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A B S T R A C T   

Tin disulfide (SnS2) is a layered metal dichalcogenide material with wide bandgap favoring electronics, sensors, 
photovoltaics, and water splitting applications. Atomic layer deposition can precisely control film thickness over 
large area, which is important for device applications. The as-deposited SnS2 shows poor crystallinity, which is 
difficult to anneal with high temperature because of de-sulfurization. We demonstrate room temperature 
annealing by exploiting electron impulse force. High current density pulses were applied with very low duty 
cycle to suppress heat accumulation, while the momentum of the electron pulses interacted with the defects and 
grain boundaries. For seven-layer thick tin di-sulfide specimens, resistivity was decreased by ten times at ambient 
temperature. Enhancement of crystallinity was analyzed with Raman spectroscopy and transmission electron 
microscopy followed by geometric phase analysis. The demonstrated technique can impact applications where 
post-synthesis annealing requires high temperature and special environment.   

Tin disulfide (SnS2) is a layered metal dichalcogenide materials with 
crystal structure similar to transition metal dichalcogenides, but with 
significantly wider (~2.2 eV, indirect) bandgap [1]. The wider bandgap 
is expected to favor applications in field effect transistors [2]. It is also 
used in lithium-sulfur or sodium ion battery electrodes [3,4]. 
Two-dimensional version of SnS2 enable unique device features, such as 
non-planarity [5] and atomically seamless in-plane heterostructure [6]. 
The optical absorptivity of SnS2 area attractive for hydrogen production 
(anode material for photoelectrochemical water splitting [7]) and for 
photovoltaic devices [8]. In all these applications, oxidation resistance 
of SnS2 is noted to be a unique aspect that leads to device performance 
stability and robustness [9]. Another long term benefit is the sustain-
ability of the material with remarkable advantages of low cost and 
naturally occurring abundance with no adverse environmental concerns 
[10]. 

The motivation of this study comes from the importance of control of 
crystallinity, layer/thickness and large area coverage of two- 
dimensional materials [11], preferably at low processing temperatures 
[12]. Mechanical exfoliation has played dominant role in almost all 2D 
materials studied so far and SnS2 is not an exception [13]. This has been 
extended to liquid/chemical [9,14] exfoliation for increase in yield 

and/or reduced cost and efforts. While exfoliation produces better 
crystal quality, the coverage area and uniformity of layers are difficult to 
control. Chemical vapor deposition (CVD) significantly improves these 
drawbacks [2], at the cost of high (450–650 ◦C) processing tempera-
tures. Atomic layer deposition (ALD) also uses gas precursors, but at 
lower (150–250 ◦C) temperatures. The unique advantages of ALD are 
superior layer uniformity and conformal coverage over large area [5, 
15]. However, the process yields lower crystallinity compared to the 
CVD [16]. Therefore, ALD-based synthesis is typically followed by 
thermal annealing. It is important to note that higher annealing tem-
peratures may not necessarily be conducive for SnS2 because of mate-
rials loss by thermal re-evaporation [17]. Similar results are reported for 
thermally evaporated SnS2, showing 300 ◦C annealing producing better 
results than 500 ◦C [18]. In general, low temperature synthesis implies 
higher surface quality while low temperature annealing obviates the 
need for special annealing conditions (e.g., sulfur powder or H2S [19] for 
SnS2). 

In this study, we propose a novel annealing procedure, where the 
average temperature is maintained near ambient. Here, very low duty 
cycle electrical pulses with high current density are passed through the 
material. The current pulses produce two effects, (a) Joule heat and (b) 
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the electron wind force. Joule heating arises primarily due to the scat-
tering of the electrons by the ordered lattice atoms. The electron wind 
force, on the other hand, is non-thermal and mechanical in nature. It is 
developed when the momentum of the electron is transferred to the 
defective atoms upon impact in the solid. For electron conducting ma-
terials, the electron wind force is estimated from the semi-classical 
model due to Huntington and Grone [20] or the quantum mechanical 

model due to Bosvieux and Friedel [21,22]. The specimen material 
(SnS2) has appreciable density of free electrons. This is validated from 
our electrical conductivity measurement at a later section as well as 
electrode applications in the literature [7,8]. Fig. 1a schematically 
shows the scattering of the high energy electrons supplied from the 
current pulses as they encounter defective regions. This is an approxi-
mate depiction of defects in SnS2, however, more accurate defect 

Fig. 1. (a) Schematic illustration of electron wind force induced defect mobilization resulting from interaction between a defect and a high energy electron (b) Low 
duty cycle current pulsing scheme for electron impulse force annealing. 

Fig. 2. (a) Effect of pulsed current density on the current-voltage sweep curves and (b) corresponding resistivity of ALD SnS2 specimens (c) Thermal microscope 
image showing room temperature annealing. 
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configuration can be obtained with molecular dynamics models. The 
fundamental mechanics is sufficiently described by Huntington-Grone 
model. There is also strong similarity with classical electromigration, 
where the Joule heating increasingly worsens the microstructure by 
generating new defects and voids via thermo-mechanical stresses. The 
synergy of current density, mechanical stress, and temperature spirals 
out towards a thermal runaway in electromigration. The basic difference 
in our proposed process is that we control the temperature by very low 
frequency current pulses with very small pulse width. This is shown in 
Fig. 1b. If the duty cycle is very low, the pulses keep on applying 
impulsive forces on the defects to mobilize them, where the temperature 
rise is suppressed. In absence of significant temperature rise, it is 
possible to increase the current density to a level where the defects have 
enough mobility to escape the material. 

To investigate the effectiveness of electron impulse force induced 
annealing at room temperature, we synthesized few-layer SnS2 with ALD 
process. Large area (2 × 2 cm2) specimens were prepared on Al2O3/ 
SiO2/Si substrates. The SnS2 layers were grown by a two-step process. 
First. 1 monolayer SnS2 was grown at 150 ◦C, and followed by the ALD 
growth of the main layer at 240 ◦C. The as-grown SnS2 has approxi-
mately seven monolayers. An ALD cycle consists of Sn precursor feeding 
(2 s) – purge (10 s) – H2S plasma (2 s) – purge (20 s) steps. Bis(1- 
dimethylamino-2-methyl-2-propoxy) tin(II) and H2S plasma with a RF 
power of 150 W were used as the Sn and S precursors, respectively. The 
specimen was then mounted on a current pulse generator comprised of a 
Sorensen DCS 100–12E DC power supply, a Northrop Grumman 
eDrive™ Laser System Controller as pulse generator and a Rigol DS 1104 
oscilloscope. The specimen temperature was monitored with an Optris 
PI-640 thermal microscope. To minimize temperature rise, the lowest 
pulse width and frequency (20 μs and 2 Hz respectively) were used as the 
optimum current value was experimentally determined to be 0.2 A. For a 
4 nm thick specimen, this results in 2.5 × 106 A/cm2 current density. For 
these processing parameters, the specimen temperature essentially 
remained at the ambient. Such temperature suppression helps preven-
tion of any thermal runaway during the high current density electro-
pulsing experiments. A four-point probing setup was used to measure 
the specimen resistance. 

Crystallinity can be experimentally measured via Raman spectros-
copy, grazing incidence X-ray diffraction, high resolution transmission 
or scanning microscopy techniques. Another technique is measurement 
of electrical properties, which strongly depend on crystallinity. Defects 
and interfaces, such as grain boundaries or layer discontinuities scatter 
electron to reduce the mobility (or increase the resistivity). This is 
particularly true for nanocrystalline materials, for which decrease of 
grain size from 100 nm to 10 nm increases the volume fraction of grain 
boundaries from 7% to 25% [23]. Remarkably similar scaling effect in 
resistivity of nanocrystalline metals is reported in the literature showing 
highly non-linear increase in the resistivity as grain size becomes com-
parable to the electron mean free path [24]. The relevant grain size 
range for ALD-synthesized SnS2 is about 5–20 nm [2,5,16,19,25]. We 
therefore expect very strong grain size effect on electrical resistivity. 

Fig. 2a shows the I-V curves for the ~4 nm thick (~seven-layers) 
SnS2 specimens. Here, the first curve is for the as-deposited specimen 
before any annealing. The response to the electron impulse force 
annealing is shown by the various amplitudes of current pulses, each for 
20  s duration and 2 Hz frequency. Fig. 2b shows the resistivity as 
function of annealing current pulse amplitudes. Appreciable improve-
ment in electrical conductivity is observed as the pulse current ampli-
tude is increased. For pulsed current of 200 mA (current density = 2.5 ×
106 A/cm2), we observed the highest decrease in resistivity (more than 
ten times decrease compared to the as received SnS2), which indicates 
increase in crystalline quality. At this current density, the forward 
current-voltage curve shows saturation, indicating the limit to the 
effectiveness of the annealing technique. This is the point where the 
electron impulse force annealing process also starts creating new de-
fects. It is confirmed by the output from the pulsed current of 210 mA, 

where the trend in resistivity reverses, i.e., increases from 1.42 × 10−4 to 
3.91 × 10−4 ohm-cm. This is probably due to the increase in temperature 
that creates more new defects in the material compared to the electron 
impulse annealing process. It is possible to anneal the specimens further, 
however the setup will require low temperature specimen stage or even 
lower duty cycle pulsed current source. Fig. 2c shows the effective 
temperature of the specimen during annealing with the 200 mA current 
pulses. Essentially, the specimen temperature remains at the ambient. 
This is the unique feature of electrical impulse force annealing, 
compared to conventional process that requires up to 350 ◦C. 

Raman spectroscopy is another well-established characterization 
technique for 2D materials. We acquired high-resolution Raman spectra 
using Horiba LabRAM HR Evolution with 100X, NA = 0.9 microscope 
objective equipped with 532 nm green laser and 1800 gm/mm grating. 
For the as-received ALD specimens, the Raman spectra show a peak at 
314 cm−1. This is the characteristic signal for the A1g mode, which is 
related to out of plane vibration of sulfur atoms. The data was collected 
from several random locations and the similarities of the peak intensities 
suggest uniformity of the SnS2 specimens. Fig. 3 shows the Raman 
spectra before and after electron impulse force annealing. Literature 
indicates increase in intensity (or decrease in the full width at half 
maximum) following high temperature annealing [2,5,17]. Our exper-
imental result is therefore consistent with the literature, even though 
this study is performed at room temperature only. It is important to note 
that no peak shift (increase or decrease in stress) but only peak nar-
rowing is expected. We did not observe any in-plane vibrational mode 
(E2g) at 208 cm−1, which is also consistent with the literature. 

To explain why the mechanical force obtained from the high-density 
electrical pulse is able to mobilize the defects, we estimate the supplied 
external energy and compare that with the activation energy for defect 
mobilization. In order to roughly quantify the electron wind force or 
stress generated on each atom for the rage of current density used in this 
study, we used following equation [26,27] based on Huntington-Grone 
model [20]: 

F = z∗ × e × ρ × j  

where, z* is the effective valence charge, e is the electron charge, ρ is the 
resistivity, and j is the current density. Assuming Sn is the primary 
source of the free electrons in SnS2 system, we considered z* as − 35.34 
[27]. For a current density of 1.56 × 106 to 2.5 × 106 A/cm2, the esti-
mated wind force varies from 0.2 to 0.4 fN (femto Newton), which 
corresponds to ~3 to 6.5 kPa and ~6 to 11 kPa of stress acting on per Sn 
and S atoms, respectively. For defect mobilization activation, we esti-
mated the stress required to move a single dislocation of SnS2 using the 
Peierls-Nabarro model [28] using following equation [29]: 

τ =
2G

1 − v
exp

−2πd
(1−v)b  

Fig. 3. Raman spectra of as-deposited SnS2 and room temperature annealed 
SnS2 using electron impulse current. 
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where, G is shear modulus (25.3 GPa [30]), ν is the Poisson’s ratio (0.24 
[30]), d is the interplanar spacing (0.32 nm [1,31]), and b is the slip 
distance (0.15 nm, considering [001] basal plane slip associated with 
[110] type dislocations). The estimated shear stress value was calculated 
to be ~1.5 kPa, which is smaller than the electron wind stress acting on 
per atom. Therefore, it can be assumed that the generated electron wind 
force is strong enough to induce mobility of defects in SnS2. However, 
this estimated wind force value can vary depending on the scattering 
angle or cross section, crystal lattice direction, and position of the atoms 
in the lattice with respect to its equilibrium position [26,32]. These 
factors contribute to the net scattering potential acting on the defects 
controlling the direction of motion of the defects. It is important to note 
that according to Huntington-Grone model, the momentum transfer due 
to scattering of electrons occurs only in defect sites and have negligible 
impact on the crystal lattice. The response of the defects will vary 
depending on the atom’s locations in different sites, i.e., point defects, 
dislocations, and grain boundaries. The scattering of electrons is ex-
pected to be more intense at the grain boundaries due to higher density 
of defects at the grain boundaries, which may facilitate electron inter-
action with more than a single scatterer resulting in more efficient 
momentum transfer [33]. 

To obtain visual information on the crystallinity enhancement due to 
the electrical impulse force, we performed transmission electron mi-
croscopy (TEM) on both as-received and annealed specimens. Most of 
the studies on SnS2 synthesis show cross-sectional TEM images that 
discern the individual layers. However, cross-sectional specimens do not 
accurately capture information on grain size or the local defects in the 
grains, as obtained from the plan-view. Therefore, we prepared the TEM 

specimens by first spin coating a thin layer of polymethyl methacrylate 
(PMMA) on SnS2 samples and then used hydrofluoric acid (16.7%) to 
etch the substrate. This floats off the specimens which were captured on 
TEM grids followed by rinsing with deionized water and drying at 70 ◦C. 
Subsequently, the PMMA layer was removed using gentle acetone and 
Isopropyl alcohol washing. The TEM bright field images were acquired 
using FEI Talos F200X TEM system at 200 kV. 

Fig. 4 shows the TEM images of the SnS2 specimen before and after 
the electron wind force annealing at room temperature. The as- 
deposited specimen looks mostly amorphous with small areas indica-
tive of crystalline order in atoms. This could be due to the characteristic 
feature of a two-step ALD process, where an amorphous underlayer is 
seen below nanocrystalline flakes [5]. The electron impulse force 
annealing appears to enhance the crystallinity significantly, but it re-
mains difficult to estimate long range of crystallinity of the grain size. 
The factor that obfuscates this is the possible presence of PMMA con-
taminants on the specimens. To better estimate the grain size, we per-
formed geometric phase analysis (GPA) [34]. This technique is more 
commonly used to perform strain analysis in crystalline materials and is 
particularly useful in identifying regions of localized defects and the 
grain boundaries. The atomic strain mapping (εxx) of as-deposited and 
electron wind force annealed SnS2 samples are shown in Fig. 5. Fig. 5 
elucidates the crystallinity better than the Fig. 4 by highlighting the 
local strain (defects and interfaces) regions. The GPA technique shows 
dislocations by red-blue combination to represent the co-existing ten-
sion and compression because of the extra atomic plane. Therefore, they 
can indicate presence of dislocation and grain boundaries by visualizing 
their associated strain maps. The dislocation densities of samples were 

Fig. 4. TEM images of 5 nm thick ALD SnS2 in (a) as-deposited and (b) electron wind force annealed conditions.  

Fig. 5. Strain mapping (εxx) of the (a) as-deposited and (b) electron wind force annealed samples, obtained by Geometric phase analysis of the TEM images.  
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estimated from the corresponding strain maps using the public domain 
ImageJ software. The dislocation density of the as-deposited sample was 
found to be approximately 7.8 × 1017 counts/m2, whereas the corre-
sponding value for the electron impulse force annealed sample was 
estimated to be 1.9 × 1017 counts/m2. In addition, relatively larger 
crystallites are seen in the electron wind force annealed specimens 
(Fig. 5b), which explains the 10 times decrease in specimen resistivity 
(Fig. 2). 

In this study, we demonstrate a room temperature annealing process 
on atomic layer deposited few-layers of SnS2. The crystallinity of the as- 
deposited materials is apparently low due to the processing conditions. 
We then enhance the crystallinity with a novel electron impulse 
annealing process that works at room temperature. Here, the interaction 
between electron and defect is exploited to impart a mechanical force on 
the defects to mobilize them. The temperature rise due to Joule heating 
is suppressed by supplying the current in very low duty cycle pulses. The 
forward current-voltage sweep data indicates about 10 times improve-
ment in specimen resistivity. This is supported by Raman spectroscopy 
and TEM visualization techniques. The demonstrated technique can 
potentially eliminate the need for high temperature and special envi-
ronment (such as sulfur in case of SnS2) annealing of 2D materials. 
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