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Abstract
Electronic quality of chemical vapor deposited MoS; is a function of crystallinity, which tends to
decline with decrease in deposition temperature. Conventional thermal annealing can improve the
quality but requires very high temperatures. In this study, we investigate a novel low temperature
(room temperature to 400 °C) annealing process that exploits the electron wind force during passage
of current. Here, moderate current density gives rise to atomic scale mechanical force whenever the
electrons encounter defects in the lattice or grain boundaries (GBs). After hypothesizing that this
force can significantly enhance defect mobility without any temperature field, we demonstrate the
process using in situ transmission electron microscope and molecular dynamics simulation.
Monolayer metal organic chemical vapor deposited MoS, deposited at 400 °C was post processed at
temperature as low as 20 °C. Experimental results show five times enhancement in electrical
conductivity, which is supported by electron diffraction patterns indicating significant grain growth.
Discrete spots in diffraction indicate evolution of high crystallinity even at room temperature. Our
computational model shows the mechanisms behind healing lattice defects as well as reorienting the
GBs. The enhancement in microstructure of the specimen is also reflected in mechanical properties
simulations on pre- and post-annealed specimens.

Keywords: two-dimensional materials, molybdenum disulfide, in sifu transmission electron
microscopy, molecular dynamics, low temperature annealing, defects, grain boundary

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

1. Introduction from 1.2 to 1.8 eV depending on the number of layers [1].
MoS, has attracted the 2D materials community because of
Transition metal dichalcogenide crystals such as MoS, in their distinctive electrical, optical, and mechanical properties
two-dimensional (2D) form show intrinsic band gap ranging [2-4], making it desirable for field-effect transistors [5-7],
flexible electronics [8—10] and sensors [11, 12] applications.
4 Author to whom any correspondence should be addressed. Exfoliated MoS, layers show the highest quality, however
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limited flake size and exfoliation-induced defects remain
concerns for scalability [13—15]. The need for scalable pro-
duction of large-area and highly crystalline MoS, has spurred
advances in chemical vapor deposition (CVD) processes
[16-18]. Quality of CVD grown 2D materials is a strong
function of deposition temperature. Thus, the quality of low
temperature deposited materials can still be enhanced with
post-processing annealing. Unfortunately, for MoS,, the
required temperatures for thermal annealing may be in excess
of 800 °C [19, 20]. From device fabrication process com-
patibility perspective, lower temperatures are desired. How-
ever, lower temperature deposition is also known to decrease
the materials quality. For example, multiple nucleation sites
on supporting substrate could lead to the formation of nano-
crystalline MoS, during the CVD growth, with grains orien-
ted in different directions and connected by grain boundaries
(GBs) [21, 22]. GBs in 2D materials have detrimental effects
on physical properties such as higher resistivity, lower carrier
mobility, poor mechanical properties and lower thermal
conductivity of 2D materials [23-28].

The objective of this study is to minimize the defects and
GBs in low temperature CVD grown MoS,. The most com-
monly used technique is conventional thermal annealing,
where high temperature is used to enhance defect mobility to
minimize their volume fraction in the solid, or to minimize the
GB density (thus increasing the grain size). This has been
used for almost all materials in all dimensions. The literature
contains evidence of post-synthesis thermal annealing of
MoS, to enhance the crystallinity through ex sifu [29] as well
as in situ [30] experiments. The reported temperature range is
700 °C-1000 °C for annealing time on the hours. The general
agreement is that very little improvement in the micro-
structure is seen below 800 °C. This is not unexpected since
MoS; is a high temperature solid lubricant material [31]. Very
high temperature processes are not desirable in multi-layered
electronic devices because of thermal stresses. In addition,
thermal annealing takes very long time because highly uni-
form temperature means random diffusion, where both lattice
and defective regions are given equal vibrational energy [32].
These concerns motivate the present study, where the objec-
tive is to develop a low temperature and faster processing
condition. As described in a later section, our processing
temperature was below 400 °C and time was less than 5 min.
In this study, we propose that defects in electrically con-
ducting materials can be targeted using a non-thermal process,
i.e. momentum transfer of electrons at defects. Here, we apply
electrical current in the specimen at moderate current density
(<10° A cm™?). In the lattice, the electron scattering is mostly
elastic in nature. However, the scattering is massive at the
defects, where the electrons lose the momentum [33], devel-
oping atomic scale force known as the ‘electron wind force’.
Such momentum transfer imparts high defect mobility and
creates a ‘directional diffusion’ (compared to the random
diffusion in high temperature heating) because electron flow
itself is highly directional (cathode to anode). Our hypothesis
is that such directed, non-thermal diffusion can be effectively
exploited to control defect mobility and migration at low
temperature and high speed. It is important to note that Joule

heating always accompanies the electron wind force. Temp-
erature from such resistive heating can be helpful in enhan-
cing defect mobility, so long its inherent randomness in
diffusion not dominate the electron wind force effects. In this
study, such balance of Joule heating and electron wind force
is achieved through careful consideration of specimen geo-
metry and thermal boundary conditions. Our proposed elec-
trical annealing technique is effective for nanocrystalline
metallic or semiconducting materials which contain high
volume fraction of defects at the GBs. This technique has
been also successfully deployed for conductive thin films,
additive manufactured materials and alloys [34-36].

In this study, we adopt a combined experimental-com-
putational approach to investigate the proposed electron wind
force induced low temperature annealing process. Nominally
monolayer MoS, specimens are synthesized at 400 °C using
MOCVD. The material is then transferred to a custom
designed and fabricated micro-electro-mechanical (MEMS)
chip that can be accommodated by a TEM specimen holder
with electrical biasing capability. The specimen resistance
and electron diffraction patterns are recorded for the input
current density. Significant enhancement in electronic quality
of the specimens was observed through these acquired data.
To obtain atomic scale defect mobility and migration
mechanisms that lead to low temperature electron wind force
induced annealing, we develop MD simulation models using
LAMMPS [37] simulation package. Here, the Huntington—
Grone model [38] is used to determine the electron wind force
that is imposed on the specimen atoms. We also probe the
effectiveness of electrical annealing on mechanical properties
of pre-annealed and post-annealed sample by conducting
tensile testing simulation.

2. Experimental and computational details

2.1. MOCVD synthesis

The low temperature synthesis of MoS, is conducted by metal
organic chemical vapor deposition (MOCVD), the reactor
design and experimental procedures are described elsewhere
[39, 40] Briefly, 4 x 10~*sccm molybdenum hexacarbonyl
(Mo(CO)g) and 0.55 sccm diethyl sulfide (DES) were carried
to the hot wall MOCVD reactor by 50 sccm H; and 565 sccm
Ar. The growth is conducted at 400 °C for 1h on 300 nm
Si0O, substrate that yielded nominally one layer of MoS,.

2.2. Device fabrication and sample transfer

MoS, sample was transferred on the MEMS chip for electrical
biasing using PMMA and HF solution. Device design and
fabrication details are given elsewhere [41]. Schematic of the
transfer technique and experimental setup is shown in
figure 1. At first, MoS, /sapphire specimen is spin-coated with
950K PMMA A2 at 1500rpm. After spin coating
MoS,/PMMA is released in 16% HF solution from sapphire
utilizing the surface tension to peel off the MoS,/PMMA film
[42]. Then released specimen is captured on the desired
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Figure 1. Schematic description of the monolayer MoS, transfer process on to a MEMS device and subsequent experimental setup for in situ
TEM investigation of electrical property as function specimen microstructure.

location of the MEMS device for biasing purpose. Finally,
acetone and isopropyl alcohol is used to dissolve PMMA film
to obtain freestanding MoS, sample. The device is then wire
bonded and mounted on a TEM specimen holder.

2.8. Computational details

We developed classical MD simulation model using reactive
empirical bond-order (REBO) potential [43] and implemented it
in LAMMPS [37]. We modeled single layer polycrystalline
MoS, with 10 randomly oriented grains with approximate grain
size of 2.5 nm using the Voronoi-tessellation method. The model
was checked for overlapping of atoms at the GBs. To incorporate
both Joule heating and electron wind force effect, we conduct the
simulation at different temperatures with an additional imparted
electron wind force on each atoms. We used 0.5 fs simulation
time step and maintained periodic boundary condition along
the length of the sample (i.e. x-direction) while keeping free
boundary conditions on transverse and film normal directions
(i.e. y and z directions respectively). Energy minimization was
performed on the simulation cell using conjugate-gradient
method followed by NVT dynamics at 1000K for several
thousand steps in LAMMPS. Time integration was carried out
using the Verlet algorithm during the NVT dynamics. The
electron wind force was applied on individual atom. It is difficult
for a large system to directly employ electron effects in classical
MD simulation as classical MD simulation solely depends on
Newton’s equation of motion. Thus in this present study, we
indirectly quantify equivalent wind force on each atom using
the Huntington—Grone [38] model. Effectively, this applies an
equivalent electron wind force (F,,;,;) on each atom based on the
following equations [44]:

Foina =Z*xe Xj X p, (D

where, Z* is effective valence number of molybdenum, e is
electron charge, j is the current density and p is the specific

resistivity. Considering experimental current density of 9.5 x
10° A cm™2 and using equation (1) calculated electron wind
force on individual atom was 0.3 fN (femto Newton). In addition,
interatomic force due to the REBO potential (Frgpo), individual
atom experiences a total force as follows:

Frow = FreBo + Fina- )

To mimic the experimental condition i.e. direct current (dc)
in the specimen, we impart the electron wind force on individual
atoms for 1.0 ns.

3. Results and discussion

To investigate the electrical current annealing induced quality
enhancement in low temperature MOCVD MoS,, we conducted
both in situ TEM (electrical biasing and resistance measuring)
experiments and MD simulation. Experiments were performed
inside a FEI"™™ Talos F200X scanning/transmission electron
microscope (S/TEM) with a resolution of 0.12 nm using field
emission gun and 200kV acceleration voltage. In our experi-
ments, dc current is passed through the specimen in steps of
10 pA until 0.1 mA limit is reached. Current density which
defined as current per unit cross-sectional area was calculated
assuming 1 nm thickness of the sample [45]. We allow about
5min only of anneal time between each current density steps,
which is remarkably shorter than conventional thermal anneal-
ing. At 0.1 mA, the current density is 9.5 x 10° Acm 2, a value
close to the electromigration damage in metallic materials [46].
Figure 2(a) shows a representative specimen resistance versus
current density data. Here, the initial resistance is seen to reduce
dramatically from 1 M2 to about 180 k2 after the electrical
annealing. Figure 2(b) shows coupled electro-thermal simulation
results estimating the temperature profile in the specimen. In our
present simulation, we consider low thermal conductivity of
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Figure 2. (a) Observation of five times decrease in electrical resistance of nominally MoS, specimens during electron wind force annealing.

(b) Spatial temperature distribution for the highest current density.
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Figure 3. In situ TEM electron wind force annealing results (a) bright-field image. (b) SAED pattern from as-deposited monolayer MoS,
specimen. (c), (d) The same location after application of 9.5 x 10° A cm 2 current density at near room temperature, (¢) SAED of the same
region after electrical annealing. (f) Regions with various atomic layer configurations illustrating possible domains that are not annealed.

MoS, [47] to ensure maximum temperature rise during the
electrical biasing of MoS,. Raman thermometry [48] measure-
ment shows that MoS, temperature could reach as high
as 380°C prior to their breakdown at a drain current of
210 piA pm™ . The reported electrical current is more than twice

in magnitude higher compared to our biasing condition. Thus
actual temperature rise in our sample might be even lower than
the predicted simulation results. Because of the freestanding
geometry, the specimen temperature is the highest (around
400°C) in a very small section in the middle. The massive
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Figure 4. MD simulation results on electron wind force annealing (a) simulation cell showing 10 grains with average size of 2.5 nm before
annealing. (b) Same specimen showing three grains with average size of 7 nm after annealing. Displacement vector analysis (c) before
annealing. (d) During the annealing. (Individual grains are shown by different colors; smaller radius sphere indicates sulfur atoms and larger

sphere indicates molybdenum atoms.)

silicon electrodes effectively constrain the specimen ends to be
at room temperature. The arrows in figure 2(b) indicates the
locations for the selected area electron diffraction (SAED) pat-
terns. Or in other words, we report the enhancement of crys-
tallinity in regions that are constrained to near room temperature
conditions.

To explain the observed reduction in electrical resistance,
we note that thin film resistance is strongly influenced by
surface and internal (such as GB) defects. Our in situ TEM
results shed light on the changes in the microstructure as a
function of the applied electrical current density. Figures 3(a)
and (b) show the bright-field and SAED images for the as-
deposited specimen. Figure 3(c) shows TEM bright-field image
before electrical annealing. After annealing at near room
temperature with electron wind force at 9 x 10° Acm 2 cur-
rent density, the corresponding image is shown in figure 3(d).
The transformation to apparent featureless appearance in

figure 3(d) suggests significant decrease in surface roughness,
which may contribute to the decreased surface scattering. This
may have significant impact on the electrical resistance
(figure 2(a)) as the surface scattering of electrons plays a
dominant role [49] because of the freestanding and ultra-thin
nature of our specimen.

Another dominant scattering event takes place in the
GBs, which have high volume fraction in our specimens with
initial grain size less than 5 nm. This is in agreement with the
diffraction patterns available in the literature [20]. Since this
is smaller than the average electron mean free path, a small
increase in grain size can result in very large decrease in
resistance. A representative TEM diffraction pattern at low
temperature regions in specimens after electron wind force
annealing is shown in figure 3(e). Here, the initially diffused
rings appear sharper with annealing. More remarkably, we
observe distinct hexagonal spots at a current density of
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Figure 5. (a)—(c) 6/8Mo Dislocation migration during the electrical annealing. (d)—(e) Transformation of 6|8 ring to 6|64 ring at the grain
boundary (GB). (Individual grains are shown by different colors, smaller radius sphere indicates Sulfur atoms and larger sphere indicates

Molybdenum atoms.)

9.5 x 10° Acm ™2, suggesting existence of large crystalline
domains alongside or underneath smaller grains. This obser-
vation follows the scaling of electron wind force, which is the
highest in the GBs. While the discrete spots in the diffraction
pattern are unambiguous evidence of large scale highly
crystalline domains, the actual description of the annealed
specimen morphology is difficult to achieve. There are a few
possibilities such as (a) prominent secondary grain growth,
where energetically favorable grains may grow abnormally
large at the expense of neighboring smaller grains [50] and (b)
electrical discontinuity in domains that lead to little annealing
effect. Figure 3(f) schematically describes a possible scenario
with a region where three atomic layers exist. The existence
of such multi-layer configuration is supported by TEM ima-
ges, as indicated by the arrow in figure 3(e). If layers or
domains 1 and 3 are physically connected as shown, and both
are laid down on the domain 2, most of the current will flow
directly from domain 1-3 or vice versa. The underlaid domain
2 may conduct little or no current at all. In that case, domain 2
will remain un-annealed and any TEM diffraction pattern
taken for this ensemble will show sharp spots originating
from domains 1 and 3 and diffused rings from domain 2.

To obtain atomic scale understanding of the electron
wind force based annealing, we performed a series of MD
simulations. The first set of experiments were dedicated to the
mobility and migration of GB defects and their consequent
elimination from the monolayer specimen, resulting in net
growth of the average grain size. Figure 4(a) shows the pre-
annealed sample with approximately 2.5 nm grain size con-
taining 10 grains. It important to note that the GB structure of
2D MoS; is different from ordinary polycrystalline materials.
It contains different types of ring defects such as 6|8, 5|7, 4|6,
4|8 as well as vacancies. The 6|8 ring defects could be gen-
erated from the 5|7 ring defects by inserting one molybdenum
(Mo) or one pair of sulfur (S) atoms. On the other hand, the 4|
8 defects could arise from the 5|7 defects by deleting one Mo
or one pair of S atoms [51, 52]. We also notice that the 6|8
ring defects could be transformed to two perfect 6 rings and
one 4 ring defects i.e. 6/6/4. As shown in figure 4(a) initial
grains are randomly oriented. The large density of defects at
the GBs is clearly visible and two examples are marked with
ovals. Figure 4(b) shows the post-annealed sample after 1.0 ns
dynamics run, where the boundaries of 10 grains restructured
to three grains with average size of ~7 nm. This indicates that
equivalent electron wind force imparted on the sample can
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Figure 6. Transformation of vacancy defects to 6 and 4 ring defects at the GB (a) vacancy defects at the GB. (b) Vacancy transforms to 6|8 S
defects. (c) 6|8 S Transforms to 6|6]4 ring defects. (d) Formation of 6|8 S due to the dislocation motion. () Formation of 6|64 ring.
(Individual grains are shown by different colors, smaller radius sphere indicates sulfur atoms and larger sphere indicates molybdenum atoms.)
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Figure 7. (a) Energy barrier plot. (b) Pristine MoS,. (c) Intermediate structure at reaction coordinate 0.3 during NEB calculation. (d)
defective MoS,.

effectively mobilize and migrate the defects in the GB. the dotted blue and red color boxes indicate sliding and
Figures 4(c) and (d) show displacement vector of the pre- rotation motion of GBs’ atom respectively.

annealed and post-annealed sample respectively. Electrical To investigate the quality enhancement mechanism such
current annealing induces both GB sliding and rotation at the as GB atom reconstruction, we analyze the time evolution of
GBs’ atoms as shown in figures 4(c) and (d). In figure 4(d), simulation trajectories. Figures 5(a)-(c) show dislocation
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migration between adjacent grains during the electrical cur-
rent annealing of the sample. Here, we marked two rings at
the lower center of the sample by rl and 12 to track the
dislocation position as marked by (L) at the GB during dif-
ferent simulation time. Figure 5(a) shows deep yellow colored
grain (boundary marked by black dotted line) and its three
nearest neighbor grains. Dislocation position adjacent to the
ring 12 at the beginning of the annealing simulation is shown
in figure 5(a). After 200 ps simulation time this dislocation
migrates to the next ring as shown in figure 5(b). The marked
dislocation as shown in figure 5(c) further moves to the GB
after 975 ps simulation time. This dislocation migration due to
effect of electron wind force and Joule heating during elec-
trical current induce annealing could lead to the quality
enhancement by reorienting the atoms at the GBs. Figure 5(d)
shows a 6|8Mo ring defect at the GB. As mentioned earlier,
this ring defect could transform to 6|6|4 defects at the pre-
sence of electron wind force and Joule heating. Thus one 6|
8Mo ring defect could generate two perfect 6 rings and one 4
ring at the GB site of the sample during the electrical
annealing as shown in figures 5(d), (e).

Figure 6 shows the annihilation mechanism of vacancy
defects at the GBs of the sample. Here, rl and r2 rings are
marked to track the defects during the simulation. Figure 6(a)
shows the vacancy defects at the GBs of the sample in the
beginning of the simulation time marked by Ops. As the
simulation moves forward in time, we notice that vacancy
defect (shown in figure 6(a)) transforms to 6|8 S ring defects
after 265 ps as shown in figure 6(b). Figure 6(c) shows the
intermediate transition of 6|6|4 defects from 6|8 S ring defects
after a simulation time of 480 ps. These 6|6|4 defects again
transform to 6|8 Mo ring defect after 600 ps as shown in
figure 6(d). Thus, dislocation migrates to one ring lower left
(figures 6(b) and (d)). After 615 ps of simulation time, 6|8 S
ring defects transformed to 6|6|4 defects as shown in
figure 6(e). This simulation trajectory analysis shows the
mechanism of vacancy defect annihilation at the GBs, which
further avails the quality enhancement in the specimen.

To investigate the defect annihilation at the GBs of the
MoS, specimen, we performed nudged elastic band (NEB)
simulation runs using spring constant of 0.5eV A~'. In our
NEB simulation, we use 192 atoms to build both pristine and
defective MoS, structure as shown in figure 7. In figure 7(d),
red dotted lines are used to show our created 4, 8 ring and
vacancy defects. As mentioned earlier, these ring-type defects
are typical GB defects found in 2D MoS, [21, 22].
Figures 7(b)—(d) show the defective structure to pristine
structure of MoS, conversion during the NEB simulation.
Reaction coordinates 0.0 and 1.0 correspond to the pristine
and defective structures respectively. The energy barrier plot
indicates a defective structure requires approximately 0.8 eV/
atom energy to attain a pristine MoS, structure. During
electrical annealing electrical current could act as an addi-
tional stimuli by providing both thermal energy and electron
wind force on individual atoms which in turn may overcome
this required energy barrier.

4. Conclusion

In this study, we propose that the electron wind force developed
during the passage of electrical current can significantly enhance
the mobility and migration of defects in 2D MoS,. Successful
validation of this hypothesis implies that electron wind force
annealing of MoS, specimens with defects (such as GBs in
polycrystalline MoS,) can be achieved at temperatures as low as
ambient. This is in stark contrast with the state of the art in 2D
MoS, annealing, where very high temperatures (~800 °C) are
needed. To test our hypothesis, we synthesized monolayer MoS,
at low temperature (~400 °C) with very good initial crystallinity
and room for improvement. We performed in situ TEM and
classical MD simulation to observe and study the enhancement in
the quality of the specimen. The electrical resistance decreased by
five times at a dc current density of approximately 9.5 x
10° A cm 2. Such enhanced transport property is supported by
the electron wind force induced changes in electron diffraction
patterns in regions of specimens where the temperature was
constrained to the ambient. In addition to the experiments, we
conducted MD simulation to investigate the atomic scale defect
migration and grain reconstruction mechanisms that led to spe-
cimen quality enhancement. Simulation results shows that during
the proposed annealing, the GB atoms could rearrange and re-
reorient due to impetus of electron wind force. NEB calculations
show that 6|8, 6|4 and vacancy defects could transform to defect
free ring at the expense of external stimuli. This external stimuli
could be provided in the form of electrical current (in this study)
or thermal energy. To evaluate the effectiveness of the proposed
annealing, we also conduct tensile testing of the pre- and post-
annealed specimens to show enhancement in mechanical stress-
strain properties, which is derived from the elimination of defects
and GBs during annealing.
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