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ABSTRACT: Two-dimensional molybdenum disulfide (MoS,) has emerged as a promising m
material for optoelectronic applications because of its superior electrical and optical
properties. However, the difficulty in synthesizing large-scale MoS, films has been recognized
as a bottleneck in uniform and reproducible device fabrication and performance. Here, we
proposed a radio-frequency magnetron sputter system, and post-treatments of electron beam
irradiation and sulfurization to obtain large-scale continuous and high-quality multilayer
MoS, films. Large-area uniformity was confirmed by no deviation of electrical performance in
fabricated MoS, thin-film transistors (TFTs) with an average on/off ratio of 10°> and a

transconductance of 0.67 nS. Especially, the photoresponsivity of our MoS, TFT reached 3.7 LT -. Py

A W™, which is a dramatic improvement over that of a previously reported multilayer MoS,

1

TFT (0.1 AW™") because of the photogating effect induced by the formation of trap states in
the band gap. Finally, we organized a 4 X 4 MoS, phototransistor array with high photosensitivity, linearity, and uniformity for light
detection, which demonstrates the great potential of 2D MoS, for future-oriented optoelectronic devices.

KEYWORDS: MoS,, phototransistor array, sputtering, electron beam irradiation, sulfurization

1. INTRODUCTION

Two-dimensional transition metal dichalcogenides (TMDs)
have gained considerable attention because of their ultrathin
atomic-layered structures, excellent electrical and optical
properties, and great potential applications for future nanoscale
electronic and optoelectronic devices.'”> Among the TMDs,
MoS, is the most extensively studied material because it has a
semiconducting property with a layer-dependent band gap
(1.2—1.8 eV) and a relatively high current on/off ratio (I,,/

ILg) (~10°) and carrier mobility (>10 cm® V™' s71).*~ © MoS, is
also a promising channel material for photodetector
applications.” Zhang et al. fabricated phototransistors based
on a chemical vapor deposition (CVD)-grown monolayer
MoS, with an excellent photoresponsivity and photogain of
2200 A W' and 5000, respectively.® Choi et al. presented
multilayer MoS, phototransistors with a relatively high-
photoresponsivity of 0.1 A W7 Many attempts to improve
the photoresponse of the MoS, photodetectors have been
performed. These include surface sensitization,'’ surface
plasmon resonance via nanoparticles,ll surface treatment,12
fabrication of nanoribbons,'® and the stacking of hetero-
structures.'*

MoS, photodetectors can be used as a building block in
optoelectronic systems such as image sensors and photologic
gates. However, these applications are considerably limited by
the difficulty of large-dimensional production of the MoS,
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atomic layer. Top-down approaches such as mechanical
exfoliation and liquid-phase exfoliation typically produce
MoS, flakes with few layers of relatively small size."~"
These exfoliation approaches exhibit no reproducibility and no
layer controllability, making their application in large-scale
advanced optoelectronics difficult. Therefore, many bottom-up
growth methods such as CVD, physical vapor deposition
(PVD), atomic layer deposition (ALD), and metalorganic
chemical vapor deposition (MOCVD) are considered as
solutions to realize large-scale photodetector arrays. ALD
and MOCVD have already succeeded in growing MoS, atomic
layers.'"®"? Despite the fact that the MoS, layer has high
uniformity and high crystallinity, the growth rate is low and the
cost is high. Recently, the growth of the centimeter-scale
monolayer and few-layer MoS, were already synthesized using
CVD.”>*! However, in the thin-film industry, a sputtering
technique is a facile technique and widespread commercializa-
tion to deposit uniform semiconducting films, such as
amorphous silicon (@-Si), polycrystalline silicon (poly-Si),
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and indium gallium zinc oxide (IGZO). The large-area MoS,
films degosited using sputtering have been previously
reported.””** The as-sputtered MoS, films were always
post-annealed in a sulfur environment to increase their
crystallinities. The size of a continuous few-layer MoS, directly
sputtered on a silicon oxide (SiO,) substrate was shown to
reach a centimeter scale, and the MoS, field effect transistor
showed good property through CVD sulfurization.”® The
MoS, layer number can be controlled by controlling the
thickness of the sputtering film. The sputtering MoS, films
combined with sulfurization exhibit large scale, good
uniformity, and crystallinity, but their photoelectronic proper-
ties are very poor and even no phototransistor array has been
realized. Electron beam irradiation (EBI) is used to induce
atomic rearrangement through inelastic scattering, resulting in
the crystallization of MoS,.”® However, the EBI-treated MoS,
also shows extremely low photoresponsivity due to the
insufficient crystallinity and sulfur vacancies.”’

In this study, we present MoS, phototransistor arrays
constructed on large-dimensional MoS, films grown using a
radio-frequency (RF) magnetron sputtering deposition meth-
od combined with post-treatments processes. High-quality
centimeter-scale trilayer MoS, was achieved by sputtering, EBI,
and sulfurization. Microscopy and spectroscopy analyses
confirmed that the post-treatments rearrange atoms in MoS,
films, resulting in improvement of MoS, crystallinity. In
addition, the MoS, films exhibit a 2H structure, which ensures
good electrical performance of MoS, transistors. Fabricated
MoS, phototransistors show a high photoresponsivity of 3.7 A
WL, Moreover, the photoresponsive performance of the MoS,
phototransistors is proven to be stable and uniform, which
enables a 4 X 4 array to be produced. This work represents a
new platform for future applications in the field of
optoelectronics and image devices.

2. EXPERIMENTAL SECTION

2.1. MoS, Film Preparation. In our experiment, (100) oriented
p-type (boron-doped with a resistivity <0.00S € m) Si/SiO, (300
nm) substrates were used. Prior to the synthesis of MoS, thin films,
the substrates were ultrasonically cleaned by immersion in acetone,
ethanol, and isopropyl alcohol solutions. Then, amorphous MoS, thin
films were deposited on the substrate through RF magnetron
sputtering at room temperature. A high-purity MoS, target (99%)
with a 50.8 mm diameter was used for sputtering, and a base pressure
of the sputtering chamber was maintained below 107 Torr. A
working pressure was maintained at S mTorr with an Ar flow rate of
10 sccm, and an RF power of 20 W was applied. Prior to every
sputtering process, the target was presputtered for S min to clean the
surface of the target. The EBI process was conducted in the same
chamber as that for sputtering. An electron gun with a 60 mm
diameter extracted electrons from inductively coupled plasma. Then,
the electron gun collimated and accelerated electrons to the
amorphous as-deposited MoS, thin films. The inductively coupled
plasma was generated with an RF power of 300 W, and the extracted
electrons were accelerated by a DC energy of 3 kV for 1 min. A
working pressure was maintained at 0.8 mTorr with an Ar flow rate of
10 sccm. The EBI-treated MoS, was inserted in the CVD chamber for
sulfurization, which was conducted at 950 °C in a Ar (50 sccm)/H,S
(1 scem, 10% H,S)/H, (S sccm) environment for 1 h.

2.2. Characterizations. Synthesized MoS, films were transferred
onto Cu grids with a lacey carbon support film for plan-view
transmission electron microscopy (TEM), and cross-sectional view
samples were prepared by a single-beam focused ion beam system
(FB-2100, Hitachi). Plan-view and cross-sectional TEM images were
obtained by JEM-2100F (JEOL) and JEM-ARM200F (JEOL),
respectively, with an accelerating voltage of 200 kV. Raman spectra

were collected by (Alpha 300 S, WITec) using a 532 nm laser and
1800 grooves/mm grating. In addition, atomic force microscopy
(AFM) (Alpha 300 S, WITec) was used to measure the thickness of
the MoS, films. Chemical bonding states and stoichiometry of
synthesized MoS, were investigated using an X-ray photoelectron
spectroscopy (XPS) system (Nexsa, Thermo Scientific) with a pass
energy of S0 eV. To apply the MoS, films for photoemission
spectroscopy (PES) analysis, the MoS, films were transferred onto a
conducting substrate using a conventional poly(methyl methacrylate)
method. The secondary band edge and electron distribution near the
valence band were measured by PES (4D-PES, Pohang light source-
II) under ultrahigh vacuum (107° Torr). The measurement was
conducted using synchrotron radiation with an incident photon
energy of 90 eV. All spectra were calibrated with the reference of
sputtered Au, which has a Fermi edge at a binding energy of 0 eV.

2.3. Fabrication of the MoS, Phototransistor Array. The
synthesized MoS, film was patterned as channels of a transistor array
by conventional photolithography. The unnecessary portions outside
the channels were etched using O, plasma reactive ion etching with
30 sccm at S0 W for 1 min. The source and drain electrodes were
prepatterned using LOR 3B and a photoresist followed by electron
beam evaporation of Ti (20 nm)/Au (100 nm). The device was
annealed at 200 °C for 2 h in a vacuum chamber to improve the
electrical junction. This was accomplished by removing organic
residues and ionic impurities between MoS, and electrodes.

2.4, Electrical and Optical Measurements. The electrical
properties of MoS, phototransistors were evaluated using a semi-
conductor characteristic system (4200-SCS, Keithley) in a dark box
measurement environment. A fiber-coupled laser source (MCLSI,
Thorlabs) with a wavelength of 405 nm was used to radiate the light
in a perpendicular direction to the channel of the MoS, photo-
transistors.

3. RESULT AND DISCUSSION

3.1. Synthesis of the Large-Area MoS, Film. The
fabrication process is schematically shown in Figure la—c, and
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Figure 1. Synthesis process of the MoS, film and its atomic-scale
structures. Schematic illustration of (a) sputtering, (b) EBI treatment,
and (c) sulfurization. Plan-view TEM images and FFT patterns of (d)
as-deposited, (e) EBI-treated, and (f) sulfurized MoS, films (all scale
bars are 5 nm).

the detailed process is described in the Experimental Section.
Amorphous MoS, films were deposited on Si/SiO, substrates
by RF magnetron sputtering (Figure 1a), and the two post-
processes of EBI treatment (Figure 1b) and sulfurization
(Figure 1c) were subsequently conducted. For the EBI process,
a low energy of 3 kV was applied for 1 min to induce inelastic
scattering of electrons, resulting in atomic rearrangement by
the interaction of incident electrons and electrons of the target
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film.”*** Sulfurization was conducted at 950 °C in a H,S and
Ar environment for 1 h to enhance the crystallinity of the
film.”> The pictures of the MoS, films after sputtering, EBI
treatment, and sulfurization showed purple, bluish purple, and
blue, respectively (Figure Sla). The continuous blue exhibited
in Figure Slb,c indicates that the sulfurized MoS, film is
uniform in a large area.

3.2. Characteristics of Synthesized MoS, Films. The
atomic-structural change of MoS, films, which was followed by
post-treatments, was investigated by TEM analysis. Figure 1d—
f shows plan-view TEM images and fast Fourier transform
(FFT) patterns of the films. The amorphous structure of the
as-deposited film was transformed into a polycrystalline
structure after EBI treatment (Figure 1d,e), which was
confirmed by the FFT pattern that transformed from a wide
halo to a ring shape.”® Several types of Moiré fringes in Figure
le indicate that few layers of the MoS, film were stacked with
rotation angles. After sulfurization, the crystallinity of the MoS,
has a significant increase (Figure 1f). In addition, many grain
boundaries were also observed in the MoS, film, indicating the
polycrystalline (Figure S2).

To confirm the chemical bonding state and elemental
composition of MoS, films, XPS was employed. Figure 2a
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Figure 2. Spectroscopic analysis of MoS, films. (a) XPS spectra, (b)
Raman spectra, and (c) secondary cutoff and valence band spectra
obtained by PES analysis of as-deposited, EBI-treated, and sulfurized
MoS, films, respectively.

shows high-resolution XPS spectra of Mo 3d and S 2p core
levels of as-deposited, EBI-treated, and sulfurized MoS,,
including deconvolution curves. For the as-deposited MoS,,
the asymmetric peak at ~229.0 eV could be deconvoluted into

two types of Mo ligands: Mo* 3d5/2 at ~229.4 eV
corresponding to Mo—S bonding and Mo° 3d;,, at ~228 5
eV corresponding to Mo—Mo bonding of Mo metal.”
previous studies have reported, 1 T-MoS, also exhibits a Mo
3d state at a similar binding energy as that of Mo°.*’ However,
no characteristic of the 1 T phase appears at a low binding
energy of the S 2p signal. Thus, it can be inferred that the
composition is Mo metal. In addition, a doublet appears at a
hlgh binding energy of the Mo 3d signal, which represents
Mo® 3d5({2 ligands at 232.5 eV, corresponding to Mo—O
bonding.”” The Mo®" 3d may derive from oxidation during the
MoS, sputtering process, interfacial layer between MoS, and
SiO,, and the exposure of MoS, in the atmosphere.”" The
atomic fractions of the ligands in the Mo 3d and S 2p states are
listed in Table 1. In the S 2p region, two groups of doublets are
found. One of them is elemental S (S°) where S 2ps;, is located
at a high binding energy of ~163.1 eV.*> Moreover, S 2p3, at
~161.9 eV may be attrlbuted to S*7 2ps,, ligands
corresponding to S—Mo bonding.’® The ratio of ($° + $*7)
2p to Mo*" 3d is approximately 3.38, which is greater than 2
and thus confirms the existence of elemental S. Therefore, as-
deposited MoS, shows a low crystallinity that includes several
species of impurities.

Following EBI treatment, the atomic fraction of Mo® (Mo—
O bonding) decreases and the peak of Mo*" 3d ligand (Mo—S$
bonding) becomes sharp and strong. In addition to the fact
that the terminal $*~ 2p ligand becomes dominant, elemental
S vanishes. These indicate that, during the EBI treatment, the
Mo®" oxide reacts with elemental S to form MoS,. The atomic
fraction of Mo* increases from 66.1 to 73.6% after EBI
treatment. Moreover, the ratio of $*~ 2p to Mo*" 3d is
approximately 2.06, which is very close to the composition of
MoS,. The atomic fraction of Mo® experiences a slight decrease
from 16.1 to 15.1% before and after EBI treatment. However, it
dramatically reduces to 6.6% after sulfurization. This proves
that Mo metal is simply sulfurized at a high temperature with
gas H,S to form MOSZ.33 By contrast, the atomic fraction of
Mo®" undergoes practically no change after sequential post-
treatments. It is inferred that the remaining Mo®" oxide
probably derives from the surface oxidation of MoS, during air
exposure. In the sulfurized MoS,, the atomic fraction of Mo**
enhances to 82.4%, and the ratio of $>~ 2p to Mo*" 3d is
approximately 2.29, indicating a S-rich MoS,. As shown in
Figure 2a and Table 1, it was found that both Mo*" 3d and $*~
2p doublets in as-deposited MoS, have decreasing full-width at
half-maximum (FWHM) and increasing intensity and area
after EBI treatment and sulfurization. This demonstrates that,
during the sequential post-treatments, a certain amount of
MoS, is produced with enhanced crystallinity and homoge-
neity.

Raman spectra of the MoS, films are shown in Figure 2b.
Two typical Raman peaks of in-plane (E', ) and out-of-plane
(Alg) modes were not confirmed from the as-deposited film,
whereas those peaks were prominently observed after EBI
treatment and sulfurization, which well supports the atomic

Table 1. XPS Data of As-Deposited, EBI-Treated, and Sulfurized MoS,

at% ¢ 3ds) * 3ds) Mo’ 3ds/, 2p3/2 §*” 2ps (8°+87) 2p
(FWHW) [232 5 + 0.2 eV] [229 4 + 0.1 eV] [228.5 + 0.1 eV] [163 1 eV] [161.9 + 0.2 eV] :Mo** 3d
as-deposited 17.7%(2.2) 66.1%(1.6) 16.1%(1.2) 40.7%(1.5) 59.3%(1.6) 3.38:1
EBI-treated 11.3%(2.2) 73.6%(1.0) 15.19%(0.9) 100%(0.9) 2.06:1
sulfurized 11.0%(2.2) 82.4%(0.8) 6.6%(0.9) 100%(0.8) 2.29:1
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Figure 3. Electrical characteristics of MoS, TFTs. (a) Schematic image of MoS, TFTs, (b) cross-sectional TEM image of MoS, film and contrast
intensity profile obtained from a marked line. (c) Vgg—Ipg curves at Vg = 1 V, (d) Vpg—Ipg curves at Vg from —30 to SOV, (e) histogram of I,

and I ¢ and plot of I,,/I

o

& and (f) plot of g, and Viy of 20 MoS, TFTs.

rearrangement.”* More importantly, FWHM of two peaks of
the EBI-treated film decreased from 15.7 to 7.8 em™" (E';,)
and from 12.3 to 8.5 cm™ (Alg) after sulfurization. The
remarkable decrease in the FWHM of the El2g mode indicates
high atomic ordering in the layered structure because the Elzg
mode derives from the parallel vibrations of Mo and S atoms
with respect to the substrate.”® In addition, the peak difference
(Ak) between the Elzg and A}, modes decreased from 25.6 to
234 cm™! before and after sulfurization, which indicates a
decrease in the number of layers from five to three.”' Through
AFM, the film thicknesses of as-deposited, EBI-treated, and
sulfurized MoS, were measured at ~4.5, ~3.5, and ~2.2 nm,
respectively (Figure S3). This decrease in thickness was
thought to have resulted from the atomic rearrangement
induced by post-processing. To probe the microscale
crystallinity of the MoS, film, the Raman mapping image in
an area of 60 ym X 60 ym was measured. Figure S4a,b shows
the Raman mapping characteristics of Elzg and Aj, modes
centered at 380 and 403 cm ™, respectively. The uniform color
intensity suggests that the highly crystalline MoS, film is
continuous and uniform in a large area. Moreover, 100 points
of Raman characteristics on a 2 cm X 2 cm MoS, film were
also measured and constructed a spatial map depicting the Ak
between the Elzg and A;, modes (Figure SS). About 77%
points show Ak between 23 and 24 cm™', indicating a
homogeneous trilayer MoS, in a centimeter scale.

Electrical structures of the synthesized MoS, films were
characterized using PES. PES spectra in the secondary cutoff
and valence band regions obtained by as-deposited, EBI-

20648

treated, and sulfurized MoS, films are shown in Figure 2c. The
work function (¢) was defined as ¢ = hv — W where hv = 90
eV and W is the spectral width extracted from the intersection
of the slope of the secondary cutoff spectra with the
background.’® The work functions of as-deposited, EBI-
treated, and sulfurized MoS, were calculated to be 4.97,
4.98, and 4.99 eV, respectively. The values were higher than
those of previously reported MoS, films (4.52—4.92 eV)
because the presence of the Mo—O bonding that was
confirmed in the Mo 3d spectra of Figure 2a disturbs the
electron emission from the surface.’* "’ It was previously
reported that the oxidation of the MoS, film modulates the
work function of up to 1.2 eV.** The variations of the work
function of as-deposited, EBI-treated, and sulfurized films were
approximately 0.01 eV, which was negligible. However, a band-
tail was observed from the spectra of the as-deposited film,
which is attributed to the inhomogeneity of the film, as
confirmed in XPS analysis of the as-deposited film shown in
Figure 2a.%

The right side of Figure 2¢ shows the valence band structure
of three films below the Fermi energy (Ez = 0 eV). A valence
band maximum (VBM) was estimated from the intersection of
the slope of first states from Eg and the background.* The
extracted VBMs were ~3.36, ~1.03, and ~1.65 €V, respectively
(Figure S6). As the band gap of the few-layer MoS, is
estimated to be 1.29—1.9 eV,"" it could be expected that the
EBI-treated and sulfurized MoS, films are n-type semi-
conductors. To develop an in-depth understanding of the
electrical structure of the three films, we compared the band
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states under the VBM. It was previously reported that the
visible states under an energy of 4 eV are derived from Mo 4d
and S 3p bands, whereas those from 4 to 8 eV are assigned to S
3p origin.””**** It is noteworthy that the electron occupancy
in the upper states associated with the d orbital of Mo atoms
determines the electrical structure of MoS, as insulating,
metallic, or semiconducting.“’43 Although no peak was
confirmed under 4 eV in the spectra of the as-deposited film,
the EBI-treated film showed a peak near 2.5 eV and it became
clearer on the sulfurized film. This peak was attributed to a
completely occupied nonbonding d,* band characteristically
observed from semiconducting 2H-MoS,.”*>** As a result, it
can be understood that the MoS, film underwent a transition
from an amorphous to a semiconductor in the electrical
structure through EBI treatment and sulfurization.

3.3. Electrical Properties of MoS, Thin-Film Tran-
sistors. Using the post-treated MoS, films, we fabricated thin-
film transistors (TFTs), as shown in the schematic image of
Figure 3a. The channel areas of the TFTs were patterned using
photolithography and an etching process, and Ti/Au electro-
des were deposited onto the MoS, film. Figure 3b shows a
cross-sectional TEM image of a trilayer MoS, channel with an
interlayer spacing of 0.66 nm (see the inset of Figure 3b),
which is in accord with the results of Raman spectra (Figure
2b) and the AFM height profile (Figure S3c).

Figure 3¢ shows Vgg—Ipg curves of the MoS, TFT with a
channel width (W) of 20 ym and length (L) of 3 ym in
logarithmic and linear scales measured under Vg from —60 to
60 V at a Vpg of 1 V. It exhibited a typical n-type
semiconductor behavior with I,/I ¢ > 10 In addition, low
hysteresis of the transfer curve of the MoS, TFT was exhibited,
as shown in the green curve in Figure S7. Based on the large
hysteresis of the MoS, TFT without EBI treatment (blue
curve), it could be expected that EBI treatment reduced the
interfacial dangling bond and defects between the MoS, and
SiO, substrate. Vpg—Ipg curves of the TFT were also measured
in a Vg range from —30 to SO V at intervals of 10 V (Figure
3d), thus presenting an excellent ohmic contact behavior at a
low Vpg and saturation at a high Vpg. These properties were
unequivocally distinguished from the nonsemiconducting
properties of as-deposited and EBI-treated MoS, TFT of the
same W/L, as shown in Figure S8. The electrical current of as-
deposited and EBI-treated MoS, TFTs was not controlled by
gate voltage because of their valence band edge structure, as
shown in Figure S6a,b. Although the VBMs of the two films
were more than 1 eV different from Ep, the valence band-tails
were very close to Ex (0 eV), which led to a barrier-less hole
carrier flow.*

Statistics on the electrical characteristics of large-area grown
MoS, TFTs were obtained by measuring 20 randomly
distributed MoS, TFTs on a substrate (Figure S9). Figure 3e
depicts on current (I,,) (red) and off current (I4) (black) as
well as the calculated I, /I ¢4 of each MoS, TFT. These present
an average I,/I.¢ of 1.3 X 10° with a standard deviation of
~17%. Both maximum transconductance (g,) and the
threshold voltage (Vry) of MoS, TFTs were maintained
within a certain range with an average of 0.67 nS and 24 V,
respectively (Figure 3f). This superior electrical uniformity as
well as the high yields of the MoS, TFTs obtained by
sputtering, EBI treatment, and sulfurization were confirmed
from these quantitative results, thus offering a critical
advantage for designing large-area phototransistor matrices.

3.4. Photoresponsive Behavior of MoS, Phototransis-
tors. As a first step toward producing a MoS, phototransistor
array, we examined the photoresponsive characteristics of the
MoS, TFT under illumination of various incident power
densities (P,.) from 1 to 220 mW cm™ at an excitation
wavelength (4,,) of 405 nm, as shown in Figure 4a. Measured

a of WIL =20 umi/7 pm b 10° 60V P
10°F Vps =1V aE—— S S
L —

-9 ot oo o
V10-1u (mW cm?) *::10-11 e o g 12
B —Dark - 33 =% af ¢ ° 3°

10 -1 _55 10
-1 —110 10™
107 -22 220 10
60 -40 20 0 20 40 60
vss (\%]
C 10’ . d _-
Vs intervals of 10 V %
>
2
o
<
)
=]
£
°
<
: < o 3 Trap states
3 2 £
10 p10(w cm'21)0 Intensity (a.u.)

inc

Figure 4. Photoresponsive behavior of MoS, TFT. (a) Vgs—Ipg
curves of the MoS, phototransistor according to irradiation with A, of
40S nm and various P,.. (b) P;,.—I;, at various Vg range from —60
to 60 V as intervals of 10 V. (c) P,,.—R extracted from panel (b). (d)
Density of state near VBM and schematic band diagram describing
the mechanism of the PG effect on MoS, TFT.

Vigs—Ips curves showed significant increases with an increase in
P, over a full range of Vg as compared to the dark state. To
investigate a photocurrent (Iph) generation mechanism of the
MoS, phototransistor, we extrapolated Vi of each curve and
plotted the Viy shift (AVyy) as a function of P, in Figure
S10a, which shows a very sharp decrease for a low P, . and
saturation for a high P;,. Figure S10b shows Vgg—Ipg curves
excluding the Vry variation of each curve where the current
still increased, especially in the off region.

The I, generation mechanisms of 2D material photo-
transistors are mainly modeled on the photogating (PG) and
photoconductive (PC) effect.**™* The PG effect is derived
from the local accumulation of carriers due to the existence of
trap sites inside the channel.*” This produces an additional
effective gate voltage. The Vry shift represents substantive
evidence of the PG effect and gradually diminishes as the traps
become saturated. By contrast, the PC effect represents a
conductivity increase from the generation of excess carriers by
an absorption of light, which is generally noticeable in the
depletion regime.9 Therefore, based on Figure S10a,b, we can
expect the coexistence of both PG and PC effects on the
performance of the MoS, phototransistor.

To confirm which of the two effects is dominant for our
MoS, phototransistor, the relationship between the photo-
current and incident power density (Iph x P,%) was
considered, in which different absorption coefficients (@)
were introduced from the PG (a < 1) and PC (a ~ 1)
effects.*”*" Figure 4b depicts Ly (Iiumination — Taan) s @
function of P, for different Vg ranging from —60 to 60 V at
intervals of 10 V. Each a extracted from a slope of linearly
fitted curves of log(I,;,)—log(P;,.) was plotted (see the inset of
Figure 4b) according to Vgg. It is noteworthy that & was close
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to 1 in a negative Vg region (off region) and became smaller
(a < 1) in a positive Vg region (on region), indicating the
dominant mechanism for generating a photocurrent changed
from the PC to the PG effect as Vg increased. Figure 4c shows
the photoresponsivity (R = Ly/ P,..) calculated from the data of
Figure 4b. In the off region, the photoresponsivities were very
low, whereas they reached as much as 3.7 A W' at 10° W
em™ of P, at a Vgg of 60 V. Compared to the
photoresponsivities of various phototransistors using multi-
layer MoS,, as shown in Figure S11, it was found that the
photoresponsivity of our MoS, phototransistor is in a high
range. This high photoresponsivity of our MoS, photo-
transistor is thought to be achieved because of the PG effect
that contributed to photocurrent generation over on state.

To determine the origin of the PG effect on our MoS,
phototransistor, we focused on observing the inherent band
gap structure that influences the carrier behavior. Figure 4d
shows the density of state above the VBM (red line) at the I"
point in the Brillouin zone up to Eg (0 eV) obtained by PES
measurement.** We produced direct evidence of photoassisted
trap states, which are marked with blue areas in the band gap.
A broad distribution of trap states extending to 1 eV below Eg
was the result of imperfection and structural defects in MoS,,>"
in here, the grain boundary and the existence of Mo—O
bonding and Mo metal, which are confirmed in the XPS
analysis, as shown in Figure 2a. We assumed that the interfacial
defects between SiO, and MoS, were excluded here because of
the effect of the EBI treatment (Figure S7). These abundant
trap states capture the excess holes generated by light
absorption, resulting in the accumulation of positive charges
and an additional positive gate voltage. Thus, the effective
Schottky barrier height is reduced and it increases the electron
injection from the source, as shown in the schematic band
diagram given as the inset of Figure 4d.

3.5. MoS, Phototransistor Array. We validated the
capability of the MoS, for industrial applications in
optoelectronics by achieving a uniformity of a large-dimen-
sional synthesis and by overcoming the low photoresponsivity
of a multilayer MoS,. Based on these results, we fabricated a
phototransistor array containing 4 X 4 MoS, phototransistors,
as depicted on the left side of Figure Sa. Each phototransistor
has a MoS, channel patterned with a W/L of 20 ym/5 ym and
a Ti/Au electrode for source and drain contact (top right side
of Figure Sa). A statistical distribution of the photoelectrical
properties of 4 X 4 MoS, phototransistors was confirmed in
the mapping images that present the current level of each
phototransistor under the dark state and illumination with P,
of 55 and 220 mW cm™* (Figure Sb), respectively, where all
current was measured at a Vg of 60 V. As fully described in
the previous section, MoS, phototransistors exhibited perfect
uniformity with an average current value of 9.6 & 2 nA under
the dark state. When the light was on (bottom right side of
Figure Sa), the current values of the elements averaged 20.7
(55 mW cm™2) and 35.9 nA (220 mW cm™?) with a very small
standard deviation of 10 and 12%, respectively. This excellent
consistency was confirmed by statistical results of photo-
responsivity (R) and photosensitivity (S) of the matrix
phototransistors as a function of Py, as depicted in Figure
Sc,d. A small standard error and linear distribution of two
characterizing factors are well worth the attention because they
ensure ultrahigh uniformity in the phototransistor performance
of the large-area MoS,. The average photosensitivity of MoS,
photodetectors could reach as high as 1.4 X 10* % at 0.2 W
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Figure S. Phototransistor array consisting of 16 pixels of MoS, TFTs.
(a) Optical image of the array (left), one pixel of MoS,
phototransistor (upper right), and a picture of illumination on the
device (bottom right). (b) Matrix images mapped to current variation
under different P,.. Average and standard error of (c) R and (d) S of
16 MoS, phototransistors according to P, respectively.

cm™? of P, (Figure 5d), thus indicating the suitability of our
MoS, device for optoelectronic communication devices
requiring ultrahigh photoelectrical performance. In addition,
to confirm the reliability and reproducibility of the MoS,
phototransistors, we measured the photoresponsivity of the 48
MoS, phototransistors (W/L of 20 um/S um) on three
different substrates under an illumination of P,. of 11 mW
cm™% as shown in Figure Sl12a—c. Figure S12d shows a
distribution of photoresponsitivity of 48 MoS, phototransistors
with an average value of 0.503 A W' and only 15% of
standard deviation, indicating a fully high stability and
reproducibility of our MoS, phototransistor array.

4. CONCLUSIONS

We presented a phototransistor array based on a large-scale
MoS, film synthesized by RF sputtering through post-
processes of EBI treatment and sulfurization. The atomic
rearrangement of MoS, films during the EBI treatment and
sulfurization resulted in the transition of structural, chemical,
and electrical characteristics to a 2H stacking semiconductor
with an n-type property. The fabricated MoS, TFTs showed
high uniformity in electrical properties such as I,/I g g, and
Vru. We also confirmed the high photoresponsivity and
photosensitivity of MoS, phototransistors, which were
attributed to the predominant photogeneration mechanism
of the PG effect induced by the formation of trap states near
the valance band due to the structural imperfection and defects
of MoS,. Based on these superior performances, the 4 X 4
phototransistors array achieved highly sensitive, uniform, and
reliable photodetection. These results provide a blueprint for
the practical development of sputter-grown MoS, photo-
transistors and suggest further research directions for system-
level integration with read-out circuits for future optoelectronic
devices.
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Optical images, AFM morphologies, and VBM extrac-
tion from PES spectra of as-deposited, EBI-treated, and
sulfurized MoS, films; TEM images and Raman mapping
images of the sulfurized MoS, film; Vig—Ipg of as-
deposited and EBI-treated MoS, TFTs, Vpg—Ips of EBI-
treated MoS, TFTs, and calculated g, and I,,,/I ¢ of 20
different EBI-treated MoS, TFTs; and the electrical
characteristics of 20 MoS, TFTs and the photo-
responsive characteristics of 48 MoS, phototransistors
(PDF)
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