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Abstract Q

Contacte#8i@efhg for monolayered transition metal dichalcogenides (TMDCs) is
considere f fundamental challenges for realizing high-performance TMDCs-based
electronic electronic devices. Here, we establish an innovative concept for a device

configura ith metallic copper monosulfide (CuS) electrodes that induces sulfur vacancy

S

healing in;olayer MoS; channel. Excess sulfur adatoms from the metallic CuS
electrodes ated to heal sulfur vacancy defects in MoS; that surprisingly improve the

overall pefformance of its transistors and phototransistors. The electrode-induced self-healing

)

mechanis onstrated and analyzed systematically using various spectroscopic

a

analyses, culations, and electrical measurements. Without any passivation layers, the

self-heale photo)transistor with the CuS contact electrodes showed outstanding room

WY

temper: ffect mobility of 97.6 cm?/Vs, On/Off ratio >10%, low subthreshold swing

of 120 m\gdecade, high photoresponsivity of 1 x 10* A/W and detectivity of 10" jones,

I

which are t t among back-gated transistors that employ CVD-grown 1L MoS,. Using

3

ultrathin a le 2D CuS and MoS,, we also demonstrated mechanically flexible

photosens@r, which showed excellent durability under applied bending strain. Our findings

g

demon ising strategy in TMDCs or other 2D material for the development of

{

high perfo and functional devices including self-healable sulfide electrodes.

U

A
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Monolayered transition metal dichalcogenides (TMDCs) have great potential in
developing next-generation flexible, transparent, and wearable electronics and
optoelectronies,due to their reduced dimensions that offer flexibility and transparency with
proper ba igh carrier mobility, and highly efficient light absorption.[1'3] In addition,
their id:aI!TngJing-bond-free surface and atomic thickness are promising for ideal
heterogenceus @gntact and reduced short channel effect,™ thus making them suitable for
future nangll electronic and optoelectronic devices. An ideal field-effect transistor
based on whannel is theoretically predicted to reach large on/off ratio (>10”), room
temperatureﬁity of 410 cm?/Vs, and near-ideal subthreshold swing of 60
meV/decade, > However, most of experimental results significantly differ from the
aforementdeoretical predictions. One of dominant factors degrading the overall
performa@o-dimensional (2D) materials-based devices arises from unwanted

ions between deposited metal electrodes and 2D TMDC channel. These

chemical int ns originate from incomplete/imperfect covalent/surface bonds of TMDCs

and unwanted damages from the direct deposition of metal layers and precursors, which are
used durirs the device fabrication processes. These lead to the creation of unfavorable
interface s pinning of fermi energy levels, which increase the contact energy barriers
and contact ances, hence impacting the overall electronic and optoelectronic device
performanee of 2D TMDCs-based devices. Thus, it has been desired to find appropriate

contactwmd device fabrication methods that can improve the interface properties

between 2D TM!i ’s and electrode materials.

regard, various device fabrication strategies have been proposed to realize

clean and atomically sharp metal-TMDC interface properties such as insertion of graphene or

]

hexagonal boron nitride layers,!”! dry transferring of metal layers,® assembly of
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(1% and phase engineered

substitutionally doped TMDCs,™ employment of indium contacts
MoS,." In each case, fabrication processes led to mitigate the partial Fermi level pinning
effects hd the nontrivial Schottky contact barriers. Nevertheless, such processes
require anﬁfabrication steps that are difficult to control and/or lead to unwanted
chemicgl is'mons that could possibly change inherent characteristics of the TMDC
channel mageridlg, Furthermore, anion defects in monolayered TMDCs are naturally built
during its anerature synthesis or fabrication/transfer steps, resulting in irregular
electrical rtdes upon the device location of a wafer or material preparation methods. It is
thus expec@nd new electrode system that can not only induce low contact barriers for
efficient c&ansport but also produce uniform electronic properties of TMDC

monolaye

Ilmrk, we present an innovative, self-healed electrode system that employ
metalli cr monosulfide (CuS) electrodes to fabricate high performance transistors and
phototrzased on a chemical vapor deposition (CVD)-grown MoS, monolayer. We
demonstrate that the excess sulfur adatoms from the CuS electrodes provide electrode-

induced shancy self-healing (SVSH) and reduce defect sites within the MoS, channel

and the interface. Furthermore, the SVSH mechanism was explained through

surface en ier calculation by density functional theory (DFT) that supports the
thermo favorable reactions of sulfur adatoms healing on the sulfur vacancies in
the MoS,; Without any passivation layers, the MoS,/CuS electronic device reached
room tem field effect mobility of 97.6 cm?/Vs, On/Off ratio >10%, and low

subthre ing of 120 mV/decade in a back-gated transistor configuration, which are

highest among TePorted values for back-gated transistors with CVD-grown MoS;
monolayers.!""'*"® In addition, the MoS,/CuS phototransistor showed high photoresponsivity
of 1 x 10* A/W and detectivity of 10" jones, which is among the highest reported values for

This article is protected by copyright. All rights reserved.
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MoS;-based photodetectors. We further fabricated the two-terminal flexible photodetector to

show excellent durability under applied bending strain due to the ultrathin nature and
outstandin ibility of the CuS electrodes and MoS; monolayer. These findings and
developm uS contact electrodes pave a powerful strategy to provide CuS

. , .
electrode-ssed future electronics and optoelectronics based on 2D TMDC materials.

Results afgd Discuissions

¢

C@ndlictive and transparent copper sulfide (CuS) nanosheet films were prepared by a

S

facile, on Ifurization method of Cu metal films (10 nm) which was deposited using a
thermal e;

1on technique as shown in the schematics and optical image of Figure 1a.
Note that the Cu metal films were directly exposed to H,S gas under ambient condition at
room temm‘[o synthesize CuS nanosheet films as we previously reported.!'” Reactive
H,S gases adsofb onto Cu surface and donate sulfur ions, and copper corrosion reaction with
adsorbed suiE' s leads to the formation of covellite CuS structure. In spite of the ultrathin
thickn Mits electrical properties are known to be as good as indium tin oxide (See
Figure S ISor electrical data).!"”! The synthesized CuS nanosheet films possess covellite
structure (J, card No. 78-0877) as confirmed by the XRD analysis (Figure 1b). The

Raman sp f CuS shows distinct Raman vibrational modes at around 263.8 cm™ and

471.3 cm'!which correspond to the lattice Cu-S and S-S stretching of covellite, respectively

(FigureSBed)

The MoS§/CusS transistor was fabricated by transferring the CuS nanosheet films
onto the onolayer (Figure 1¢). Polystyrene (PS) films were used to detach the
CuS/PS fil ionized (DI) water,***'! and the films were dried in air to completely
remove water molecules to achieve clean interface between the CuS electrodes and MoS,

monolayers. Then, the PS films were attached onto the substrate that has the MoS;

This article is protected by copyright. All rights reserved.



monolayers. To observe and confirm that the CuS electrodes are well attached onto the
monolayers of MoS,, we first performed Raman and photoluminescence (PL) analysis of the
MoSz/CHtructure. Figure 1d shows Raman spectrum of the MoS, monolayer (black
line) and t S heterostructure (red line). The Raman spectra of the vertically

N ) L
stacked htrostructure consists of the distinctive Raman peaks of CuS and MoS; layers,
implying mation of the MoS,/CuS heterostructure. The PL spectra (Figure 1¢)

obtained fr MoS, monolayer and the MoS,/CuS heterostructure shows a distinctive

S

emission atdhe characteristic direct exitonic energy at 1.88 eV (A ~ 660 nm). Also, it is

noticed that therGwas a significant reduction in the PL intensity for the MoS,/CuS

U

heterostruct e reduced PL intensity can be attributed to the exciton dissociation

Y

(Figure 1 arge transfer associated with the formation of metal (CuS)-semiconductor

(MoS;) jufict

d

u> clectrode induced SVSH of MoS; channel was achieved through mild
therma, ing at 150 °C in a vacuum chamber as depicted in Figure 2a. Note that only
sulfur adatoms are involved during this process, and unreacted H,S gas does not present
within the&of CusS crystal. The SVSH mechanism is that the excess sulfur adatoms

from the ( @ rodes (TEM-EDS spectrum can be found in Figure S3) are diffused

through t channel and its defect sites (e.g. sulfur vacancies) are healed spontaneously
by the ally favorable adsorption/binding of the sulfur adatoms."****) Note that
Vacancyh“ ve been previously proposed using chemical treatments to enhance the PL
intensity 1 ayered TMDCs.**?% However, the proposed mechanism was sorely

focuse monolayers themselves and chemical treatments, and the self-healing using

device electro s not yet explored. To confirm analytically the SVSH mechanism, we first
employed XPS analysis as shown in Figure 2b. The XPS spectra shows Mo 3d orbital (Mo ™
3ds,; and Mo ™ 3d;5,) of the as-grown MoS, and the MoS,/CusS heterostructure. The
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deconvoluted peaks can be assigned to intrinsic MoS; (i-MoS,, 230.08 eV and 233.23 eV)

and defective MoS; (d-MoS,, 229.83 ¢V and 232.98 eV).[22’27] When the as-grown MoS,

monolayer i led by the sulfur adatoms from the CuS electrodes, the peak contribution

from the 1 wcreased, whereas the d-MoS, is decreased, resulting in the shift of the
N oo

doublets tgethe higher binding energy. The XPS spectra of S 2p also confirms the SVSH

mechanisn@e S4).[2228

Tmi mechanism was also confirmed using annular dark field scanning
tr

tunneling € microscope (ADF-STEM) measurement, and the direct vision of the
atomic structure Were obtained for pristine MoS; and MoS,/CuS heterostructure as shown in
Figure 2¢, , tespectively. The STEM images of the pristine MoS, crystals clearly
showed the spatial distribution of the Mo and S atoms, and the Mo atoms appear brighter than
the S ato own in Figure 2c, the vacancy sites of S atoms in pristine MoS, are darker
than th and S atoms. On the contrary, the self-healed MoS; (Figure 2d) displayed
unifoEangement, which implicates that the SVSH by the CuS electrodes can
effectively decrease the sulfur vacancies in the monolayered MoS..

To r elucidate the CuS-induced SVSH mechanism and the effect of SVSH, the
PL spect btained from the overlapped CuS/MoS, regions (region 1- CuS/MoS,,
region 2 2!d 3- MoS; in the inset image) as shown in Figure 2e, and the PL intensity
mappinw be seen in Figure S5. The PL intensity of MoS, at the region 1 is largely

decreased dUCto{the formation of metal-semiconductor junction. On the contrary, at the

region 2 and ¢ PL intensity was largely increased. The PL intensities are even higher than

that of ﬁ n monolayered MoS,. Such changes in the PL intensity are attributed to the
CuS-induced vacancy healing, and such healing trends were also confirmed previously,
where the PL quantum efficiency of MoS; was enhanced due to the reduced number of defect

sites and the consequent nonradiative recombination within the MoS, crystals.[*>*”]
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The energy band alignment of the MoS, and CusS electrodes before and after the
thermal annealing have been further probed by a kelvin probe force microscope (KPFM) to
verify the € of the SVSH on the energy levels of MoS;. It should be noted that
surface/ inmct states are known to affect the energy level offset and alignment
betwee:tgﬁodes and the channel. Reduced sulfur vacancy sites can also lower the
contact enggey barriers and induce the efficient charge transfer.***”! The 2D work function
mapping aQIS/MOSZ heterostructure was obtained before and after the thermal
annealing esg/(Figure 2f,g). The KPFM images represent the noticeable band offset
between the MoSy and CusS electrodes junction before the annealing process, while the
difference i ork function is relatively decreased after the annealing process, as
observed ﬁlor difference and small energy depth on the line profiles (Figure 2h)
which aremextracted from the KPFM mapping images in Figure 2f,g. Also, the work

functio d MoS; is slightly changed possibly due to the desorption of oxygen/water

(31] r diffusion of sulfur adatoms from CuS to MoS,. The work function line

molecules
profiles clearly show, before the annealing process, a noticeable intrinsic band offset around
60 meV ag the corresponding depletion region between the MoS, monolayer and CuS

electrodes e mild thermal annealing, the band offset is relatively reduced as well as

the depletio 1on. The contact energy barriers between the MoS, monolayer and CuS

electrodesgg reduced due to the SVSH mechanism, which is in accordance with the XPS,

STEM,Hults.
TJ support our claim that the sulfur adatoms can favorably heal the sulfur
vacanciggsi®MoS,, we calculated the binding energy surfaces (BESs) of sulfur adatoms in

different positiOM8 over the various (perfect and defective) MoS, surfaces by using first-
principles calculations (see Experimental Section for details). The BESs were calculated by
moving the position of the sulfur adatom on each point of the different MoS, surface states as
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depicted in the lower image of Figure 3a. We intentionally modelled the several types of the
sulfur vacancies states including a sulfur single vacancy (Vs), two neighboring sulfur single
vacancies two neighboring sulfur double vacancies (2Vs;), and Vs with a sulfur
adatoms ( 3a,c and Figure S6). The binding energy was defined as Epipg = Es.
 E— .
adatom/surfacs (Es-adatom t Esurface), Where Eg adatom/surface 18 the total energy of the total system
that the sulfr aggtom is adsorbed on the particularly modelled surface, and Eg_,gatom and
Esurface arte energies of the isolated S atom and modelled surface (Perfect and
defective » sirfaces), respectively. For the perfect MoS,; surface, the color map
distributio@BES of the sulfur adatoms correspond to the atomic arrangement of Mo-
top (MT),ET) and hollow (H) sites (upper, Figure 3a), which are in good agreement

with the a

(blue pud@he binding energy was monitored as clearly distinguished in color map of

ometry of MoS,. When sulfur vacancies are introduced, noticeable drop

inding energy of the sulfur adatom at the sulfur vacancy in MoS, is

calculated to und -3.7 eV, regardless of the types of vacancy states, suggesting that the
adsorption of sulfur adatoms on the sulfur vacancy sites is thermodynamically spontaneous
and favore!le. These results are also in good agreement with the previously reported results,
in which t@s oxygen adatoms can favorably attached on the sulfur vacancies in
MoS,.BP2 1t d be also noted that the adsorption energy of sulfur adatoms on the sulfur
vacancy Sg; is much higher than the desorption energy of sulfur adatoms from CuS surface,
suggestw desorption and diffusion process is likely to happen energetically under

the concentrationfgradient and mild thermal annealing (Figure S7).

@re, the changes in the surface diffusion energy barrier around the sulfur
vacancy sites calculated. Figure 3d shows the diffusion energy barrier profiles
extracted from proposed surface diffusion paths (double-headed arrows in a-c, a combination

of ST-ST-ST or ST-Vs-ST ). In the perfect MoS, surface, the calculated diffusion energy
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barrier was found to be ~ 1.6 eV along with the diffusion pathway presented in Figure 3d.
When the sulfur adatom is placed around the sulfur vacancy, the surface diffusion energy
barrier on 0S, surface with the sulfur single vacancy (1Vs/unit-cell) decreases to ~ 0.9
eV comp f the perfect MoS, surface. In the case of the MoS; surface with the
two neizh?gsulfur single vacancies (2Vgs/unit-cell), the reduction of diffusion energy
barrier is mg@re mglatile (the calculated diffusion energy barrier on 2Vs is 0.4 eV, Figure 3e).
Additiona”ffect of the diffusion energy barrier on the presence of S2 double vacancies
(Vas/unit- opadditional sulfur adatom (S») was also checked as shown in Figure S6. In

the both cases, thg diffusion energy barrier reaches to the ~0.7 eV and 0.9 eV, which shows

UsS

the similar ion behavior (Figure 3b,c). Lowering both binding energy surface and
diffusion arrier within the sulfur vacancy sites confirms that the excess sulfur

adatoms fm:‘us electrode can favorably diffuse across the surface of MoS, as well as

bind a ulfur defect sites in MoS,.
erstand in detail how the SVSH mechanism affects the electrical properties of

MoS,, we have fabricated MoS,/CusS field effect transistors (FETs) on a HfO,/Si substrate
and the elhroperties of 20 control-devices were carefully examined before and after
the thermsd @ ing process. The schematic picture of the MoS,/CuS FET is depicted in
Figure 4a 4b presents the representative drain current as a function of the gate
Voltage,w;hown in a logarithmic scale at drain voltages of V4, = 0.1, 0.3, 0.5 V, and
Figureék:“ e drain-source current as a function of the drain-source voltage on a linear
ﬁicated and self-healed MoS,/CuS FETs. The both as-fabricated and self-
healed qﬁt the n-type characteristics, steep subthreshold swing, low off currents,
high on currenfS{¥nd ohmic contact as observed in the transfer and output curves, indicating

that the CuS electrodes can be well applied for the metal-semiconductor contact and the low

scale for t

electron barrier with the MoS, channel. From the transfer characteristics, we estimated a field

This article is protected by copyright. All rights reserved.
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L %, where L and W are channel length and width, C,, is

effect mobility using ppg = e
oxVds “Vgs

the gateme 0f 309.9 nF cm™. After the thermal annealing, the room temperature,

back-gatet mobility of MoS,/CuS FET is surprisingly increased from 32 to 97.6

cm”V's™, ‘which demonstrate about the 3-fold improvement in its mobility. Furthermore, the
N

self-healeWuS FET showed noticeable improvement in the On/Off ratio and

subthresh@ value as shown in Figure 4b and d. The On/Off current ratio is increased

from 10° tmpon mild thermal annealing. Furthermore, the subthreshold swing values of

the self-heal®d MoS,/CuS FETs were decreased by 33 % and reached the value as low as 120

mV/decade in a bck-gated transistor configuration without any passivation layers. The

4

improve e electrical properties of the self-healed devices can be attributed to the

N

enhanced contact properties resulting from creation of chemically clean interface and

reduction

a

ted Fermi-level pinning (see Figure S8 for contact resistance
measu e electrical properties of annealed CuS and MoS,/CuS FET at 300 °C

showe 1 electrical properties (Figure S9). The improvement in the mobility as well as

M

subthreshold swing is a clear signature of the reduced defects and interface trap densities

[

within the hannel and the interface.'***) Our MoS,/Cus$ transistor showed impressive

device pee (mobility, on/off ratio, and SS) and the values are the best reported so far
among ba transistors with CVD-grown 1L-MoS,, which is compared in Table S1.
Furthe , lectrical properties of our device are significantly better than the device

{

with copp t and previously demonstrated vacancy-passivated devices (see Figure

U

S10 and T; for comparison).

o evident that the threshold voltages were shifted towards positive voltages

A

for the self-healed devices as shown in Figure 4e. At the drain voltage V4= 0.5 V, the
threshold voltages were significantly changed from -3.4 V to -0.8 V which were determined

using a linear-extrapolation method, and the statistical charts, showing the shift of threshold

This article is protected by copyright. All rights reserved.

11



voltages, are plotted in Figure S11. We attribute such change in the threshold voltages to the

SVSH in the MoS, channel, which shift fermi energy level toward the intrinsic level. To

further elucj that the shifts of threshold voltages is due to the SVSH in the MoS; channel,
we also maf

compared the hysteresis behaviors of the as-fabricated and self-healed
N . . . o

MoSz/Cuf‘g ETs as shown in Figure 4e. A noticeable decrease in the hysteresis width was

observed wlf-healed device compared to the as-fabricated device, which is a signature

of reduced e adsorbates due to the self-healed MoS, channel that are less energetically

active to tWaateS.m]

The res;s presented thus far demonstrate the effect of the SVSH for the field-effect
transistor ﬁgons. We now consider phototransistor performance of the self-healed
MoS,/CuS devices. It should be noted that defects can play as recombination centers during
photodetem impede efficient charge transport,”>®! and the self-healed devices are
expect cach high photoresponsivity due to reduced scattering/recombination during
photog carrier transport/transfer from MoS; to CuS electrode. Figure 5a shows the
transfer curve of the self-healed MoS,/CuS phototransistor under various illumination

intensities ident laser power density is estimated by considering the laser spot size (a

diameter @ Based on the measurement in Figure Sa, the photoresponsivity of the

self-heeﬂ is estimated using the equation R = I”Th, where the Ip; is the photocurrent

and P is t* inciﬁnt laser power on the effective area of the devices. The photoresponsivity
was plott spective to the incident laser power with varying gate voltages as shown in
Figure Sb: nd that the photoresponsivity as high as R = 13461.5 A/W was calculated
at Vy= dP= 3.4 x 1073mW/cm® The dependence of photoresponsivity on the
incident laser power follows a power law,””! R ~ P%, where « is ranging from -0.76 to -0.92,

[37-39]

which is higher than the values reported by other 2D based photosensors and is close to

the saturation factor a = -1. Specifically, the non-unity exponent generally involves defect

This article is protected by copyright. All rights reserved.
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[33]

sites, " and the high o value suggests that the MoS,/CuS phototransistor has less defects by

the SVSH.

Fmows the stable and repeated temporal response of the selt-healed device
after switching the 450 nm laser illumination on and off for 3 s under applied bias voltages of
u % pp g

Vis=0.1 Vand V, =0 V. A fast rise and decay time of 90 ms and 160 ms,

[

respectivelly, wer@ observed for the MoS,/CuS device. We further tested the phototransistor

C

performanmeasuring and plotting photoresponsivity and specific detectivity, D*, with
h

respective ack-gate voltages as shown in Figure 5d. The high photoresponsivity under

the positive polagity back gate voltages can be attributed to the lower contact resistance which

J

effectivel ate charges into the MoS; channel.*”) The D* was also found to be

13

dependent on the back-gate voltages (see Figure S12 for detectivity and NEP

d

calculationy! h P While R reached the highest value under the positive polarity gate
voltageS¥i was increased up to 10" jones under the negative polarity gate voltage due to the

signifi cduced dark current, and the values are among the highest reported

M

performance for pristine MoS,-based photodetectors as summarized in Table S3.

[

Th ctive features of the 2D MoS, channel and ultrathin CuS electrodes in terms
of their ou g electrical properties and their flexibility enable us to explore new

avenues f@f developing flexible optoelectronics based on those 2D materials. The ultrathin

h

CuS elWonly induce self-healing in MoS,, but also possess excellent electrical

propeniesﬁtanding stability under mechanical strain, thus making them highly

suitable for tlexible applications. In order to address the feasibility of our self-healed

MoS,/E@ ‘% ice in flexible device applications, we have designed and fabricated a simple
two-terminal flexible MoS, photodetector on a flexible Polyethylene terephthalate (PET)
substrate, and the resulting device image is shown in Figure 6a. The drain source-current

versus drain-source voltage under varying illumination intensities is plotted in a logarithmic

This article is protected by copyright. All rights reserved.
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scale in Figure 6b. It can be seen that the flexible MoS,/CuS device shows the symmetric,
ohmic contacts and current modulation under the 450 nm laser illumination. Based on the
measured !:ie photoresponsivity, R, was reached up to 7 A/W when it was calculated

with resp applied voltages as shown in Figure 6c.
 EE—

T

]

investigate and characterize the MoS,/CuS flexible photodetector, we
have perf@sim bending photoresponse measurements as shown in Figure 6d. The

inset imagmure 6d shows our bespoke bending machine employed to apply strain on
ct

the photod. . Along with the changes in the dark current, the photocurrent was increased

as the bending radlius decreases down to 3.5 mm. Such trend observed for the flexible
MoS,/ Cuﬂetector under bending strain is consistent with the previous report showing
piezoresistive effect,*) where the contact barrier height is reduced due to the changes in the

electron amder the applied tensile strain and the corresponding photo-electrical

prope ¢ improved due to the reduced contact barriers.

gate mechanical stability of our MoS,/CuS flexible photodetector, we have
monitoredshe change in the dark current and photocurrent in terms of the number of bending
cycles ata ing radius of 4 mm. As shown in Figure 6¢, the photocurrent and dark
current w aintained with only a slight variation in the magnitude even the device was
bent up ﬂles, and the time domain photocurrent was measured to shown the stability
of our Wexible photodetector before and after the bending tests as shown in Figure
6f. Such h lity of our MoS,/CusS flexible photodetector under mechanical bending
tests is strongly attributed to the ultrathin nature of CuS electrodes as well as high young’s
modul@monolaycr, all of which are highly suitable for next-generation flexible
optoelectronic device applications.

Conclusion

This article is protected by copyright. All rights reserved.
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In conclusion, we have developed the innovative self-healed sulfide-electrode system
for 2D MoS; devices that showed impressive transistor and phototransistor performance. We
have show mild thermal annealing in the CuS/MoS; heterogenous structure induces
excess sulﬁ to heal the defect sites of MoS, monolayer, as known as sulfur vacancy
self-heaﬁirsmh in turn improves contact and MoS, channel properties. The self-healed,
back-gatedgransigtors and phototransistors showed high mobility up to 97.6 cm?*/Vs, low
subthresh(mg of 120 mV/decade, high photoresponsivity up to 13461.5 A/W, and
detectivit}W13 jones without any passivation layers. We further demonstrated the
flexible pl@ctor based on the CuS electrodes and MoS, channel and proved the
outstandin nical stability under the multiple bending test. We believe that our device

integratio hes should pave a new way of designing (opto)electronics based on 2D

TMDC m@nd CusS electrode.

Experimwtion

Synthesis ayer MoS> and CuS nanosheet: Monolayer MoS, was grown on a 300 nm

Si0,/ Srsing a thermal CVD method and thermodynamically stable synthesis.!***

The growth was Cfrried in a 2 inch quartz tube by placing 0.05 mg of MoOj; precursor (Sigma
Aldrich, >ﬁd 50 mg of sulfur powder (Sigma Aldrich, > 99.98%) which was placed

upstream rnace. The growth was carried at 750 — 800 °C for 5 to 10 minutes. CuS

c ‘@ synthesized by exposing the Cu film to ammonium sulfide (Alfa Aesar, 20-

24% aq. soln.). Ct film was deposited using a thermal evaporator.

This article is protected by copyright. All rights reserved.
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Fabrication of MoS, and CuS nanosheet heterostructure: The electrode pad for the CuS

electrodes were patterned using a standard photolithography process. To transfer MoS,

monolayers CusS electrodes, polystyrene (PS) film was used as the transferring

medium.! CusS electrodes were spin coated with PS (Mw ~ 192,000) film. During
N E—— .

the transfi process, the PS film holds MoS, and CuS layers, while water penetrates between

the PS ﬁlwe substrate for detachment. The detached PS film with MoS, or CusS is

dried in air ansferred onto the targeting substrate (SiO,, HfO,, and PET substrate). The

PS film

S

ed by dipping the substrate in toluene for 24 hrs. For the preparation of the

XPS sample, [argg area and fully covered MoS; film (> 5 mm x 5 mm) was transferred on

4

CusS film (> x Smm) which was synthesized on SiO,/Si substrate. The fabricated

N

MoS,/Cu tructure was annealed at 150 °C under vacuum condition.

Characte

a

f MoS> and CuS: The Raman and PL measurements were carried out using

532n on Alpha 300 R confocal Raman spectroscopy. KPFM images were obtained

using ercial AFM setup (Park Systems, XE7) with a lock-in amplified (SR-830,

M

Stanford Research Systems). For KPFM measurement, Cr/Au-coated Si tip (NSC14) was

used. The

I

alibrated with highly oriented pyrolytic graphite (HOPG) before KPFM

measure

O

Electricalf@nd optoelectrical measurement: (opto)electrical properties were measured using

g

the semy characterization system (4200A-SCS, Keithley), Tektronix MDO3054

{

oscilloscopt, ord Research Systems SR570 current preamplifier, and MS Tech probe

U

station. Strain-dgpgendent photocurrent measurement was carried out using our bespoke

bendin e and bending machine motorized system (ST-BJS-0810-SSU) for the

A

bending cycle tests. 450 nm laser diode (MDL-III-450L) was used to measure the

photoresponse of MoS,/CuS devices.
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DFT Calculations: The atomic geometries and sulfur adatom binding energies of the various

MoS,; surface structures were calculated using the Vienna ab initio simulation package

(VASP).[4I’47] e exchange—correlation functional was approximated using the Perdew—
Burke-E E) expression.**! In order to account for weak van der Waals (vdW)
_ N .
1nteract101! between sulfur adatom and MoS, surfaces, the optB86b-vdW functional,

implemenQASP by Klimes et al., was used for all of the binding energy

calculations® ectron—ion interactions were modeled using the projector augmented wave
(PAW) mw The electronic wave functions were expanded in a basis set of plane
waves with a Kimgtic energy cutoff of 500 eV. The geometry relaxation step was repeated
until the ionj es were reduced to below 0.01 eV A™'. The k-space integration step was
performeﬁite sampling of the k-points on a 6 X 6 x 1 mesh in the Brillouin zone to
optimize thie w aetry of each modeled structure. To minimize the interactions between
neighberingd cells, vacuum regions at least 23 A in length along the direction (z)
perpendicula e 2D surface were included. For the BES calculation of the sulfur adatom,
atomic geometry optimizations of five MoS; model surfaces, specifically those of perfect
MoS, surise and four defective MoS, surfaces with 1Vg or 2Vg or 2V,s or 1Vg& 1S4 (per
unit-cell), @rformed preferentially. All MoS; model surface systems were fully relaxed.

After that, ¢ relaxed perfect and defective MoS, surface structures obtained from the

prior calqg;ion: the overall molybdenum atoms were fixed during the geometry

optimiz ¢ sulfur adatom adsorbed on the various model surfaces to maintain the

original structureiof the pre-relaxed MoS; surfaces. Also, the x and y positions of the sulfur

adatom {, and only its z position was relaxed.
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is and characterization of CuS and MoS,/CuS hybrid structure. a) A

schematic ill ion and optical image of the CuS film synthesized using H,S gas and Cu
film b) X-ray diffraction pattern of CuS nanosheet. c) Fabrication procedures of MoS,/CuS

hybrid strégture using polymer-assited transfer method. d) Raman and e) photoluminescence

1

spectrum and MoS,/CusS hybrid structure. f) Deconvolution of the PL spectra to

O

identify the 1ve contribution from trions (A") and exciton (A) by fitting with Lorentzian

Curves.
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Figure 2. ‘ulfur-’acancy self-healing mechanism in the MoS,/CuS hybrid structure. a) A
schematic 4 ion of the annealing-induced self-healing of sulfur vacancies in MoS,. b)
X-ray n spectroscopy measurment of Mo 3d orbital in MoS; and MoS,/CuS

structure. !DF-STEM images of ¢) pristine MoS, and d) the self-healed MoS,. e¢) PL

spectrum m the points in the optical image (inst). f,g) Kelvin probe force microscopy

two-dilqtflapping image of the MoS,/CuS hybrid structure. h) KPFM line profile
taken from the ages in f,g)
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defective rfaces. The blue circles in the lower figures of b) and c) imply the locations

of the sulflir single vacancies. d) Energy barrier profiles for proposed surface diffusion paths

(doublewows in a-c) of a sulfur adatom. e) Encircled view of energy barrier profile
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corresponding to the hollow rectangular part in figure of d).
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Figure S,/CuS Transistor. a) Schematic illustration of the MoS,/CusS transistor. b)
Transfer cu 0.1 V—0.5 V source drain bias and c¢) output curves at different gate

voltages (-5 to +5 V) of the as-fabricated and self-healed devices. Change in d) subthreshold

swing Vahsi e' threshold voltages, and f) hysteresis chracteristics after mild thermal

annealing e self-healing in MoS,.
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A novel s ectrode system allows sulfur-vacancy self-healing in 2D MoS,. Ultrathin

CuS electode heals defects in MoS, channel spontaneously upon mild thermal
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