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ABSTRACT: We report on the fabrication of top-gate phototransistors based on a few-layered MoS, nanosheet with a
transparent gate electrode. Our devices with triple MoS, layers exhibited excellent photodetection capabilities for red light, while
those with single- and double-layers turned out to be quite useful for green light detection. The varied functionalities are
attributed to energy gap modulation by the number of MoS, layers. The photoelectric probing on working transistors with the
nanosheets demonstrates that single-layer MoS, has a significant energy bandgap of 1.8 eV, while those of double- and triple-layer

MoS, reduce to 1.65 and 1.35 eV, respectively.
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raphene and related two-dimensional (2D) nanosheet

materials have been studied with much attention in view
of their promising applications to future nanoelectronics."”
Graphene exhibits a high carrier mobility (#) over 100 000
cm?/V-s, but it also reveals considerable limitations in regards
to real device applications, due to an intrinsic difficulty caused
by its small bandgap (E,).”~> In fact, the E, of graphene turned
out to be less than 200 meV;*” so, graphene could hardly be
used for switching circuits or photodetecting devices which
need clearly defined on-and-off states. Molybdenum disulfide
(MoS,) layers very recently appeared as an alternative
nanosheet material that may overcome the drawbacks of
graphene, even if prepared by the same exfoliation
technique.* "' Bulk MoS, is known to have an indirect
bandgap of ~1.2 eV, but the few angstrom-thin single-layered
MoS, has recently been reported to exhibit a direct bandgap of
1.8 V.M % In fact, the E, change of MoS, with thickness has
previously been forecasted by theoretical estimations.'” ™"
According to recent reports, a few-layered MoS, displayed light
absorption and luminescence capabilities, enabling a photo-
transistor operation.'®*° However, the phototransistors with
MoS, channel reported so far showed a very low mobility of
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~0.3 cmZ/V S basically using thick thermally oxidized SiO,
layers (on p**-Si wafer) as the back gate dlelectrlc, in which way
any practical applications are hardly probable.”® For practical
phototransistors, superior mobility and subthreshold swing are
mandatory along with compatibility to circuit integration. To
satisfy those properties in MoS,-based phototransistors, the
transparent and patterned top-gate approaches are mostly
requlred 1nc1ud1ng high-k dielectric deposition on the MoS,
channel."!

In this Letter, we demonstrate for the first time a transparent
top-gate phototransistor with single-, double-, and triple-layer
MoS, nanosheets, which was respectively analyzed by photo-
electric probing as equipped with a patterned transparent gate
electrode on a top of 50 nm-thin oxide dielectric.”’ Our device
with triple-layer MoS, showed some loss of low-dimensional
electric properties but instead exhibited good photodetection
capabilities for red and green lights. In contrast, those with
single- and double-layer MoS, exhibited such good nanodevice
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Figure 1. (a) Optical image of the single-layer MoS,-based top-gate transistor. The inset photograph shows a zoomed image of Au S/D electrodes,
ITO top-gate, and exfoliated MoS,. (b) Raman spectra of single-, double-, and triple-layer MoS,. The inset image shows atomic displacements of the
two Raman-active modes: Elzg and Ay, (c) Schematic 3D view of single-layer transistor with hexagonal structure MoS, nanosheet, S0 nm-thick

Al Oj; dielectric, and ITO top-gate under monochromatic light.

properties as high mobilities and unsaturated output current,
while they appeared to be useful for green and ultraviolet light
detection. According to our photoelectric probing results from
the working nanosheet transistors, single-layer MoS, has a
significant energy bandgap of 1.82 eV, while those with double-
and triple-layer MoS, showed reduced values of 1.65 and 1.35
eV, respectively. We thus regard that the electrical and
photoelectric properties of the nanosheet can be promisingly
modulated by the thickness of the sheet, since the total number
of layers controls the mobility and the optical bandgap as well.

A surface-cleaned 285 nm-thick SiO,/p**-Si wafer was
chosen as the substrate for our n-type MoS, nanosheet
transistor with Au source/drain (S/D) electrodes, since 285 nm
was reported as an optimal thickness to identify few-layer
dichalcogenide.22 Indeed, each exfoliated MoS, flake showed a
distinctive optical contrast with thinner flakes exhibiting a lower
optical density, which enabled fast screening of few-layered
flakes under an optical microscope. Even though other
exfoliated flakes exist around our single-layer MoS,, as shown
in the optical microscopy image of Figure la for transistor top
view, our nanosheet transistors operated well. Our MoS,
nanosheet flakes were ~10 ym on one side, so that a long 5
um channel was available for our device (W/L ratio was ~1).
(Fabrication and measurement details are introduced in
Supporting Information and Figure Sla—d). In Figure 1b,
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Raman spectra obtained from three samples were respectively
assigned to single-, double-, and triple-layered MoS, flakes
spanning ~5 X S um” As shown by the previous report, the
frequency difference between Elzg and Ay, the two prominent
Raman-active modes of 2H-MoS, crystals, decreases stepwise
with the decreasing number of layers.”> The interpeak
separation or frequency difference for the thinnest flake in
Figure 1b is 18.0 + 1.0 cm™!, which is in excellent agreement
with that for single-layer MoS,>*** (The thickness of
monolayer MoS, was measured by previous researchers to be
~0.65 nm.)"" Confirming the layer number of exfoliated flakes
by Raman spectra, we respectively selected MoS, nanosheets as
the channel of our phototransistors. Figure 1c illustrates the
three-dimensional (3D) scheme of our transparent top-gate
phototransistor with MoS, nanosheet and atomic-layer-
deposited (ALD) SO nm-thin Al,O;.

Figure 2a—c displays the drain current—gate voltage (I,—V)
transfer characteristics of our top-gate nanosheet transistors.
Their on/off current ratio was higher than 107 for the single-
and double-layer Mo$S, nanosheet transistors and was ~10° for
the triple-layer transistor. The linear mobility py, was
respectively estimated to be 80, 27, and 10 cm?/Vs as
maximum values for single-, double, and triple-layer nanosheets,
when it was plotted as a function of Vi (respective insets)
based on the following equations: g,(Vg) = dI,/dVg
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Figure 2. The transfer curves of top-gate transistors with (a) single-, (b) double-, and (c) triple-layer MoS,. Measurements were performed at Vp, = 1
V, and I; means gate leakage current. Respective inset curves show V-dependent linear mobility plots. I,—Vy, output curves of (d) single-, (e)
double-, and (f) triple-layer MoS,-based transistors. Respective insets show an almost ohmic contact behavior between Au S/D and Mo$S, nanosheet.

(transconductance) and gy, = (gn/CoiVp)*(L/W), where C,,
and V7, are dielectric capacitance and drain voltage, respectively.
The subthreshold swing (SS) of our single-layer MoS,
transistor was ~300 mV/dec, while it increases (degrades)
with the total layer number. The ;;, and SS values of our top-
gate transistor with single-layer nanosheet trail the world record
values of previously reported transistors'' but are much
superior to the values from double- and triple-layer MoS,
transistors. According to the output (drain current—drain
voltage; In—Vp) characteristics of our nanosheet transistors
(Figure 2d—f), the source/drain contacts of our nanosheet
transistors are almost ohmic with respect to Au regardless of
their thickness (see the respective insets). However, the linear
Ip behavior was only maintained with single- and double-
layered MoS, transistors, while the relatively thick triple-layer
transistor showed slightly saturated I, curves, probably due to
the increase of thickness-direction scattering and some loss of
dielectric screening, both of which cause the nanosheet to
deviate from its low dimensional properties, such as high
mobility and linear Iy characteristics.”>~>’

Figure 3a—c displays the photoinduced transfer curves of our
transparent top-gate nanosheet transistors, on which mono-
chromatic red (4 = 680 nm; photon energy & ~1.82 V), green
(4 = 550 nm), and ultraviolet (UV; A = 365 nm) lights were
applied. The average illumination intensity was controlled to be
~0.1 mW/cm? for all the wavelength photons probing on our
devices. The single-layer MoS, transistor hardly responds to red
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light, while the other two nanosheet transistors show quite
good photoresponses to the red. Green and UV lights were well
detected by all the nanosheet transistors regardless of their total
layer number. Since the red light was not efficiently detected by
the single-layer MoS, transistor, causing little threshold voltage
(Vi) shift or photocurrent, we regard that the single-layer
MoS, has an optical energy gap higher than or equivalent to
1.82 eV, and thus we performed a photoelectric probing
experiment on our nanosheet transistors using more than S0
serial monochromatic photon beams ranging from low to high,
1.2 to 2.0 eV, respectively, energies, to measure their optical
energy gap.”' Based on the series of photoinduced transfer
characteristics of our nanosheet transistors (acquired at a drain
voltage of V, = 1 V; see Figure S2, Supporting Information for
the SO phototransfer curves from our three MoS, transistors),
we measured the series of photoinduced threshold voltage shift
AV (e) and plotted AQ,g (&) [= Cor AViu(€)] with respect to
the photon energy, ¢ (see Figure S3, Supporting Information,
for the photoelectric probing experiment details). Regarding
any small trap density at the interface between MoS, and Al,O,
dielectric since our MoS, layer surface has few dangling bonds
in tact,'"' we can expect that a considerable AVy, is only
observed with the photon energy higher than the optical energy
gaps of respective nanosheets, as illustrated with their schematic
band diagrams within a ITO/AL,O;/MoS, structure in Figure
3d. According to the plots of Figure 3e, the approximate optical
energy gaps are found to be 1.35, 1.65, and 1.82 eV for triple-,
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Figure 3. The photoinduced transfer curves of respective top-gate transistors with (a) single-, (b) double-, and (c) triple-layer MoS, under
monochromatic red, green, and UV lights. (d) The schematic band diagrams of ITO (gate)/AL,O; (dielectric)/single (1 L)-, double (2 L)-, triple (3
L)-layer MoS, (n-channel) under the light (Ehght = hv) illustrate the photoelectric effects for band gap measurements. (e) Photon energy-dependent
AQ.¢ plots indicate the approximate optical energy gaps to be 1.35, 1.65, and 1.82 eV for triple-, double-, and single-layer MoS, nanosheets,

respectively.

double-, and single-layer MoS, nanosheets, respectively, while
little AV, is observed below 1.35 eV, indicating small interface
trap density. It means that the band gaps are thickness
modulated, and comparable results were also recently reported
from the photoconductivity measurement of the single- and
double-layer MoS, nanosheets.' We now understand why the
red light detection was so marginal in our single-layer
nanosheet transistor, where the largest slope in the plot of
Figure 3e is also noticed at the band-to-band transition onset
(1.82 €V) as an indicator of direct gap character.'®

Such photoresponse was again observed in a dynamic way
over a 5 s interval for light-switching with the top-gate
transistors. According to the time domain plot of Figure 4a—c,
the red light response increases with the total layer number; the
triple-layer MoS, nanosheet transistor appeared to show the
largest dynamic photogain under the red light switching. These
photocurrent dynamics were measured under respectively
different off-state V; conditions for the three MoS, transistors,
based on the transfer curves in Figure 3a—c. On the one hand,
the green detection appears quite the same regardless of the
layer number, while the average response time (average of 80%
rise and fall) of single-, double-, and triple-layer MoS,
phototransistors was respectively observed to be 1.5, 1, and
~0.3 s. In falling behavior, an approximate exponential decay
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was observed. As a representative for voltage dynamics, the
double-layer MoS, nanosheet transistor among the three
devices was selected, to form a photoinverter with a serially
connected 22 MQ resistor (inset of Figure 4d). According to
the voltage transfer curves (VI'Cs) of Figure 4d, the voltage
shift by green light is as large as 0.7 V, while the shift by red is
minimal to be only less than 0.1 V. (Its electrical VTC curves
are also shown in Figure S4, Supporting Information.) In
Figure 4e, the voltage dynamics of the photoinverter was
displayed; under the conditions of 1 V supply voltage (Vpp)
and 2 s on-and-off light intervals, the photoinduced voltage gain
of 0.26 V was achieved by green light, while the red resulted in
only 0.06 V. The signal voltage for the red light would increase
with the triple-layer nanosheet transistor due to its reduced
optical energy gap. We display similar photo-VTC curves and
voltage dynamics of another photoinverter with single-layer
MoS, in Figure S5, Supporting Information, where we
dynamically switch the device using the UV and green lights.
These photoinverter operations are applicable to more practical
devices, such as photosense amplifier or photogating logic
devices, providing a connected device with a certain voltage
signals that are caused by photocurrent, while a classical
inverter provides logic functions by electrical gating (Figure S4,
Supporting Information).*®
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Figure 4. Respective photocurrent dynamics of (a) single-, (b) double-, and (c) triple-layer MoS,-based top-gate transistors under monochromatic
red and green lights. (d) Dark and photoinduced VTC curves of our photoinverter composed of serially connected 22 MQ resistor and double-layer
MoS, transistor (see the inset for the circuit). (e) Voltage dynamics of the resistive-type photoinverter under monochromatic red and green lights.

In summary, we have fabricated the top-gate phototransistors
based on single-, double-, and triple-layer MoS, nanosheet. Our
devices with triple-layer exhibited improved photodetection
capabilities for red light, while the others with single- and
double-layers were more useful for green light detection. Such
differences were attributed to the thickness-modulated optical
gap of nanosheets. According to our photoelectric probing
technique on working transistors with the nanosheets, single-
layer MoS, has a significant energy bandgap of 1.82 eV, while
those of double- and triple-layer MoS, showed 1.65 and 1.3
eV, respectively.
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