molecules is that d, is shortest for
dihedral angles « near 90°. For the same sequences of four
atoms, we show the relationship between these quantities for
the AD sample in figure 5. Dihedral angles near 90° are pre-
ferred, and there are very few structures with y near 0°, which
occur in some Se, isomers, or 180°, as found in the planar
zigzag structure of the Sey, helix [44]. Structures with posi-
tive and negative dihedral angles are very similar, with a slight
preference for positive dihedral angles. These results are again
very similar to those in MQ samples at 500 K [27].

Structures with coordination numbers other than 2 are less
common, but significant, as shown in table 1 and discussed for
a-Se and related chalcogenide materials in [45]. Early DF/MD
simulations indicated that single threefold coordinated atoms
were the most common defect [23, 24]. Extended x-ray absorp-
tion fine structure measurements [15] showed that the coordi-
nation number increased to 2.2 after irradiation, indicating the
formation of transient threefold coordination sites with a con-
centration of about 20%. The fractions found in the AD and
MQ simulations are much lower than those found in a reverse
Monte Carlo analysis of neutron diffraction measurements on
liquid Se at 523 K and 623 K, where around 30% of the atoms
were threefold- and around 5% fourfold-coordinated [46].

Bond angle distributions (for two- and threefold-
coordinated atoms) are shown in figure 6. Also shown are
the corresponding results for the MQ sample at 400 K, where
there are fewer threefold-coordinated atoms. Apart from the
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Figure 5. Colour map of bond lengths d, of twofold-coordinated
atoms against dihedral angle  for AD a-Se. The origin of the _
d»-axis corresponds to the interatomic separation in Se; (2.17 A).
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Figure 6. Distribution of bond angles « in AD a-Se for twofold-

(red) and threefold-coordinated (blue) atoms. Crosses show the

corresponding distributions for the MQ sample at 400 K [27].

40 60 80 140 160

prominent peaks ~ 100-110°, the distributions show few
features, but the three-coordinated peak shows some weight
at bond angles out to 180°, as in the MQ structures. The early
DF/MD results [23, 24] are similar and also show enhanced
weight for threefold-coordinated structures with oo ~ 160°.

3.1.3. Rings. There have been many studies of rings in disor-
dered chalcogens, as discussed in [27]. The ring distributions
were determined here by enumerating all unique closed loops
of bonded atoms, as described previously. The ring distribu-
tions in the AD samples show two dominant ranges, with 5,
6 and 8 members and 34, 36, and 38 members, and the distri-
butions of rings containing 30 and fewer atoms are shown in
figure 7 for a bond cutoff of 2.8 A. Shorter cutoffs reduce the

Rings/frame

5 10 15 20 25 30
Ring size (atoms)

Figure 7. Average number of Se, rings (n < 30) during simulations
of AD a-Se (purple), as well as a Se; ring. The bond cutoff is 2.8 A
Also shown (hatched) are the corresponding results for the MQ
sample at 400 K [27].
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Figure 8. Time dependence of number of active bonds in AD a-Se
simulation at 400 K during data collection (20 ps). Dashed curve:
bonds break at 2.8 A, full curve: bonds initially shorter than 2.4 A,
break at 3.8 A.

number of rings, but the overall picture is unchanged. Seven-
membered rings are the most common in the AD sample,
where the average number of rings in the trajectory is 6.90
rings/frame. The Se; isomer in figure 7 is an example of a ring
structure with a dihedral angle close to 0°.

The MQ structures showed wider distributions of ring sizes
(figure 7) and an unexpected absence of Seg rings below 500 K
[27]. The average number of rings per frame in the MQ struc-
tures was 7.64 for 400 K, 7.38 for 450 K, 7.11 for 500 K, 6.80
for 600 K, and 4.98 for 773 K.

3.1.4. Bond lifetimes. Bonds form and break at rates that
depend on the temperature, and figure 8 shows the probabil-
ity at 400 K that a bond shorter than 2.8 A and present at time
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Figure 9. Comparison of electronic densities of states for MQ
(blue) and AD (red) structures of a-Se. The inset shows the densities
of states in the immediate neighbourhood of the gap.

t = 0 is also present at time ¢ during the data collection phase
(20 ps). The fixed bond cutoff may confuse ‘bond-breaking’
with bond stretching during vibration, and figure 8 also shows
the variation with time of the number of bonds (shorter than
2.4 A, but including those formed in the first 50 time steps)
that are assumed to have ‘broken’ when they are longer than
3.8 A. In the AD sample (400 K) and the MQ sample at
500 K, all bonds so defined exist throughout the simulation.

3.1.5. Cavities. Cavities were analyzed using the pyMolDyn
program [47] with the cutoff distance r. equal to 2.6 A. The
volume fraction of surface based cavities in the optimized AD
sample of a-Se (48.5%) is very similar to the MQ structure
values (48%—-50%) and reflects the large interchain volume.

3.2. Electronic structure

The differences between the electronic densities of states for
the MQ and AD samples (figure 9) are small, and the calculated
gaps between the conduction and valence bands are 1.92 eV
(MQ) and 1.87 eV (AD). The average values found for a series
of snapshots taken during the PBEsol simulations were much
smaller at the same temperature, being 0.59 eV (MQ) and
0.56 eV (AD). The measured gaps in an a-Se film prepared
by plasma-enhanced chemical vapour deposition (1.94 eV)
[34,35] and in an a-Se powder (1.99 £ 0.02 eV) [33] are much
larger. While a comparison between calculated and measured
gaps must be treated with caution, the gaps for deposited sam-
ples are lower than the gaps in ‘bulk’ samples in experiment
and in calculations using both functionals.
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Figure 10. Comparison of Bader charges for MQ (blue) and AD
(red) atoms at 400 K. The atoms corresponding to the defect
structures are circled.

Bader [48] developed a scheme for dividing molecules into
atomic regions based on the electronic charge density and sur-
faces where the density is a minimum. Bader charges for the
atoms (figure 10) indicate that the number of one- and three-
coordinated Se atoms in the AD sample is larger than in the
MQ sample. The defect pair (figure 11, circled in figure 10)
comprises a threefold coordinated atom with a positive Bader
charge and a singly coordinated atom with a negative Bader
charge and participates in the localization of the highest-
occupied molecular orbital (HOMO) (figure 11).

4. Discussion

Results of DF/MD simulations (600 atoms) of a model of an
‘AD’ a—Se film have been compared with previous results for
‘MQ’ samples [27]. Deposition involved the random addition
of Se atoms in a succession of 19 layers of 30 atoms each
on a fixed Se monolayer, allowing annealing of each layer at
400 K for 10 ps. The resulting 20-layer structure was subjected
to a slow compression and annealing at 400 K (0.1 A ps~!, total
simulation time 253 ps) until the density was equal to that cho-
sen for the MQ samples. Direct comparison of the results is
then possible.

The AD structure shows striking similarities to the MQ
results below the melting point, which is consistent with the
almost identical Raman spectra found in MQ samples of a-Se
and in thin films of Se deposited at 383 K and annealed at lower
temperatures [49]. The calculated structures are dominated by
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Bader charge = 0.22e

Bader charge =-0.26e

Figure 11. Se atoms are yellow, and the bond cutoff is 2.8 A. The purple and blue isosurfaces (0.015 and —0.015, respectively) illustrate the

amplitude of the HOMO for the defect structure shown on the right.

twofold coordinated atoms, more in chains than in rings, a lim-
ited amount of branching at threefold coordinated sites, and
some singly coordinated atoms at chain ends. Defect structures
are more common in the AD sample than in all MQ samples.
Pronounced similarities between MQ and a model AD struc-
ture obtained using a three-body classical FF [20] were also
found for a model where deposition of single Se atoms was
assumed [18, 19]. By contrast, an AD structure containing only
rings was found in MD calculations [22] using the same FF
if the vapour is assumed to contain rings of between 2 and 8
atoms according to their expected distribution in a vapour at
800 K. The same MD technique applied to MQ selenium led
to chainlike structures [22].

We have noted that the composition of Se vapour depends
dramatically on its thermodynamic state [4]. At equilibrium,
the mole fraction of Se, molecules [6] (figure 2) is completely
different at 700 K (Seg dominates) and 1400 K (Se, domi-
nates), and the vapour composition also depends very strongly
on the method of production. Not only are the relative abun-
dances of Se,, molecules quite different in vapours produced by
laser irradiation at high temperature and pressure and by con-
ventional (thermal) vaporization, but the relative abundances
of neutral and ionic clusters differ profoundly [50]. Mass
spectroscopy of charged species is a standard method for iden-
tifying atomic clusters in a vapour, and caution is needed when
transferring information about charged clusters to the neutral
distributions.

In addition to thermal and laser vaporization, Se vapour
can be produced by field ionization and condensation [51, 52],
plasma-enhanced chemical vapour deposition [34, 35], and
pulsed laser deposition [17]. The resulting vapours can be far
from thermodynamic equilibrium, and the most stable cluster
isomers (usually rings in group 16 elements [7-9]) may not
be the most prevalent. Under certain experimental conditions,
for example, chain structures in sulphur cluster anions can be
favored over ring structures with lower energies [43]. We have
seen above that the number of chain structures can be much
larger than the number of rings, for which ring-closing con-
straints on the pattern of dihedral angles must be satisfied [10].

Open structures with o ~ 120° are more stable than triangular
structures (« ~ 60°) in the trimers ozone O3 [53], S5 [8], and
Ses [7].

The deposition procedure chosen here avoids assumptions
concerning the cluster isomers present in the vapour, and the
DF calculations of energies and forces describe both bond for-
mation and breaking reliably in selenium. The absence of bias
in favour of rings is a likely reason for the differences from the
AD structure found in [22]. We caution, however, that our pre-
vious studies of MQ a-Se using DF/MD and classical FF simu-
lations [27] emphasized the difficulty of equilibrating any cal-
culation of disordered Se samples at temperatures significantly
below the melting point (494 K).
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