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We systematically investigate the spatial/temporal photocurrent in photodetectors and electronic
transport in transistors/Hall-bar devices based on monolayer MoS, grown by chemical vapor
deposition (CVD). We found that the maximum photocurrent occurs when the laser spot is close to
the metal/MoS, contact and is tunable by the applied drain voltage, which can be explained by the
modulation of the local electric field at the Schottky barrier, consistent with predictions from our
quantum transport simulation. We observed that the maximum photocurrent at drain contact is
much larger than the one at the source contact, and the DC currents show rectifying behavior.
These phenomena can be explained by the different Schottky barrier heights at the two contacts.
By measuring Hall-bar structure at various temperatures from 100K to 400 K, we extracted the bar-
rier heights at the source and drain contacts, separately. We found that the barrier height at drain
contact is about 50 mV larger than the one at the source contact, consistent with the photocurrent
and DC current observations. We measured the photocurrent at various powers, and a photorespon-
sivity of 3.07mA/W was extracted at low powers. When the power increases above 20 uW, the
photocurrent starts to saturate. Temporal response of the photocurrent is also dependent on the laser
power. At high laser powers, photocurrent overshoot was observed. The photocurrent saturation at
high powers and the overshoot in temporal photocurrent are likely due to the same mechanism: an
accumulation of electrons in the channel, flattening out the band structure, since the laser spot is
located near the drain contact in these measurements. These studies of photocurrents and electronic
transport in CVD MoS, highlight the importance of the contacts in the electronic/optoelectronic
devices and reveal the physical mechanism of the photocurrent/electronic transport in these devi-

ces. © 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4942508]

Beyond graphene, transition metal dichalcogenide
(TMD) layered materials are attracting intense research in-
terest due to their appreciable bandgap in the visible and
unique electronics,'” optical,” and mechanical properties.”*
MoS, is the most commonly studied member of TMD,’
exhibiting an indirect bulk bandgap of 1.3 eV that turns into
a direct bandgap of 1.8 eV when thinned down to its mono-
layer.® The direct bandgap in monolayer MoS, enables a
suite of optical applications such as photodetector’® and
photovoltaics.'®!" High photo-responsivity of monolayer or
multilayer MoS,,'*'® strong light-matter interaction in
TMD heterostructures,'* and plasmon enhanced or dye-
sensitized photodetector'” have been demonstrated. These
encouraging reports coupled with continual engineering
efforts®'® present a compelling case for monolayer MoS, as
a candidate for optoelectronics in the visible spectrum.
Recently, the advent of mass production technologies has
enabled scalable growth of polycrystalline monolayer MoS,
by chemical vapor deposition (CVD),!” hence providing a
commercially viable path towards MoS, optoelectronics at
low cost.'® Although there are several works that discuss the
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photocurrent mechanisms in MoS, transistor,g’m’lz’19 differ-
ent origins due to thermoelectric'® and photovoltaic®'?
effects were reported, and the dominating mechanism
depends also on the device structure and its material. In this
paper, we systematically studied the mechanisms of photo-
response in CVD grown MoS, through its spatial and tempo-
ral photocurrent. We found that the photocurrent is
dominated by photovoltaic effect at the metal-semiconductor
Schottky junction, and the photocurrent polarity and magni-
tude were found to be strongly tunable with the applied drain
and gate voltages. These trends can be explained by the local
band bending at the Schottky junction, consistent with the
quantum transport simulations. We found asymmetric photo-
current at the source and drain contacts ascribed to the differ-
ent contact barrier height. An extracted barrier height of
107 mV at the drain contact is about 50 mV larger than the
one at the source contact.

Figs. 1(a) and 1(b) show the schematic and scanning
electron microscopy (SEM) image of the MoS, based photo-
detector. The photoresponse of monolayer CVD MoS, is
measured using scanning photocurrent microscopy. Fig. 1(c)
shows the spatially resolved photocurrent at various drain
voltages. The line profile of the photocurrent is shown in

© 2016 AIP Publishing LLC
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FIG. 1. (a) Illustration of MoS, based photodetector. (b) SEM of the MoS,
photodetector. The scale bar is 1 um. The MoS, channel width is 1 ym and
length is 5 um. (c) Spatially resolved photocurrent at various drain voltages.
The dashed lines are for guiding eyes to highlight the position of the source
and drain contact edge. (d) Line profile of the photocurrent along the chan-
nel. (e) Illustration of the energy band diagram. (f) and (g) are modeling
results. (f) Conduction band edge profile E.(x) at V,=1V and various drain
voltages. The simulated device has a channel length of 200 nm, and top
source and drain contacts with a length of 50nm (the channel extends from
x =150 to x=250nm). The Fermi level of the source (right contact) is taken
as the reference energy. (g) Corresponding electric field profile —dE /dx
smoothed through a Gaussian function with a standard deviation of 10 nm.

Fig. 1(d). When the drain voltage is zero, there are two local
maxima in the photocurrent, located at the source and drain
contact, respectively. This is because the Schottky barrier at
the contacts results in two local maxima in band bending,
i.e., maximum local electric field, as illustrated in Fig. 1(e).
The photon generated electron-hole pairs can be most effi-
ciently separated and swept to the electrode. Note that the
thermoelectric effect gives the same current direction as pho-
tovoltaic effect at zero drain bias. When drain voltage is
increasingly negative, the maximum photocurrent located at
the drain contact increases, while the maximum photocurrent
at the source contact decreases. This can be explained by the
band diagram shown in Fig. 1(e). When the drain voltage is
negative, the band bending at the drain increases resulting in
higher photocurrent, while the band bending at the source is
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reduced, which suppresses the photocurrent. Similarly, when
the drain voltage is positive, the photocurrent at the source
contact is enhanced, while the one at the drain contact is sup-
pressed. The fact that the photocurrents change sign as the
drain voltage changes polarity indicates that photovoltaic
effect dominates over the thermoelectric effect at these drain
bias conditions. Since our device is operating in the unipolar
regime, the sign of the Seebeck coefficient in the MoS, chan-
nel does not change with bias conditions. Hence, the photo-
thermoelectric will predict no change in polarity contrary to
experimental observations.

This photocurrent mechanism is also consistent with the
gate voltage dependent results, as shown in Fig. S1 (see sup-
plementary materials®’). When gate voltage is more positive,
i.e., the channel is biased toward accumulation, the band
bending at the contacts increases, resulting in a higher photo-
current. On the other hand, when gate voltage modulates the
channel towards depletion, the band bending is reduced at
the contact, resulting in a lower photocurrent. In addition,
when the channel is in accumulation, the total resistance
between the contacts is lower, which can also result in a
higher photocurrent.

In order to support the above considerations, we have
performed a numerical simulation of a device with 200-nm
channel length and similar structure (top source and drain
contacts, back gate, and 90-nm thick SiO, dielectric) using a
self-consistent ballistic quantum transport solver based on
the non-equilibrium Green’s function formalism.>' An effec-
tive mass Hamiltonian is employed to describe the K-valley
conduction band electrons. Injection from the source and
drain contacts is treated through a phenomenological self-
energy (see supplementary materials®”), and a fixed Schottky
barrier height of 75mV is assumed for both contacts. The
shape of the band profiles shown in Fig. 1(f) for varying
drain voltage, and in Fig. S1(d) (see supplementary materi-
als?®) for varying gate voltage, confirms the trends observed
experimentally: when changing the drain voltage from nega-
tive to positive values, the location of the maximum band
bending moves from drain to source; also, the band bending
at the source side increases with increasing V,. Indeed, the
extracted electric field profiles in Fig. 1(g) and Sl(e) (see
supplementary materials®”) qualitatively resemble the plots
of the spatially resolved photocurrent in Fig. 1(c) and Fig.
S1(a) (see supplementary materials®®). A notable difference
compared to experiments is that the electric field in the mid-
dle of the channel tends to go to zero for low V), or high Vg,
an effect which is related to the ballistic transport assump-
tion. We also found a stronger gate tunability in simulation
compared to counterpart experimental devices, which is
probably due to the presence of significant trap states density
in our devices.**

In Fig. 1, we also observed that at the same |Vp|, the
photocurrent at the drain side is much higher than at the
source side, indicating asymmetric barriers at the source and
drain contacts, with higher slope at the drain side. The asym-
metric barrier may come from non-uniform doping or den-
sity of surface states in transferred CVD MoS, film.
Different doping in MoS, at two contact region will result in
different work function in MoS,, i.e., different band bending
near the contacts. Then, the local electric field near one




083104-3 Yang et al.

contact will be different from the other contact. The asym-
metric barriers can also be due to the spatial variation of
interface states. Since the Fermi level in semiconductor can
be pinned by the high density of surface states, the band
bending in semiconductor will be influenced not only by the
metal semiconductor work function difference but also the
density of interface states at the contact.®> These interface
states can come from the lattice defects such as sulfur va-
cancy, impurities on the surface, KOH residuals used for
film transfer, or perylene-3,4,9,10-tetracarboxylic acid tetra-
potassium salt (PTAS) seeds used for MoS, growth.

This asymmetric band bending is also reflected in the
DC Ip-Vp characteristics. Figs. 2(a) and 2(b) show the I-
Vp measurement at two different configurations as the insets
illustrate; the drain voltage is applied on the left and right
electrodes, respectively. We see a rectifying behavior of the
drain current even when the gate voltage is zero. Figs. 2(c)
and 2(d) illustrate the band diagram and the drain current at
various bias conditions. When the voltage on the left contact
is higher than the one on the right, electrons are injected
from the right contact, corresponding to the bias configura-
tions B and C. Conversely, when the voltage on the left con-
tact is lower than the one on the right, electrons are injected
from the left contact, corresponding to the bias configura-
tions A and D. The fact that the currents in case B and C are
much higher than in case A and D indicate that the effective
barrier height on the left is much larger than the one on the
right and that the transistor acts as a Schottky-barrier transis-
tor. This is consistent with the asymmetric photocurrent
results discussed previously.

To quantify the asymmetric Schottky barrier heights at
the source and drain contacts, a Hall-bar top-gated device
based on CVD MoS, is measured at various temperatures
and drain voltages to extract the Schottky barrier heights at
the source and drain contacts, respectively. The inset of Fig.
3(a) shows the layout of a Hall-bar device. Four-point resist-
ance was measured, shown in Fig. S2 (see supplementary
materials®®). The total resistance and the resistance between
two sensing terminals at various temperatures are shown in
Fig. S2 (see supplementary materials®®). The voltage
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dropped on each contact can be extracted by plotting the
electrostatic potential along the channel, illustrated in the
inset of Fig. 3(a). From the slope of curve between sensing
terminal 1 and 2, we can extract the channel sheet resistance.
From the potential drop between source (drain) and sensing
terminal 1(2) and sheet resistance of the channel, we can
extract the voltage dropped on source (drain) contact. Taking
into account the polarity of voltage drop at two contacts, the
extracted contact resistance at the source contact (R,) with
Vp=—0.1V and drain contact (Ry) with Vp, =0.1V at vari-
ous gate voltages and temperatures is shown in Fig. S2(d)
(see supplementary materials®”). At a given temperature, Ry
is nearly an order of magnitude larger than R. The Schottky
thermal emission current at the contact can be expressed

ag2425
: V(T
J x T x exp <— %) [exp (qKIET)> — 1}, (D

where @y is the barrier height between MoS, and the metal
contact, V(T) is the voltage drop at the contact, Kp is the
Boltzmann constant, and 7 is the temperature. Note that since
voltage drop V(T) at both contacts reveals a temperature-
dependent behavior, a linear approximation equation V(T)
= Vo + b - T is applied, where V) and b are fitting parameters.
The power law of T** comes from the Boltzmann carrier
distribution and the thermal velocity. It is less than T2
commonly found in a 3D system because of the constant
value of the density-of-states in a 2D system. The contact
resistance dominated by Schottky thermal emission can be
expressed as

_ (9 - -1/2 q(ps — Vo)
RC = (8‘/) xT X exp <m . (2)

Fig. 3(b) plots In(R, * T'/?) as a function of 1000/T for
both contacts. From the slope of the plot, the barrier heights
could be extracted at the source and drain contacts, respec-
tively. Fig. 3(c) shows the extracted barrier heights differ-
ently at both contacts at various top gate voltages. A barrier
height of 107 mV is extracted at the drain contact, which is

FIG. 2. (a) and (b) Ip-Vp characteris-
tics at two different configurations
illustrated in the insets: the drain volt-
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FIG. 3. (a) Potential as a function of position along the channel from the
source, sensing terminal 1, sensing terminal 2 to the drain contact, when
0.1V bias is applied to drain contact at 300k with Vg =3.0V. The inset
illustrates the layout of the Hall-bar device. (b) In(R,T%%) as a function of
1000/T when Vp is applied to drain contact at Vpg=3.0 V. The black and
red points denote drain contact with Vp=0.1V and source contact with
Vp=—0.1V, respectively. Inset: (c) Extracted barrier heights at the drain
contact (black points) and source contact (red points) at various top gate vol-
tages. Inset: Illustration of different barrier heights at the drain and source
contacts.

about 50mV larger than the one at the source contact. This
pronounced difference in barrier heights at two contacts,
illustrated in the inset of Fig. 3(c), explains the asymmetric
photocurrent and DC current results discussed previously.
The temporal response of the photocurrent is measured
by using a mechanical chopper and oscilloscope. Fig. 4(a)
shows the transit photocurrent as a function of time at vari-
ous laser powers. The response time of this ac photocurrent
is on the order of milliseconds or less, which is much shorter
than the one in DC photocurrent reported earlier. The reason
is that the change of DC photocurrent is mainly due to the
“photogating” effect caused by charge trapping in the gate
dielectrics, while the change of ac photocurrent is mainly
caused by the change of conductivities due to the photoin-
duced carriers. The carrier generation/recombination process

Appl. Phys. Lett. 108, 083104 (2016)
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FIG. 4. (a) Transit photocurrent of MoS, photodetector as a function of time
at various laser powers. (b) Zoom in comparison of three different power
levels. The graphs are rescaled and shifted for comparison.

is typically much faster than the charge trapping process. As
the light power increases, the photocurrent increases, due to
the larger generation of electron—hole pairs. Another interest-
ing feature we noticed is that the photocurrent has an over-
shoot when light is turned on and gradually goes back to a
steady state. Fig. 4(b) shows the zoom in comparison of three
different power levels. The graphs are rescaled and shifted
for comparison. We can see that the higher the power, the
larger the overshoot. When power is at 18.5 yW or below,
the overshoot is nearly negligible.

The photoresponsivity is measured by varying the laser
power, as shown in Fig. S3 (see supplementary materials>").
We can see that the photocurrent increases as power
increases. From this, we extrapolate the photoresponsivity as
3.07mA/W. This is comparable to the results reported on
other MoS, photodetectors.®*'#**?° When the power
increases above 20 uW, the photocurrent starts to saturate.
The power level where saturation sets in coincides with the
power level where the overshoot starts to happen in chopped
measurements, and the two observations likely are due to the
same mechanism. Possibilities include (1) an accumulation
of electrons in the channel, flattening out the band structure
(Since the laser spot is located near the drain contact with
Vp=—1.5V, holes can immediately reach drain electrode,
while the electron needs to travel through the entire channel
to reach the source electrode, resulting in accumulation of
electrons in the channel.), (2) trapping of photo-generated
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carriers, which gates the transistor more towards depletion,
or (3) a saturation of the absorption due to band filling of
available electronic states.

In summary, spatial and temporal photocurrents and
contact resistance at various temperatures were systemati-
cally studied in CVD MoS, based photodetector and Hall-
bar devices. We find that the maximum photocurrent
occurred at the metal/semiconductor contacts, due to the
Schottky barrier and the resulting maximum local electric
field. The amplitude and location of the maximum photocur-
rent were modulated by the drain and gate voltage, consistent
with our numerical simulation. Asymmetric behavior is
observed in photocurrent and DC characterization, indicating
different barrier heights at the source and drain contacts. By
measuring the four-point resistance at various temperatures
and drain voltages, we were able to extract the barrier
heights at the source and drain contacts, respectively, and
found that the barrier height at the drain contact is about
50mV larger than the one at the source contact. The asym-
metric barrier heights at the two contacts may come from
inhomogenous doping and/or interface state density in CVD
MoS,. These findings will be valuable for future photodetec-
tors based on transition metal dichalcogenides.

Methods: Large-scale monolayer MoS, was synthesized
at 650 °C by atmospheric pressure chemical vapor deposition
(APCVD) using PTAS as the seed on SiO,/Si substrate.”’
Sulphur powder and molybdenum oxide (MoO3) were used
as the precursors for the synthesis. Then, MoS, is transferred
to a fresh SiO2/Si substrate using KOH solution. Source/
drain contacts are formed by ebeam lithography and metal
evaporation. The electrode is composed of Ti/Au. The MoS,
channel is patterned by lithography and O, plasma etching.
The top gate dielectric comprised an AlOx/HfO, stack. The
AlOx was formed by electron beam evaporation of 2nm of
aluminum metal followed by its natural oxidization in air for
a few hours. The 30 nm thick HfO, layer was formed using
atomic layer deposition (ALD) at 170°. The top gate elec-
trode of Hall-bar device for barrier height measurement was
Ti/Au (5/40 nm). Fig. 1(a) illustrated the structure of MoS,
based photodetector. He-Ne laser is used as the light source.
Light is modulated by the mechanical chopper. The photo-
current is amplified by the pre-amplifier and measured by the
lock-in amplifier.
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Science and Technology (MOST 103-2112-M-007-001-
MY3 and MOST 104-2633-M-007-001). The authors would
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