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Abstract

This work reveals that doping Ag into SboS3 substantially decreases its crystalli-
sation temperature. We show that applying an electric field to SboSs through
Ag electrodes provides control of the crystallisation temperature and crystalli-
sation rate. The crystal nuclei incubation time decreases substantially when
the applied electric field is set to 200 kV/m. The applied electric field appears
to force the Ag cations through the amorphous chalcogenide film resulting in
Ag doped SboSj filaments that extend from the cathode to the anode. This
was confirmed by X-ray fluorescence composition mapping. Density functional
theory molecular dynamics modelling of Ag doped SbyS3 reveals that the dif-
fusion constant of Ag is twice that of Sb or S over a wide temperature range,
which implies that the Ag atoms are mobile in the amorphous SbyS3 structure.
The applied electric field provides a mechanism to enhance the crystallisation
kinetics of Ag-doped SboSs.
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1. INTRODUCTION

Amorphous SbyS3 is a weakly polar semiconducting ferroelectric material
with high photosensitivity and thermoelectric power[ll 2], and it crystallises
into an orthorhombic layered structure at a temperature that ranges from 526 K
to 584 K depending on the size of the particles and the heating conditions[3].
This phase transition predominantly results from small structural changes in the
coordination sphere of Sb atoms[4]. The band gap of SheS3 is dependent on the
preparation conditions and can vary between 1.8 and 2.5 eV[5], [6], which covers
the solar spectrum. Due to the aforementioned special properties, SbyS3 has
been developed for a multitude of applications, such as lithium ion batteries|7, 8]
9], hydrogen storage[I0, [IT], catalysts for Dye-Sensitized Solar Cells (DSSC)[12],
photodetectors[2] and optical recording media[l3].

Silver doped SbaSs exhibits a red-shifted absorption edge and consequently
a reduced optical bandgap[14], 15, 16l 07, 18]. Its refractive index has been
measured to increase by about 0.2 with silver content up to 8.2 at.% Ag[19)].
Therefore, this material is attractive for potential applications in photonics.
Generally, silver doped chalcogenides have found various applications in pho-
tonics and electronics. For example, silver doping has been successfully used
to pattern low loss GeS waveguides using a photo-dissolution process[20]. Two-
dimensional anisotropic layered BisSes chalcogenide nanoribbons that allow su-
perstoichiometric intercalation of metal atoms such as Ag, Au, Co, Cu, Fe, In,
Ni and Sn at the van der Waals gap of the host chalcogenide have also been in-
vestigated for potential atomic storage applications[21]. Others explored silver
doped GeysSs4 thin films for use in potential programmable metallisation cell
(PMC) memory devices, where the intrinsic high resistance of the device can
be switched to a low resistance state by growing a stable silver electrodeposited
link from the cathode to the anode. A reverse bias dissolves the electrodeposit,
causing the device resistance to increase[22].

Photo-induced dissolution and diffusion of silver in chalcogenide films is a
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well known effect. The silver lateral diffusion process has been explained by
considering the doped chalcogenide/undoped chalcogenide interface as a p-n
junction. The undoped chalcogenide is modelled as p-type material whilst the
doped material is n-type. The electric field of the junction pulls the Ag ions into
the undoped region. As the lattice undergoes structural rearrangements caused
by the photo excitation of interfacial electrons, mechanical stress is generated at
the boundary arising from differences in the lattice parameters of the undoped
and doped materials. This stress contributes to large structural rearrangements,
including bond breaking induced formation of voids into which the silver ions
can easily penetrate[23], p. 165].

We use a combination of SbyS3 thin films, Ag electrodes and an electric
field to enhance the crystal nucleation process in the SbyS3 thin films. Ag
doping in SbyS3 via photo dissolution is a known effect, however, there are no
reports about electric field-assisted migration of Ag in SbyS3. Moreover, we
are not aware of any reports that suggest using silver electro-doping to enhance
the crystallisation of chalcogenide materials. The objective of this work is to
enhance the crystallisation kinetics of SbyS3 films through electric field induced
Ag doping. The effect of silver doping on the crystallisation of SbaSs is explored.
The crystallisation rate, crystal growth direction and the crystallisation kinetics

are altered by varying the applied electric field and temperature of the film.

METHODS

SbsSs films were prepared on fused silica substrates by radio frequency sput-
tering. The chamber base pressure was 2.6 x 10~° Pa, and the sputtering pres-
sure was 0.5 Pa. The deposition rate was 0.43 A/min from an SbySs alloy
target of diameter of 50.8 mm and a purity of 99.9 %. Ag doped films with dif-
ferent silver concentration were prepared by attaching Ag pellets with different
sizes on to the ShoS; target, a doping method used by other researchers[24].
The composition of the films was analysed by energy dispersive x-ray (EDX)

spectroscopy in a scanning electron microscope (SEM).
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The effect of silver doping on the crystallisation temperature of ShoSs was
studied by measuring the crystal growth of Ag-doped SbhyS3 samples as a func-
tion of temperature. A microscope furnace was used to heat the films at
10 K/min in an Ar atmosphere flowing at a rate of 10 cm?/min. The over-
all crystallisation temperature of the films was obtained by monitoring the in-
tensity of the reflected light as a function of temperature. Crystallisation of
SbsSs produces a large reduction in the intensity of the reflected light. The
maximum rate of change in reflectivity was assumed to occur at the maximum
crystallisation rate.

The force on charged particles is proportional to the external electric field,
thus we expect silver cations to be electrically forced into SboS3 when a voltage
is applied through Ag electrodes. We studied this effect on the crystallisation
process as a function of electric field by patterning Ag electrodes, separated by
a 100 pm, on the surface of SbyS3 thin films using an e-beam evaporator and a
shadow mask, and then applying a voltage to the Ag electrodes whilst annealing
the sample in the microscope furnace.

To test the hypothesis that the electric field can influence the crystallisa-
tion temperature, a non-isothermal crystallisation study was conducted. The
SbyS3 films with Ag electrodes were heated from room temperature to 623 K at
a rate of 2 K/min. The measurement was repeated with and without an electric
field of 200 kV/m applied to the Ag electrodes.

To distinguish the influence of electric field induced Ag dissolution from that
of thermal diffusion of Ag cations, isothermal crystallisation of SbyS3 thin films
under the influence of an external electric field was also studied. The samples
were heated at a rate of 40 K/min to 493 K, equilibrated for 1 minute, and
then heated at 10 K/min to the measurement temperature of 513 K. At this
temperature, the crystallisation was studied as a function of electric field.

We have now shown that the crystallisation temperature of SbyS3 is lowered
by Ag doping, and electric field can be used to dope Ag into SbeSs from the
Ag electrodes. When an electric field is applied to Ag electrodes at high tem-
perature, both a thermal effect and an electric field induced Ag doping effect
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will influence the crystallisation temperature. To show this, we conducted an
isothermal crystallisation study of SboS3 with and without Ag electrodes. The
measurements were performed at temperatures ranging from 528 K to 548 K at
5 K intervals.

We analysed the crystallisation process of the SboS3 using microphotogra-
phy. Images were collected through a 10x objective lens at a rate of one picture
per second. We found that the optical contrast between the crystalline and
amorphous regions was greatest when we used "red-blue” colour channels. The
"UU” image analysis tool[25] was used to determine the amorphous and crys-
talline areas of the film by setting an intensity threshold that was defined as

(RfB)”'ySZ(R*B)‘”"‘”'. Values below the threshold were considered to be amor-

phous whilst values above the threshold were considered to be crystalline.

The crystallisation incubation time was estimated using the generalised
Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation[26]:

2(t) = 100 — 1006~ <t (1)
EC)

() = 17 5 (157) 267
where z(t) is crystallinity as a function of time, C is the geometric factor, m is

dimensionality factor, I(t) is the crystal nucleation rate, U is the crystal growth
rate, 7 is the incubation time, and I°° is the steady-state rate of nucleation of
crystalline clusters.

The microscope images of the samples that were crystallised in an electric
field showed filaments forming from the Ag cathode toward the anode. To
establish the origin of these filaments, we performed X-ray fluorescence mapping
at beam line 37XU of SPring-8, Japan. Micro-focusing optics with a nominal
spot size of 100 nm were used in the scanning X-ray microprobe system. Samples
of SbyS3 with silver electrodes were mounted on an X-Y stage. The energy
dispersive detector, which was used to measure the fluorescence signal from the
sample, was placed perpendicular to the incident X-ray beam to minimise elastic
scattering contributions from the sample’s substrate.

Density functional theory molecular dynamics (DFT-MD) modelling was
performed using the Vienna Ab-initio Simulation Package (VASP)[27], version
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5.3.2, with PAW-pseudopotentials[28], PBEsol exchange-correlation functional[29],
3 fs timestep, periodic boundary conditions (PBC), and an NVT ensemble with
a Nosé thermostat[30, B1l [32]. For quenching the molten model with a nega-
tive temperature ramp, a velocity rescaling algorithm was used. Energies were
calculated at the I'-point of the Brillouin zone (k=0).

A randomly generated structure with 60 S, 40 Sh, and 1 Ag atom was opti-
mised by a conjugate gradient algorithm. The optimised structure was cooled
from 3000 K to 1500 K in a 50 ps simulation and equilibrated at 1500 K for 20
ps to obtain a model for liquid Ag-SbySs with 1% Ag content.

The self-diffusion constant D* can be calculated from MD simulation tra-

(A7)?
6At

and ¢ is the time in simulation. To study diffusion at 300-1000 K, the liquid

jectory as D* = % 211\;1

where 7; are the positions of the atoms 1-N,

Ag-SbyS3 structure was equilibrated at each temperature, and three 15 ps simu-
lations per temperature were performed. The diffusion constant was calculated
for each run over the 15 ps trajectory, and then averaged over the three runs
for each temperature. The pair distribution functions were calculated from a
sample of one structure every 0.03 ps (500 structures for a 15 ps trajectory) in
the three diffusion runs.

We analysed the relationship between cavities in the amorphous structure
and atomic species using the pyMolDyn[33] software with 270x270x270 point
domain grid (0.05 A grid spacing) and 2.6 A atom radius. The cavity center
point was defined as the center of the largest sphere that can be placed inside

the cavity.

RESULTS AND DISCUSSION

Ag doping significantly lowers the crystallisation temperature of SboS3 from
585 K for undoped SbyS3 to 488 K with 12 at.% Ag doping. Figure [1| shows
the crystallisation temperature of the Ag-doped SbhoS3 films as a function of
Ag content. The 2 K error bars originate from random errors associated with

starting the data collection. Higher doping concentrations result in an apparent
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reduction in crystallisation temperature. We note that there appears to be two
physical mechanisms that influence the crystallisation temperature at different
silver doping concentrations. We have fitted an exponential curve to doping
concentrations lower than 4 at.% and a linear curve to the higher doping con-
centrations, as shown in figure[I} These fits are purely to guide the readers’ eye
and we refrain from interpreting the physical meaning of the fitting constants.
However, the results clearly show that the SbyS3 crystallisation temperature
depends on Ag doping. It is worth noting that phase separation is observed
in the as-deposited SbyS3 thin films when the silver concentration is higher
than 8 at.%. For lower Ag concentrations, phase separation is not observed
and the as-deposited thin film appears uniform. For Ag concentrations greater
than 8 at.%, Ag nanoparticles are formed on the surface of the as-deposited
SbyS3 film, the SEM images of 4 at.% and 8 at.% Ag doped SbyS3 are shown
in insets in figure This agrees with other reports that show a limit to the
concentration of Ag dissolved into chalcogenides. For example, the limit for Ag

doping into Sbs3Se7 is ~ 10 at.% [23 p. 169].

¥ [

; 580 _ 8 at. % Ag
= =
@ 560 4 T :

Q i

£ :

= —

- 540 'i T

1S

& 520 4 at. % Ag @

i

g 500 —

O

.,..a

0 2 4 6 8 10 12
Ag Content (at. %)

Figure 1: Ag doped Sb2S3 crystallisation temperature. Inset: SEM images of sample surface
for 4 at.% and 8 at.% Ag doping.

A non-isothermal crystallisation study of SboS3 with Ag electrodes was con-

ducted to test the hypothesis that the electric field can influence the crystalli-
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sation temperature. Figure |2 shows that crystallisation begins at 557 K when
there is no electric field applied to the film. However, when 200 kV/m electric
field is applied, the crystallisation temperature is lowered by 22 K to 535 K.
The effect of electric field on the peak crystallisation rate is compared in figure
2b). At 535 K, the crystallisation rate with 200 kV/m electric field is 3.8 %/s,
which is substantially higher than 0.043 %/s, which we measured without the
electric field at the same temperature. The crystallisation temperature is low-
ered by the electric field, although the peak crystal growth rate is higher when
no electric field is applied. This is interesting because it implies that electric
field affects the nucleation rate but not the crystal growth rate. Figure [2] in-
dicates that with the driving force of the electric field, the Ag atoms tend to
disolute and then diffuse from one electrode to the other, substantially decreas-
ing the crystallisation temperature. Thus we conclude that the applied electric
field strongly influences the crystallisation kinetics. Furthermore, crystallisation
proceeds from the cathode, which implies that the Ag cations are responsible

for the electric field dependent crystallisation effect.
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Figure 2: (a) Crystal percentage as a function of temperature with 0 kV/m (black) and
200 kV/m (blue) applied to the Sb2S3 film through Ag electrodes. (b) The crystal growth
rate as a function of temperature with 0 kV/m (black) and 200 kV/m (blue) applied.

To measure the influence of the electric field on nucleation, an isothermal
crystallisation study of SboSg with and without Ag electrodes was conducted. As
shown in figures|3| (a) and (c), the crystallisation rate is relatively low at 528 K,
and the crystallinity is around 30 % after 8060 seconds. The crystallisation
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rate is accelerated by elevating the annealing temperature to 548 K, where the
film is completely crystallised after 1500 seconds. The peak crystal growth rate
increases from 0.013 %/s at 528 K to 0.16 %/s at 548 K.

The electric field promotes silver dissolution into the SboS3 film, and it signif-
icantly increases the crystallisation rate. Figures b) and (d) show the influence
of the electric field on the crystallisation rate of SbyS3 at a constant tempera-
ture of 513 K. Increasing the applied electric field from 50 kV/m to 200 kV/m
reduces the time for complete crystallisation by 79%, from 6200 seconds to 1300
seconds. To achieve a similar crystallisation rate with no electric field it would
be necessary to increase the annealing temperature to 548 K. The peak crystal
growth rate increases from 0.1 %/s at 50 kV/m to 0.36 %/s at 200 kV/m, which
is more than an order of magnitude higher than that of a sample without an
applied electric field at 528 K. By fitting the generalised Johnson-Mehl-Avrami-
Kolmogorov (JMAK) equation[26] to the crystallinity versus time plots in figure
b), the effect of the electric field induced Ag doping on the crystal nuclei in-
cubation time was estimated, as shown in the inset of figure [3(d). The length
of the incubation time reflects the difficulty to initiate crystallisation. Stable
crystal nuclei are required for the onset of crystal growth. As the electric field is
increased, the crystallisation rate increases and the incubation time decreases,
as shown in inset of figure d). The incubation time is reduced by 75 % when
the applied electric field is increased from 50 kV/m to 200 kV/m. Furthermore,
comparing 528 K and 0 V/m in figure [3[c) with an electric field of 200 kV/m
at an even lower temperature of 513 K in figure d)7 we see the crystallisation
rate increases from 0.013 %/s to 0.36 %/s.

Increasing the annealing temperature or applying an electric field to the
two silver electrodes accelerates the crystallisation rate. Higher temperatures
provide more energy to overcome interfacial energy difference between the amor-
phous and crystalline phases thus result in facilitated crystal growth. Whereas
the electric field increases silver content in SboSs, which creates voids in the
amorphous structure. The voids accelerate the nucleation process and conse-

quently reduce the time needed for full crystallisation. The proposed model to
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Figure 3: Isothermal crystallisation dependence on temperature and electric field. (a) Crys-
tallinity as a function of time for pure Sb2S3 films measured at different temperatures and the
associated growth rate (c). For a sample held under isothermal conditions at 513 K, the effect
of electric field on the crystallinity is shown in (b) and the associated growth rates are given
in (d). The inset in (d) shows the crystal nuclei incubation time and the crystal growth rate
as a function of electric field intensity. A model proposed to explain the electric field effect

and temperature effect is given in (e). The white dots indicate the voids caused by diffusion

of silver.

explain the influence of increasing temperature and applying an electric field is

illustrated in figure [3(e).
The silver distribution in the SbyS3 film between the electrodes provides

evidence in support of electric field induced silver drift in SboS3. We compared

10
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X-ray fluorescence (XRF) elemental maps for samples crystallised with and
without an electric field of 150 kV/m at room temperature and 513 K, see
figure[dl With the increased temperature and electric field, a silver filament can
be observed between the electrodes, see figure b). The electric field appears
to enhance the drift of silver, and the effect is further enhanced at elevated

temperatures.
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Figure 4: Fluorescence mapping of silver on SbaS3 with Ag electrodes under different temper-
ature and electric field. Silver electrodes separation is around 75 pm, and scan area is 90 ym

by 120 pm. (a) room temperature, 0 kV/m; (b) 513 K, 150 kV/m, after 30 minutes.

The movement of Ag, Sb and S atoms at elevated temperatures was studied
computationally with density functional theory molecular dynamics (DFT-MD)
simulations. The diffusion coefficients of the three elements at different temper-
atures were obtained from the model, and are shown in figure a). The diffusion
constant of Ag is significantly higher than that of Sb or S, this indicates that the
Ag ions are mobile in the solid amorphous SboS3 film. The optimum tempera-
ture to diffuse Ag into SbaS3 is between 400 K and 500 K. The reason for this
can be found from the cavity (or void) distribution around atoms of different
elements. As shown in figure b), at 300 K cavities are more common around
Sb and S atoms than Ag atoms at ~2.7 A, which is close to a typical bond length

in SbyS3. This can hinder Ag diffusivity as there is insufficient room around the

11
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Ag atoms. However, there is a significant number of cavities around Ag atoms
at slightly longer distances close to 3.0 A, and when the temperature is increased
to 400 K, these cavities move closer to Ag atoms; the average Ag-cavity distance
is shorter than S-cavity and Sb-cavity. This gives Ag atoms sufficient room to
move, and increases their diffusivity in comparison to Sb and S atoms. It shows
that in 600 K the cavity concentration around Ag atoms is less than around Sb
or S atoms, giving further weight to the explanation, as the Ag diffusion in 600
K is lower in comparison to 500 K while Sb and S diffusivities are increasing

(probably due to thermal contribution).
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Figure 5: Self-diffusion constant of Ag, S and Sb atoms as a function of temperature (a).

Partial pair distribution functions of cavities for Ag, Sb and S atoms in DFT-MD simulations

(b).

In conclusion, Ag doping substantially reduces the crystallisation tempera-
ture of SbeS3. The ShySs crystallisation temperature, crystallisation rate and
direction, and the crystal nuclei can be enhanced by applying an electric field
to SbeS3 through Ag electrodes. The crystal nuclei incubation time decreases
substantially when 200 kV/m is applied to the film through the Ag electrodes.
X-ray fluorescence mapping shows clear Ag filament formed when an electric
field is applied at elevated temperatures. The DFT-MD modelling results show
that the Ag atoms are mobile in amorphous SbsSs and the optimum temper-
ature to diffuse Ag into SbeS;3 is between 400 K and 500 K, due to Ag atoms
locating at cavities within the amorphous network. This is in agreement with

the experimental results. We believe that this electric field enhanced crystalli-

12
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materials’ electrical response is non-linear with voltage[34].
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