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Abstract

We investigated the photoconductive characteristics of molybdenum disulfide (MoS>)
field-effect transistors (FETs) that were fabricated with mechanically exfoliated multi-layer
MoS, flakes. Upon exposure to UV light, we observed an increase in the MoS; FET current
because of electron—hole pair generation. The MoS; FET current decayed after the UV light
was turned off. The current decay processes were fitted using exponential functions with
different decay characteristics. Specifically, a fast decay was used at the early stages
immediately after turning off the light to account for the exciton relaxation, and a slow decay
was used at later stages long after turning off the light due to charge trapping at the
oxygen-related defect sites on the MoS, surface. This photocurrent decay phenomenon of the
MoS; FET was influenced by the measurement environment (i.e., vacuum or oxygen
environment) and the electrical gate-bias stress conditions (positive or negative gate biases).
The results of this study will enhance the understanding of the influence of environmental and
measurement conditions on the optical and electrical properties of MoS; FETs.
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1. Introduction

Two-dimensional (2D) nanomaterials, such as graphene, have
garnered great attention for their usage in ultrathin layered
device structures [1, 2]. Graphene has several advantages,
such as a high charge mobility, transparency, mechanical
strength, and flexibility [3-5], that make it well suited for
2D atomic-layer electronic device applications. However, the
use of graphene as a semiconductor is limited because of the
absence of an energy band gap. At best, a narrow band gap
with a sacrifice of mobility allows the fabrication of graphene
nanoribbons [6].

Unlike graphene, dichalcogenide layered materials, such
as MoS;, MoSe,, and WSe,, have attracted significant interest

0957-4484/14/1552014-07$33.00

because of their band gap semiconducting properties. For
example, molybdenum disulfide (MoS,) has an indirect band
gap of 1.2 eV as a bulk material and a direct band gap of 1.8 eV
as a single layer [7, 8]. Furthermore, it has been reported that
the single-layer MoS; field-effect transistor (FET) has a high
carrier mobility of ~200 cm? V~! s~! with a high-k dielectric
layer, such as HfO, [2]. MoS, has other excellent features,
such as mechanical flexibility, optical sensitivity, and photo-
conductivity [9—12], that allow the use of MoS; nanosheets in
transistors, phototransistors, sensors, and memory and logic
circuits [13-20]. Recently, Yin er al fabricated single-layer
MoS; phototransistors and investigated the photoresponsivity
at different illuminated optical powers [21]. Lee et al also
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Figure 1. (a) Schematics illustrating the device fabrication procedures. (b) Optical image of the MoS, FET device (left), AFM image of the
device (right top) and topological cross-sectional profile across a blue line in the AFM image (right bottom) indicating the three layers of the

MoS; flake.

studied MoS; phototransistors and reported the optical energy
gap of MoS; as a function of the MoS; film layer thick-
ness [22]. Interestingly, the properties of MoS; FETs are
influenced by the oxygen environment, chemical adsorptions
of oxygen and water molecules and electrical-induced stresses.
Several groups, including ours, have reported that a significant
variation in the transport characteristics of MoS, FETs occurs
due to these extrinsic environmental or measurement effects.
This variation complicates the investigation of the intrinsic
properties of MoS; FETs [23-27], such as photoconductivity,
which could be less than optimal. However, the photoconduc-
tive properties under various environmental and measurement
conditions have not been thoroughly investigated.

In the present study, we investigated the photoconduc-
tive characteristics of a multi-layer MoS; nanosheet under
various oxygen environments and different electrical measure-
ment conditions. The phototransistors were fabricated with
MoS; sheets that were mechanically exfoliated from a bulk
MoS, material, and their photocurrents were examined under
various conditions with UV illumination. We analyzed the
photocurrents of the MoS; FET device under different oxygen

environments and gate-bias stress conditions in the presence
and absence of UV light.

2. Experimental details

Figure 1(a) shows the schematic processes of the device
fabrication for MoS, FETs. First, we prepared the Si wafer,
which had a 270 nm thick SiO» layer. The Si wafer was heavily
ptt doped (resistivity of ~5 x 1073 Q cm) and was used
as a back gate. Second, MoS; flakes were transferred using
the mechanical exfoliation method from a bulk MoS; crystal
(purchased from SPI supplies) onto a Si wafer piece. Next, we
identified the location of suitable MoS, flakes that were not
too thick using an optical microscope. To verify the thickness
of a MoS, flake, we measured its height using an atomic force
microscope (AFM) (Park Systems, NX10). Figure 1(b) shows
an optical image and an AFM image of a real device used in
this study. From the AFM image, we measured the thickness of
this particular MoS; flake to be 1.8 nm, which corresponds to
the MoS,, tri-layers. Next, to make patterns for the source and
drain electrodes, we spin-coated a double-layer resist to act
as the electron-beam resist using methyl methacrylate (MMA)
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Figure 2. (a) Ips—Vg curves measured with varying Vpg from 0.1 to 0.5 V. (b) Ips—Vps curves measured with varying Vg from —30 to

30 V.

(8.5%), MAA (9% concentration in ethyl lactate) and poly
methyl methacrylate (PMMA) 950 K (5% concentration in
anisole). We used this double-layer resist method to obtain
fine electrode patterns. Next, we created windows in the
resist layers, which would be defined as the source and
drain electrodes, using an electron-beam lithography system
(JEOL, JSM-6510) and development process. The electrodes
were prepared by depositing Au (50-nm thick) on Ti (5-nm
thick) using an electron-beam evaporator. After the MoS;
FET device was fabricated, its electrical characteristics were
measured using a semiconductor parameter analyzer (Keithley,
4200-SCS) in a probe station (Janis, ST-500) that allowed
controlled environments, such as vacuum or variable oxygen
pressures. To investigate the photoconductive properties of the
fabricated device, we measured the source—drain current of the
device while it was exposed to UV light (254 nm wavelength)
using a UV illuminator.

3. Results and discussion

First, we measured the basic electrical characteristics of
the MoS, FET device under vacuum conditions (~3.3 x
10~* Torr). Figure 2(a) displays the transfer characteristics
(source—drain current versus gate voltage, Ips—Vg) measured
by varying the source—drain voltage from 0.1 to 0.5 V with an
increment of 0.1 V. The inset of figure 2(a) shows the trans-
fer characteristics on a semi-logarithmic scale. Figure 2(b)
displays the output characteristics (source—drain current versus
source—drain voltage, Ips—Vpg) measured by varying the gate
bias from —30 to 30 V with an increment of 10 V. The
performance of the device may be affected by the back-gate-
bias stress. However, the data of figure 2 was measured in
vacuum conditions with a very short time period. For this
reason, we can neglect the effect from gate-bias stress. The
MoS, FET device exhibited n-channel FET behavior because a
positive gate bias increased the source—drain current. From the
transfer characteristics (figure 2(a)), the subthreshold swing
(SS) value was observed as ~1.43 V/dec. Also, the field-effect
mobility (1) was found to be ~1.6 cm?> V~! s~! using
the following formula, u = [dIps/dVg] x [L/(WC;Vps)],
where the d/ps/dV g is the slope of the linear region (near
Vg of ~30 V) of the transfer curve, the channel length
(L) =0.8 um, the channel width (W) =7 pum, and the gate
capacitance per area(C;j) = ~1.3 x 10 F m~2. The gate

capacitance refers to the capacitance between the MoS, active
layer and the back gate per unit area (i.e., Cj = &,&/d, where
&0 is the vacuum permittivity (8.85 x 10712 F m™), &, is
the dielectric constant of SiO, (~3.9), and d is the SiO;
layer’s thickness (270 nm)). Note that we previously observed
a hysteresis effect in the transfer characteristics for the double
Vi sweep loop when measured in ambient conditions [23]. The
hysteresis effect became more obvious at the slower Vg sweep
rates and at the wider Vi sweep range, however the hysteresis
effect was less obvious when the devices were measured in
vacuum [23].

To investigate the photoconductive characteristics of the
MoS, FET device, we measured the source—drain currents in
the presence and absence of UV light. Figure 3 displays the
photoresponsive characteristics of the MoS, FET device at a
fixed source—drain voltage of 0.1 V under different environ-
ments (vacuum or oxygen environments). The photocurrent in
figure 3(a) was measured under vacuum conditions of ~3.3 x
10~* Torr. We previously reported that the gate bias could
affect the electrical characteristics of MoS; FET devices [23].
Therefore, to eliminate such gate-bias stress effects, we applied
0 V to the gate of our device while measuring the photocur-
rents. The purple, boxed regions in figure 3 indicate the period
when the UV illuminator was turned on. The current increased
when the UV illuminator was turned on and decreased after
the UV illuminator was turned off.

The data in figures 3(b)—(d) were obtained under the same
bias conditions that were used to obtain the data in figure 3(a)
but under different oxygen environments (oxygen pressures at
1.4 Torr, 0.98 x 10! Torr, and 2.2 x 10% Torr, respectively).
The insets in figure 3 display the logarithmic scale plots of
the currents, which were measured after the UV light was
turned off. When we exposed the device to UV light, the UV
light generated charge carriers in the MoS; layer and increased
the source—drain current. After we turned off the UV light, the
current started to decrease. This photocurrent phenomenon has
been observed in various types of materials and devices, such
as phototransistors made with ZnO nanowire, polycrystalline
ZnO thin films, CdS nanoribbons, and WOj3 thin films, among
others [28-32]. The increase in current upon exposure to UV
light can be attributed to electron—hole pair generation, which
occurs when the energy of the light is larger than the band
gap of the material. In our case, the band gap of the tri-layer
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Figure 3. Photocurrent (/pg) versus time characteristics measured at Vpg = 0.1 V and Vg =0 V with and without UV illumination under
(a) vacuum, and (b) oxygen pressure of 1.4 Torr, (c) 0.98 x 10! Torr, and (d) 2.2 x 102 Torr. Inset plots represent the logarithmic scale of
photocurrent data after the turn-oft of the UV light. Red and blue curves are exponential fitting curves with decay time constants (7] or 73).

MoS; sheet is ~1.4 eV (approximately between 1.2 eV for
bulk MoS; and 1.8 eV for single-layer MoS»,) [22].

The decay of currents after the UV light is turned off
is often fitted with an exponential curve with a characteristic
decay time constant. In our study, the photocurrent data could
not be fitted with a single decay time constant. Therefore, our
data were fitted with different exponential curves. In figure 3,
we added two exponential fitting curves in two regimes: ‘early
stage’ immediately after the turn-off of the UV light, and ‘late
stage’ long after the turn-off of the UV light. These two stages
were somewhat arbitrarily defined (see insets in figure 3). The
data segments of the early and late stages (figure 3) were fitted
with different decay time constants, 71 and 12, respectively.
The 7; and 1, values were of the order of 10° s or longer
(figure 3). Several studies have shown that the decay time
constant ranges from tens of milliseconds to hours depending
on the material type, device structure, and environment and
measurement conditions [28-32]. Specifically, we observed
that ; was smaller than 1, which means that current at the
early stages decreased rapidly compared with the later stages.
This distinct decay phenomenon was also reported in various
semiconductor materials, such as zinc oxide, cadmium sulfide,
and tungsten oxide, among others [28—-32]. In these materials,
the distinct decay phenomenon occurred due to several rea-
sons. For example, it was reported that in polycrystalline ZnO
thin film transistors, the different types of adsorption of oxygen
(for example, physical adsorption and chemical adsorption
of oxygen) on the ZnO surface resulted in different trapping
rates and therefore caused different decay processes [28]. In
CdS nanoribbon FETs, the non-uniform thickness of the CdS
layers caused different decay rates (i.e., a faster decay from
thinner layers and a slower decay from thicker layers) [29].
The different decay processes in our study (i.e., fast decay
at the early stages and slow decay at the late stages) could

be attributed to exciton relaxation and charge trapping at the
surface defect sites of MoS; or the recombination of captured
electrons at the defect sites. Generally, exciton relaxation
(i.e., electron—hole recombination) is a dominant mechanism
at the early stage and is a fast decay in the form of an
exponential function with a decay time constant [28-32]. In
contrast, the charge trapping at the surface defect sites (such
as the electron trapping of adsorbed oxygen molecules on the
surface [O2 +e~ — O, ]) and the recombination of captured
electrons at the surface defect sites (such as the recombination
process [O, +h — O3]) are dominant at the later stages with
a slower decay time constant. All of these mechanisms lead to
a decrease in the concentration of electrons that are generated
by the UV illuminator, resulting in a current decay as shown
in figure 3.

We investigated the photoconductive characteristics of
the device under different oxygen pressures, as shown in
figures 3(b)—(d). These data demonstrated similarities with
the data measured under vacuum conditions (figure 3(a)).
In addition, these data demonstrated that both the 7; and
7o values decreased with an increase in oxygen pressure.
Specifically, the 71 and 15 values in vacuum were 2.8 x 10 s
and 4.6 x 10° s, respectively. In addition, for an increase in
oxygen pressure from 1.4 to 2.2 x 10% Torr, 7| decreased from
7.9 x 10% to 1.2 x 10? s and 13 decreased from 8.4 x 10* to
5.7 x 10° s. This phenomenon can be explained by electron
trapping at the oxygen-related defect sites on the MoS; surface.
As mentioned earlier, electrons can be trapped at the oxygen
trap sites on the surface of MoS,. This charge trapping leads
to a decrease in current and hence smaller t values for
increasing oxygen pressures, as observed in figure 3. Note
that the current level of the initial state of each measurement
was different (figure 3). When we measured the photoresponse
characteristics, we waited for several hours or even a day before
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Figure 4. Photocurrent (/pg) versus time characteristics measured at Vpg = 0.1 V with and without UV illumination when (a) a negative-
gate-bias stress (Vg = —20 V) was applied, (b) no gate-bias stress (Vg =0 V) was applied, and (c) a positive-gate-bias stress (Vg =20 V)
was applied. Plots in the left panel were measured in vacuum and plots in the right panel were measured in an oxygen environment. Inset
plots represent the logarithmic scale of photocurrent data after the turn-off of the UV light.

each measurement to make the device recover from the UV
illumination effect. However, in some cases the device did not
fully recover, thus the current level of the initial state of each
measurement was different. Also note that the UV illumination
time was not the same in each measurement (figure 3).
While we monitored the current during UV illumination, the
current quickly increased initially and then slowed down and
became saturated. We waited long enough for the current
to become saturated, but this process was different among
the measurement cases. During the measurements, after the
current appeared to become sufficiently saturated (the zoomed-
in data region is not provided here), we turned off the UV light.
For this reason, the UV illumination time was not the same
among the measurement cases.

The photocurrent gradually increased and decreased
in our study (figure 3). Some observed fast photocurrent
change [21] while others observed gradual change [26] in
MoS, FET devices. Similar gradual photocurrent change
was also observed in other types of semiconducting devices.
For example, in the case of the ZnO nanowire FET, the
extent of photocurrent increase sensitively depended on the

measurement environment; the photocurrent rise was fast in
the air environment and it was gradual in vacuum [31].

In our previous study, we reported that the MoS, FET
devices are affected by the gate-bias electrical stress [23].
Specifically, the electrical properties of MoS, FETs could be
significantly affected by the electrical gate-bias stress type,
sweep rate, and duration. For example, when a positive-gate-
bias stress was applied to the MoS; FET, the current of the
device decreased and its threshold shifted in the positive-gate-
bias direction. In contrast, for a negative-gate-bias stress, the
current of the device increased and the threshold shifted in the
negative-gate-bias direction [23]. Therefore, to investigate the
photoconductive responses of the device under gate-bias stress,
we measured the photocurrents from the device by applying
positive or negative gate bias under vacuum conditions. Figures
4(a)—(c) show the photoresponses of the device measured with
an applied gate voltage of —20 V, 0, and +20 V with the
same bias condition (Vps = 0.1 V), respectively, in vacuum
(left panel of figure 4) and oxygen environments (right panel
of figure 4) The photocurrent response to gate-bias stress is
similar to that to zero gate bias. However, the current decay
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properties were different because of the gate-bias stress effect.
The decay time constant t; was observed to be slightly larger
(tr1 ~ 3.3 x 10* s5) for a gate bias of —20 V (left plot of
figure 4(a)) compared with the time constant for a zero gate
bias (r1 ~ 2.8 x 10* s) (left plot of figure 4(b)) in vacuum.
This result shows that the photocurrent for a —20 V gate
bias decayed slower compared with the photocurrent for a
zero gate bias. Additionally, we did not observe a value for
77 in the data from the left plot of figure 4(a) because we
observed an increase in the current instead of a decay at the
later stages. This current increase would be attributed to the
release of the charges that were trapped at the interface trap
sites by negative gate bias. These findings are consistent with
our previous study that showed an increase in the current of
MoS; FET devices with a negative-gate-bias stress because of
a decrease in the charge trapping at oxygen sites on the MoS,
surface [23]. In contrast, when we applied a gate bias of +20V,
we found a 71 of ~6.5 x 10° and a ) of ~1.2 x 100 s (left
plot of figure 4(c)), which were smaller than the values for zero
gate-bias (left plot of figure 4(b)). This result shows that the
photocurrent for a +20 V gate bias decayed faster compared
with that for a zero gate bias. This finding was also consistent
with our previous study that showed that the current of the
MoS, FET device decreased with a positive-gate-bias stress
because of the enhancement of charge trapping at oxygen sites

on the MoS, surface [23]. In addition, the study showed that
the oxygen adsorption on the MoS; surface is diminished (or
enhanced) by the negative (or positive) gate bias [23].

The plots in the right panel of figure 4 display photore-
sponses of the device measured in oxygen environments. We
observed a similar trend to the case measured in vacuum; the
71 was observed to be larger (;~2.6 x 103 s) for a gate bias of
—20V (right plot of figure 4(a)) compared with that for a gate
bias of 20 V (11~1.6 x 10* s) (right plot of figure 4(c)) in an
oxygen environment. When we applied a gate bias of 420V,
we found a 7 of ~8.3 x 103 s (right plot of figure 4(c)), which
was smaller than the 7 of ~9.8 x 103 s for a gate bias of —20 V
(right plot of figure 4(a)). Note that the decay time constant
for zero gate bias (right plot of figure 4(b)) was smaller than
that for a gate bias of 20 V (right plot of figure 4(c)) because
the oxygen pressure for the right plot of figure 4(b) was larger
than that for the right plot of figure 4(c). These results are
consistent with our previous data in figure 3.

We now explain the observed photoresponses in terms
of energy band diagrams. Figure 5 displays the schematics
of the energy band diagrams of the MoS; channel between
the source and drain electrodes. Figure 5(a) represents the
energy level of each part of the MoSy FET. The tri-layer
MoS; has a band gap energy of ~1.4 eV, a work function
(Pmos2) of 4.6-4.9 eV, and an electron affinity (xmos2) of
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~4.0 eV [22, 33-36]. We used Ti/Au as the source—drain
electrodes that contact with the MoS;. Because Ti was used
as the adhesion layer for the Au electrodes, we considered
the work function of Au (®ay) (5.1-5.4 eV) for the band
alignment with MoS;. Therefore, the contact between Au and
MoS; will have a very small Schottky barrier (®p) as indicated
in figure 5(b) [34]. Figure 5(b) shows the energy band diagram
under UV illumination with applied biases Vps =0.1 V and
Ve =0V (no gate-bias stress). UV light can generate electrons
in the MoS, channel and photocurrent flow in the device as
shown in figures 3 and 4, respectively. Figure 5(c) displays
the band diagram under UV illumination with Vpg =0.1 V
and Vg =20 V (the positive-gate-bias stress). Because of the
positive-gate-bias stress, oxygen molecules can capture more
electrons, thus creating more depletion in the MoS, channel.
This phenomenon resulted in a faster decay of the photocurrent
after the turn-off of the UV light with smaller decay time
constants (figure 4(c)). Figure 5(d) displays the band diagram
under UV illumination with Vpg = 0.1 Vand Vg = —20V (the
negative-gate-bias stress). The negative-gate-bias stress causes
electron accumulation in the MoS, channel. This phenomenon
caused a slower decay of photocurrent after the turn-off of the
UV light with a larger decay time constant (figure 4(a)).

4. Conclusion

In summary, we fabricated a multi-layer MoS; nanosheet FET
and characterized the photoconductive properties using UV
illumination under various environmental (vacuum or oxy-
gen pressure) and measurement conditions. The photocurrent
decay characteristics of the device after turn-off of the UV
light were faster as the oxygen pressure increased. This result
can be attributed to the charge trapping at the oxygen-related
defect site on the MoS, surface. The photocurrent decay
also depended on the gate-bias stresses. The photocurrent
decay became slower (or faster) with negative (or positive)
gate-bias stress compared with the case of zero gate bias. This
phenomenon is due to the enhancement (or diminishment)
of the charge trapping at oxygen sites on the MoS» surface.
This study suggests that the environmental and electrical
measurement conditions had a significant influence on the
optoelectronic properties of the MoS, field-effect transistors.
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