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Two-dimensional layered transition metal dichalcogenides have shown much promise due to their
remarkable electro-optical properties and potential use as photodetectors. We observed photogating
in our few-layered (3—4 layers) ReS, field-effect transistors (FETs) in which varying the incident
optical power shifted the FETs’ threshold voltage. The photogating effect produced a significant gain
in the electrical response of the FETS to incident light as measured by the responsivity (R) and exter-
nal quantum efficiency (EQE). We obtained a maximum R of 45 A/W corresponding to an EQE of
~10500% in a four-terminal measurement of the photoconductivity in the ON-state. We attribute
both the photogating and the observed gain to the influence of charge traps. An estimate of the
device gain based on our observations is calculated to be 5 x 10*. Published by AIP Publishing.

https://doi.org/10.1063/1.5050821

I. INTRODUCTION

Two-dimensional materials, particularly transition metal
dichalcogenides (TMDs), have caught much attention due to
their interesting properties. For instance, they are known to
have sizable carrier mobility and high optical transparency
while retaining strong interactions with light and tunable
bandgaps.'* Certain TMDs, such as molybdenum disulphide
(MoS;), are noted for their natural availability, optical and
electrical properties, and their bandgap tunability from indi-
rect gap to direct gap.’ In single layer form, MoS, shows
mobility as high as 55cm? V~!s~! with a large ON/OFF
current ratio of 10%.*° There also has been a report of WSe,
having a mobility of 110cm?V~"'s~!.” Recent reports on
monolayer MoS; show that the responsivity can range from a
few mA/W to hundreds of A/W.%®

ReS,, alternatively, is predicted to be a direct bandgap
material,”'® where the bandgap does not depend upon the
number of layers unlike other TMDs such as MoS,, MoSe,,
WSe,, etc., thus making it a potential candidate for optoelec-
tronic applications. ReS, has a unique distorted 17 crystal
structure, unlike many TMDs with a 2H crystal phase, which
exhibits unique in-plane anisotropic transport properties
further making it a promising candidate for logic circuits."'
Therefore, it is important to study the optical properties of
this material to explore its potential for optoelectronic appli-
cations. ReS, has shown great promise as a semiconductor
for field-effect transistors (FETs) and is still improving in
performance.'? Responsivity in multi-layer ReS,-FETs (up to
30 nm thick) has been reported as high as 2.5 x 107 A/W.'>!*
In this paper, we report our observations of photogating in few-
layered (3—4 layers) ReS,-FETs and discuss how it is coupled
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with material defects and device gain. We also report the
responsivity and external quantum efficiency in two- and four-
terminal measurement configurations. To the best of our
knowledge, our report is the first discussion of photogating and
its effects in ReS,-based FETS.

Figure 1(a) shows a schematic of a ReS,-FET on the
Si0O,/Si substrate along with the measurement strategy. The
typical channel length and average width were L = 12.5um
and W = 3.5 um, respectively. The photoconductivity measure-
ments were performed in a home-built microscope equipped
with a 532 nm laser source. Further details of the optical setup
for this experiment can be found in a previous report.'> The
laser was unpolarized and the spot size was 30-35 um, which
was larger than the device. The spot size was measured using
the lithographically patterned grids on the Si wafer in order to
calculate the incident optical fluence. Figure 1(b) is a micro-
graph of the ReS, device that has five contacts, enabling both
2-terminal and 4-terminal measurements. In 4-terminal mea-
surements, two voltage leads (V+ and V—) and two current
leads (I+ and I—) were implemented to measure the intrinsic
photoconductivity of the ReS,. In the 2-terminal measure-
ments, only the (I+ and I—) contacts were used. The FET and
photoconductivity properties were measured using a Keithley
2400 and 2612A. The back-gate voltage (V) was used to
modulate the carrier population in the ReS,. All of the mea-
surements were conducted under ambient conditions and in a
dark-room environment. The data collection was automated
using LabVIEW-based custom software.

Il. MATERIALS AND DEVICE SYNTHESIS

ReS; single crystals were synthesized through a chemi-
cal vapor transport technique using either iodine or excess
sulfur as the transport agent. The synthesis technique of the
ReS, crystal process is described in a prior report.'® The
quality of these ReS, single crystals was checked by EDX
and Raman spectroscopy.'® Multi-layered flakes of ReS,

Published by AIP Publishing.
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(a)

FIG. 1. (a) Illustration of a ReS,-FET on a Si/SiO, substrate with laser illu-
mination. Drain-source excitation is applied as shown on the sample with a
back-gate voltage terminal under the SiO, dielectric layer. 532 nm laser illu-
mination is applied to the sample and varied with an optical attenuator. (b)
The optical image of a four-terminal transistor that is fabricated on a SiO,
substrate grown on top of highly p-doped Si.

were exfoliated from these single crystals using the microme-
chanical cleavage technique. These exfoliated thin layers of
ReS, were then transferred onto a clean 278 nm thick SiO,
substrate grown on a degeneratively p-doped Si wafer and
identified under an optical microscope. The thickness of the
flakes was determined via atomic force microscopy. We used
standard electron-beam lithography techniques to pattern the
contacts, and then an electron beam evaporator at 10~7 Torr
to deposit the Cr/Au (~4/90 nm) contacts. The FETs were
annealed at 350°C for 3 h in forming gas, followed by
vacuum (10~7 Torr) annealing at 130 °C for 24 h.

lll. RESULTS AND DISCUSSION

We first measured the electrical performance of the
ReS,-FETs in the dark using both 2-terminal and 4-terminal
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methods to investigate the influence of the contact resistance.
Figure 2(a) shows the two-terminal source-drain current ()
without laser illumination as a function of drain-source voltage
(V4s) under multiple back-gate voltages. Figure 2(b) shows the
equivalent transport measurements but in the 4-terminal con-
figuration. The two configurations exhibited a linear response
for the range of V4, and Vj, we applied. This is characteristic
of thermionic emission of carriers that allows them to pass the
Schottky barrier between the Cr/Au contact and the ReS;
crystal.” In n-type conduction, a positive back-gate voltage
increases the number of charge carriers in the device thereby
increasing the measured current in both configurations. For
Vpe = 40V in the 2-terminal geometry, the maximum current
was 236 nA at V;; = 150 mV. This increased by about a factor
of three to 856 nA in 4-terminal geometry [Fig. 2(b)] thereby
making the 4-terminal ON/OFF ratio ~10*.

By varying Vj,, as shown in Figs. 2(c) and 2(d), we com-
pared the electrical transport properties of the device for both
measurement configurations with no illumination. We limited
the power dissipation in the devices in order to prevent damage
by applying a small drain-source voltage. The increase in current
for positive Vp, again demonstrated the n-type conduction in
these FETs. For V4 = 150 mV and Vj, = 50 V, the maximum
2-terminal current was 343 nA, while it was at least three times
larger in the 4-terminal configuration at 1252 nA. These differ-
ences can be attributed to the reduction in the effects of contact
resistance present in the 2-terminal configuration. Therefore, the
4-terminal technique provided a more accurate measurement of
the intrinsic charge mobility through the ReS,."” The 2-terminal
field-effect electron mobility can be calculated using'”
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where dlys[dVpg is the linear slope,
Ci=e€p/d =11.783 x 1072 F cm? is the gate capacitance
per unit area, e(=3.9) is the dielectric constant of SiO,, d is
the thickness of the gate dielectric, L (=12.5 um) is the channel
length, and W (=3.5um) is the width of the channel. The 2-
terminal field-effect mobility was 18.7cm?V~!s~!. The 4-
terminal field-effect mobility was calculated using'®

L, dl(y— 1)V
et = Ty X MWl ~ 0 T dvb‘:)/ ) @)
where [, is the length between the two voltage leads, I is the
OFF-current, and V|, is the voltage measured between the
voltage leads. Using this equation, the 4-terminal mobility was
202cm?V-ls7!,

Our initial photoconductivity measurements compared the
responsivity (R) and external quantum efficiency (EQE) of the
devices in 2- and 4-terminal configurations. The responsivity
was defined as R =1,;,/P,,, where I, is the photocurrent
and P,, is the incident optical power. The photocurrent,
Ipn = Light — lyark, Was calculated by subtracting the dark
current, /;,«, from the measured current when laser illumina-
tion was applied. P,, was found using P,, = % x A, where
P is the actual laser output, A is the area of the sample, and
r is the radius of the laser spot size. In our measurements,
the incident laser power on the sample ranged from 10 nW
to 10uW. We varied the optical power while Vy, and Vj,
were held constant. The values for V;, ranged from 100 mV
to 500 mV for V,, at 10 V. Figures 3(a) and 3(b) show R as
a function of the incident optical power P, using 2- and
4-terminal configurations, respectively. The responsivity
was at the largest when P,,; was low, at ~10 nW. The 2-terminal
responsivity was 16 A/W for V4 = 500mV and V,, = 10 V.
For the same V4 and Vg, the 4-terminal responsivity was
45 A/W, about three times larger.

The responsivity extracted from our few-layered ReS,
device was much smaller than the responsivity reported on a
single-layer MoS, phototransistor® (i.e., 880 A/W). But this
responsivity of single-layer MoS, was measured at an inci-
dent power of 150 pW and applied V;; = 8 V. The responsiv-
ity measured in our ReS, device was 45 A/W under an
incident power of 13 nW and an applied V4 = 0.5 V. If we
compare these values with those from a single-layer MoS;
device, its responsivity at a 10 nW incident power is 100 A/W
but at much higher drain-source voltage. Our previous inves-
tigation'® suggested that the responsivity scales up with the
applied V. Thus, the responsivity on the few-layered
ReS,-FET is comparable to that of the MoS, device.

In Fig. 3(b), we fitted R to P,,, using a power law, P;p};
The extracted value of gamma from the fitting was y = 0.90.
The sublinear dependence is thought to be caused by the pres-
ence of charge traps which can occur on the surface of ReS,,
in the gate dielectric, or at the interface between ReS; and the
Si0, layer.>'® The influence of charge traps in ReS, could be
particularly significant due to the large surface-to-volume ratio
of these few-layered ReS, samples and may help to account
for the large responsivities observed.'® Photoexcitation may
either populate charge into traps or liberate charge from traps
leading to an increase in I in the OFF-state and sub-linear

J. Appl. Phys. 124, 204306 (2018)

. : . — 10*
2<4-4000 %

| o o | 103
e 2 V, =500mV

e
1200 % 3%, 1102 2
/ W
V, =100 v."‘e-;“ 10° 8
3 ds: m \ 3
(©) \\

| | |

10 +<€10500%

1 o % .V, =500mvy 10
3650 % N
vds=100m\./
£(d)
0.01 01 1 10 0.01 0.1 1 10
Popt (HW) Popt (1W)

FIG. 3. (a) and (b) Logarithmic plots of the responsivity for a few-layered
ReS,-FET as a function of the illumination power for a 2- and a 4-terminal
configuration, respectively. (c) and (d) EQE values extracted using (3).
Vpe = 10V for all data in this figure. Both R and EQE were plotted for a
range of applied Vy,, from 100 mV to 500 mV. The blue solid line in (b) is a
linear fit to R as a function of P, taken with V4 = 500 mV to extract the
exponent ¥. Row and EQE,w correspond to R and EQE measured with a
2-terminal configuration while R4w and EQE4w correspond to the 4-terminal
configuration.

threshold regions of the device, at least for the lifetime of the
photoinduced response. This effect would decrease as the inci-
dent optical intensity increases, producing smaller responsiv-
ities and finally saturating.'”

In addition to R, we calculated the EQE. The EQE is the
ratio of the number of photoexcited charge carriers to the
number of incident photons

hc(R)
Ae ’

EQE = 3)
where R is the responsivity, 4 is the excitation wavelength,
and e is the electron charge. The EQE is plotted as a function
of P, in both 2- and 4-terminal configurations in Figs. 3(c)
and 3(d), respectively. For the 2-terminal configuration, the
EQE at P,,, = 13nW and V4 = 100mV is ~1200% but at
10 nW when V,;; = 500 mV, the value rose to ~4000%. This
clearly indicates that as V, increases, the EQE rises as well.
This also holds true with the 4-terminal configuration. At
P, = 11nW and V4, = 100 mV, the EQE is ~3650% and
for P, at 10nW and V4 = 500 mV, the EQE jumps to
~10500%. This is larger in comparison to the 2-terminal
EQE value (i.e., larger by a factor of ~3). Previous reports
showed that in a 2-terminal ReS,-FET, the responsivity and
EQE values were 16.14 A/W and 3168%, respectively.'” The
combination of the sublinear dependence of R on P, and
the high R and EQE values suggest the presence of a charge
trap-mediated gain mechanism. In this scenario, photoexcita-
tion initially populates or depopulates the charge traps, pro-
ducing the sublinear dependence on P,,,. Gain occurs if the
lifetime of the photoexcited charge exceeds the transit time
of charge carriers.
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Other TMDs, such as MoS, and WSe,, have demon-
strated multiple photocurrent generation mechanisms.?’!
These mechanisms include the photoconductive, photoelec-
tric, photothermoelectric, and photovoltaic effects. In certain
operating conditions, some of these or all may affect the
sample and alter the device’s response time and photocon-
ductivity. In our ReS,;-FETs, we observed a photogating
effect and did not observe a photothermoelectric effect.”? We
measured multiple samples that displayed photogating, but
the amount of threshold shift was sample dependent.
Figure 4(a) shows the drain-source current as a function of
the back-gate voltage in the 4-terminal configuration. As laser
illumination (532 nm) ranging from 0 to 1.2 uW was applied to
the sample with V; = 100 mV, the threshold voltage from
Fig. 4(a) shifted to the left. This leftward shift of the voltage
threshold (V;,) increased with laser intensity and saturated. The
voltage threshold is plotted in Fig. 4(b). The trapped charge
density was also plotted as a function of P, in Fig. 4(b). This
charge density was estimated using n = e~ ! C;|AVy,|, where C;
is the gate capacitance per unit area and AVy, is the shift in the
threshold voltage caused by illumination.”®> The density of
trapped charges increased with the incident optical power but
saturated at about 9x 10! cm~2.

The decrease in R and EQE are likely a consequence of
photoinduced effects on charge traps in ReS,. It has been
reported that sulfur vacancies produce deep donor defect
states in MoSz.24 If similar donor states exist in our ReS,, it
is possible that photoexcitation initially liberates these
trapped charges leading to a large R and EQE, which is then
diminished with increasing incident laser fluence as traps are
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| 1 e e P ° _107
0.9 e
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Z20.6/°! |2 Joe S
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FIG. 4. (a) Source-drain current as a function of back-gate voltage. The laser
power was varied from O to 1.2 uW. The inset shows the switching perfor-
mance, measured on an alternate device, at Ve = 0V and Vg4 = 100mV. (b)
The estimated trapped charge density (triangles) and the shift of the threshold
voltage (circles) as a function of P,,;. (c) Photocurrent, /,,, as a function of
P, where Vi, was varied from —15 to 30 V. The dotted lines show the
power law fit 1, oc P;’j,,. (d) a as a function of V). Red circles denote o for
the total photocurrent and green circles denote o for photogating contribution
of the photocurrent with linear photoconduction background removed. For
Vig > 0, the red and green circles overlap each other. Error bars represent
the standard error of the linear fits from panel (c) for the total photocurrent.
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depopulated. An alternate explanation is that increased photo-
excitation reduces available charge due to the creation of
more traps filled with photocarriers.'® Traps likely also
explain the photogating and gain phenomena as well.
Photoexcitation produces electrons and holes, which are
pulled toward the electrodes of the device due to the applied
Vys. If the mobility of holes is significantly smaller than that
of electrons, it is possible that many more electrons will par-
ticipate in photoconduction than holes thereby producing
gain.” The observation of photogating suggests that a layer of
additional positive charge is photoinduced at the interface
between ReS, and SiO, and contributes to gating the
channel. If this additional positive charge is produced by the
photoexcitation of ReS, and is trapped, the electron-hole
recombination time may be further prolonged and thus addi-
tionally enhance the gain.

The photoconduction mechanism is defined by the linear
response of /,, to the incident optical power.”” When this
relationship becomes sublinear, the mechanism is referred to
as photogating.”>*® The interplay of these two phenomena in
our devices can be examined by plotting the current as a
function of optical power, as in Fig. 4(c). As this relationship
is plotted for various V3, and analyzed with a power law,
Ippoc Py, o takes on a continuous range of values but is
sublinear for V,, > —12V. This figure shows that the FET
can be tuned from fast photoconduction in the OFF-state to
high gain photogating in the ON-state.”’ The results of the
power law fitting are shown in Fig. 4(d). In the OFF-state at
Ve < =12V, a=1 and we observed photoconduction,
which accounted for photoinduced current on the order of
10~% A. In order to differentiate this linear increase in the pho-
tocurrent from the effects of photogating, we replotted « after
subtracting this linear photoconduction response as a back-
ground from the total photocurrent at higher Vj,. Essentially,
we estimated the total photocurrent as a sum of the linear pho-
toconductive response defined by the curve for a =1 in
Fig. 4(c) and a sub-linear photogating response. After remov-
ing this linear response, the onset and peak of the photogating
mechanism with Vj, became clearer. The contribution of the
photogating effect rapidly became the dominant contribution
to the total photoinduced current for V3, > —10 V. The peak
a for the photogating contribution was a ~ 0.8. Though «
decreased throughout the sublinear threshold region as photo-
induced effects saturated,” significant gain was still maintained
into the ON-state, as observed in Fig. 3.

An estimate of the gain due to photogating, based on a
trap-mediated mechanism, can be calculated by using
Gain = 7 pjor0 [ Tiransit», Where 7 photo 18 the average lifetime of
the photoexcited charge carrier and 7.,y is the transit time
of a charge carrier through the channel.>® The transit time
can be rewritten as 7, = L? /u fe—a Vs = 774 ns, where L
is the channel length (=12.5 um), u fe—ay 18 the field-effect
electron mobility (=20.2cm?>V~'s7!), and Vy is the drain-
source voltage (=100mV). We estimated the photoexcited
charge lifetime using a measurement of the switching speed of
the device back to the dark state current once the photoexcitation
was removed. This lifetime in our devices was about 40 ms,
which is consistent with similar reports involving semicon-
ductor charge traps in other studies.”?*"*® The switching
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behavior is shown in Fig. 4(a) inset on an alternate device.
Our light source was switched by a mechanical shutter with a
speed of <20 ms and the device switched off and on faster
than our data sampling rate (~ 10 Hz). The decay time of the
photocurrent is an estimate based on the assumption of a
single exponential decay of the photocurrent within the mea-
sured decay period (2-terminal configuration). We note this
since significantly faster switching times (e.g., 7.5us)* in
other two-dimensional systems have been reported. Therefore,
it is possible that the actual charge lifetimes in ReS, could be
significantly shorter. Using our calculation, we estimated the
gain at 5 x 10%, which is orders of magnitude bigger when
compared to the EQE. This could be partially due to the low
absorption one expects in a sample only a few atomic layers
thick. The EQE value represents a lower bound of the gain
due to less than perfect absorption.

In order to quantify the ultimate sensitivity of our
devices to incident light, we estimated the noise equivalent
power (NEP) of the FET used as a photodetector. For the
case in which the noise is limited to the shot noise of the
dark current, we calculated the shot noise to be about 17 fA
for the dark current at V3, = —10V. Under the assumption
that the responsivity of the device is maintained below the
minimum incident optical power we applied of 10 nW, the
minimum incident power to increase the current above the
noise level can be calculated using the power law relationship
obtained in the discussion of Fig. 4(c). The NEP of the
device within these parameters is ~1 fW. This is equivalent
to an incident flux of ~ 103 —10* photons/s. The actual noise
we encountered in our measurements was significantly larger
than this limiting case.

IV. CONCLUSION

In summary, we characterized the few-layered ReS,-FETSs
in dark conditions and under laser illumination. We con-
trasted the phototransport properties both in the conven-
tional 2-terminal and 4-terminal configurations. We calculated
and analyzed the responsivity and the external quantum effi-
ciency as functions of the incident optical power in both con-
figurations. Our investigation showed that the 4-terminal
configuration provided higher values for both the responsivity
and the external quantum efficiency due, at least in part, to
the reduced effects of the contact resistance. We also showed
that photocurrent generation occurred in the device and had
significant effects on the phototransport measurements in the
OFF-state. It was also shown that the device had a photores-
ponse which resembled fast photoconduction in the OFF-state
while switching to a high photogating gain in the ON-state.
The photogating effect was estimated to be able to produce a
5 x 10* gain, based on the assumption that the source of the
gain was the interaction of photoinduced charge with trap
states either in ReS,, the gate dielectric, or the interface
between the two. This estimate was two orders of magnitude
higher than the measured EQE. In the future, it would be
interesting to do a more detailed electronic spectroscopy of
the subthreshold region which includes the energy range of
the charge traps. This would require a device construction
that makes it possible to compare the gate potential and the

J. Appl. Phys. 124, 204306 (2018)

Fermi energy within the channel. ReS, and other materials
like it may have a promising future in photovoltaic and other
optoelectronic-based applications.
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