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ABSTRACT: We report a model for the description of a room
temperature photocurrent temporal response in devices made of a
chemical vapor deposition grown molybdenum disulfide monolayer. The
proposed model distinguishes three components of a photoresponse that
may be attributed to photoconductance and a photogating effect, where
photogating involves environmental and intrinsic material contribution.
We showed that each time constant obtained from the model differed by
an order of magnitude and remained unaffected by changes of the
environment, whereas the amplitudes behaved according to the
attributed effects. Notably, the rising photocurrent signal was a useful
source of information regarding the persistent photoconductivity effect. Finally, we demonstrated the versatility of our model by
applying it to some previous reports on time-resolved photocurrent. Our results help to determine the optoelectronic properties of
MoS2 monolayers and future photosensitive devices operating at ambient room temperature.

1. INTRODUCTION

Molybdenum disulfide (MoS2) is a transition metal dichalco-
genide (TMD) that exists in a two-dimensional form.1

Possessing a high on/off current ratio,2,3 almost negligibly
low off-current,2 and a nonzero, tunable band gap,4 MoS2
shows great potential in electronic applications, such as
transistors and logic circuits. However, the relatively low
mobility of MoS2 (generally approximately 10 cm2 V−1 s−1)5

may be an issue in modern devices in addition to its sensitivity
to ambient conditions.3 MoS2 field-effect transistors (FETs)
exhibit physisorption of oxygen and water molecules, which
reduce on-state current and cause a large hysteresis in transient
characteristics.6 This effect of the ambient environment may be
limited with the use of a passivation layer or vacuum
measurements.6−8 Therefore, more attention was brought to
the fact that the direct, ∼1.9 eV band gap1 of MoS2 monolayers
enables current generation under illumination making it a
potential candidate for photodetectors and phototransistors
operating at low voltage9 in the visible range of wavelengths.
There are many literature reports about photodetectors

based on MoS2,
9−23 and significant attention was paid to the

time dependence of photocurrents in these devices. However,
despite the richness of the discussion on this issue, there is no
common approach to describe their temporal responses. There
are three concepts mainly used for description of time-resolved
photocurrent. The first, most widely used description considers
the percentage of the obtained signal, especially 90%−
10%,10,16−23 on the rising or decaying side. This method
does not include any information about physical phenomena

that occur within the material. The second frequently used
method including interpretation of the observed phenomenon
is the fitting of a stretched exponential function to the decaying
part of the photocurrent.24 The stretching exponent β in this
description supposedly reflects the carriers’ relaxation mech-
anism in the material. This method focuses only on relaxation
of the photocurrent decay, and it is not widely used to describe
the rising photocurrent. The third usual description is fitting a
single exponential function11,12 or sum of two exponen-
tials13,14,25 and extracting time constants. This description of
time−domain photocurrent is informative for physical effects
that occur in MoS2 because these two time constants allow
distinguishing between the photoconductive (PC) and photo-
gating (PG) effects to further study these phenomena.15 The
methods of description of the photocurrent are summarized in
Table S1 of the Supporting Information.
Most of the mentioned descriptions focus on photocurrent

decay after the light was switched off, and the rising
photocurrent is generally described by the percentage of the
signal. Limited attention was given to the rising signal, which
may lead to missing information about the influence of the
sample’s history on photocurrent and hindering of the possible
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applications. This omission may be due to a common belief
that the decaying side of a photocurrent is more likely to reach
equilibrium, and therefore, it would be more sensible to extract
any time constants from this part. However, studies of
persistent photoconductivity (PPC) suggested that this
equilibrium state may not be trivial in MoS2.

14,24 Little to no
attention was also given to the physical meaning of the
photocurrent description components from the above-
mentioned methods. Frequently omitted amplitudes of the
exponential fit could also contain important information about
photocurrent changes, especially in the continuous operation
of a photodetector, where the illumination of the device is
repeatedly turned on and off.
In this work we proposed a new approach for the description

of time-resolved photocurrent measurements that includes
environmental influence on the device. In opposition to the
most popular approaches, we fit our model primarily to the
rising photocurrent to gain insight into intrinsic photo-
conductive effect and changes in the photocurrent due to
changes in local surface doping26,27 or persistent photo-
conductivity effect. Our formula is applicable to both sides of
the obtained signal and may be used to compare the results of
rise and decay. We distinguished three components in the
photoresponse of MoS2 related to physical phenomena of
photoconductive effect, environmental photogating on the
surface of MoS2, and photogating due to intrinsic defects, and
we showed the evolution of these effects during environmental
changes. Finally, we showed the versatile nature of our model
by applying it to the results of different authors to enable a
reliable comparison of the results of different samples.

2. EXPERIMENTAL SECTION

The devices were fabricated on a chemical vapor deposition
(CVD)-grown MoS2 sample on sapphire (Sixcarbon Technol-
ogy, Shenzhen, China) using a standard electron beam
lithography technique (Raith e-Line Plus). Sapphire is a
dielectric substrate that ensures that the observed photocurrent
had no other source than the one originating from MoS2.
Figure 1a shows a Raman spectrum of an as-purchased MoS2.
Raman measurements (Renishaw inVia Raman spectrometer)
were taken using a 532 nm line on the prepared device, and the
peak position difference between A1g and E2g was 21.3 cm−1,
which indicates that the sample was a monolayer.28,29 Figure
1b presents the photoluminescence spectrum taken with the
same spectrometer and 532 nm laser and shows that the tested
sample was a monolayer.4 We also used optical and scanning
electron microscopy (SEM) imaging to examine the surface of
the prepared devices (see Figure 1c and 1d, respectively). The
current response of the device under laser illumination was
measured using a homemade setup designed for fast and high-
resolution measurements containing a DL 1211 Current
Preamplifier and National Instruments DAQ 6366. All results
presented in this work were taken applying 5 V source−drain
bias. The devices were illuminated with a 532 nm laser with
modulated power. They were measured in air and air
combined with a direct argon flow. We also performed
photocurrent measurements with repeated illumination and
the same laser power density. The beam was out of focus to
increase the spot size. The mean power densities used were
approximately 1.5 W/cm2 for studying the environmental
effect and 170 W/cm2 for repeated illumination measurements.
The data were taken with 10 kHz frequency; each 30 s

measurement consists of 300 000 data points in order to
capture the rapidly rising photocurrent.

3. RESULTS AND DISCUSSION
The as-fabricated MoS2 devices were illuminated (in ambient
conditions and in argon flow) to receive a typical response with
a rapid increase in the photocurrent and a much slower steady
rise which are presented in Figure 2. The illumination was

turned off, and we observed another rapid decrease in signal
amplitude with a slow decay over time. Changing the sample's
environment showed a significant difference in obtained signal
as a consequence of different exposure to oxygen molecules. In
order to explain this, we proposed a triple-exponential model
where the components (see Figure 2) correspond to different
physical effects in MoS2, e.g., environmental changes.
We used the model described by the following equation:

∑= + = + − τ

=

−I t I I I I( ) (1 e )
k

k
t

dark ph dark
1

3
/ k

Figure 1. (a) Raman spectrum of MoS2 on the sapphire substrate
with the red line marking a fit of Lorentz functions. (b)
Photoluminescence spectrum of the material. (c) Optical image of
prepared devices on the sample. Scale bar on the optical image is 100
μm. (d) SEM image of the prepared device. The device is shaped as a
50 μm × 50 μm square. Scale bar on the SEM image is 10 μm.

Figure 2. Measured photocurrent in air and in argon flow with fitting
of a triple-exponential function. The photocurrent Iph presented here
is the difference between the current under illumination and the dark
current. The model fits our data perfectly and helps us distinguish
three separate components, marked as blue, yellow, and red curves.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c04452
J. Phys. Chem. C 2020, 124, 18741−18746

18742

https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04452?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04452?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04452?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04452?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04452?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04452?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04452?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04452?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c04452?ref=pdf


where τk is the time constant, Ik is the amplitude of the fitted
function, and Idark is the signal from the sample with no
illumination. The novelty of this model is the fitting triple-
component − τ−1 e t/ k, which is a solution of a differential
equation that is frequently used in physics to describe the
effects in a system reaching its equilibrium state; e.g., it
describes the change in the concentration of unbalanced
photogenerated charge carriers in the time domain.30 Figure 2
shows that the sum of the three components in our model fits
the experimental data perfectly. The extracted time and
amplitude components were further marked with correspond-
ing colors: t1, a1 as blue; t2, a2 as yellow, and t3, a3 as red. The
fit was performed using boundary conditions, where tk > 0 and
ak > 0 on the rising side of the signal (ak were negative for
photocurrent decay). Initial conditions of the fit were tk =
[0.01, 0.1, 1], ak = [0.1, 1, 10], and the signal was offset by the
value of the dark current (fixed Idark = 0). The influence of the
signal noise on the fit quality was verified to be negligible (see
the Supporting Information). Notably, our subsequent analyses
focused mainly on the rising side of the photocurrent signal.
To check the influence of air and argon flow, we performed

three consecutive measurements in each environment using an
incident light power density of approximately 1.5 W/cm2.
Figure 3a shows the time-resolved photocurrent in the
atmosphere with prolonged exposure to argon and consecutive
measurements in air after the argon flow was removed. Indices
1, 2, and 3 indicate the sequence of measurements, and each

measurement was taken for 30 s right after the previous
measurement, starting with the measurements in argon.
Photocurrent in the air had a higher amplitude, and the
plateau was not reached in the time period of measurement. All
of the consecutive measurements in argon had similar
amplitudes of the signal, but a gradual rise in the amplitude
was observed with longer exposure to air. A similar influence of
the sample’s exposure to oxygen was described previously,23

and it was explained that, with no illumination, the
physiosorbed oxygen was responsible for trapping the electrons
in MoS2, which caused a reduction in the on-state current.
When illuminated with sufficient power, the oxygen molecules
desorb from the surface,31 and the photogenerated holes
recombine with the trapped electrons. Simultaneously, the
photogenerated electrons cause an increase in the measured
current. These electrons may be trapped again by oxygen and
accumulate in the channel until the irradiation-induced
detaching and absorption of the oxygen processes reach
equilibrium and cause the plateau in the signal.23 When the
illumination is off, there is an excess of electrons in the system
due to prior recombination of the holes. These electrons are
trapped again in the channel, which causes a rapid decrease in
the photocurrent amplitude. A slow approach to the
preillumination current is the result of band-bending near
the surface, which hinders electron−hole recombination.23

The number of oxygen molecules on the surface in
passivated devices is negligible, and almost no effects of
surface-trapped electrons are observed, which leads to rapid
changes in photocurrent amplitudes when the illumination is
turned on and off. Photocurrent signals of passivated devices
reach plateau faster than in ambient conditions,16 but in some
cases, e.g., the copper phthalocyanine passivation layer, the
amplitude of the signal is lower than the amplitude reached in
air.23

We observed an effect similar to the effect in passivated
devices in our measurement of photocurrent in the rapid
atmosphere change from direct argon flow above the sample to
air (Figure 3a). The flow detaches weakly physisorbed
molecules of oxygen from the surface and impedes new
molecules from adsorbing.
Application of the proposed model to our measurements

data showed three separate components of the photocurrent
(Figure 3b and c). We noticed that for the rising photocurrent
the response times (t1, t2, t3) differed by an order of magnitude
for each separate component but remained almost constant in
any given environment. However, the amplitudes (a1, a2, a3)
were more similar in values, but there was an obvious change
in the a1 amplitude component (Figure 3c) caused by
switching the environment from argon flow to air.
We compared the components from our model on the rising

side with components fitted on the decaying signal (Figure 3b
and c). For the time constants (Figure 3b), t2 and t3 are in
good agreement for rise and decay. However, t1 was decreased
by almost an order of magnitude for decay, probably due to the
fact that during the measurement the signal does not reach its
initial value. For amplitudes (Figure 3c), the situation was
similar. Here, a1 and a2 were almost constant and equal on the
decaying side, but a3 corresponded to a slight increase of the
amplitude, similar to the rising current. The steady amplitude
a1 for the decaying signal may result from laser exposure
changes of the surface doping of the sample.26,31 The separated
results for rise and decay are also shown in the Supporting
Information. These results show that consideration of only the

Figure 3. (a) Time-resolved photocurrent measurement of MoS2 in
air and direct argon flow on the sample. The number indicates
consecutive measurement in a given atmosphere. The visible increase
of the photocurrent in the atmosphere of air is caused by
photogenerated electrons while photogenerated holes recombine
with electrons trapped by oxygen molecules on the surface of the
material. (b) Time constants and (c) amplitudes extracted from the
application of the proposed triple-exponential model to our results on
rising and decaying sides. Time constants do not show a very
significant change in different environments, but two of the three
current amplitudes on the rising side of the signal show significant
changes.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c04452
J. Phys. Chem. C 2020, 124, 18741−18746

18743

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c04452/suppl_file/jp0c04452_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c04452/suppl_file/jp0c04452_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c04452/suppl_file/jp0c04452_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04452?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04452?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04452?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c04452?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c04452?ref=pdf


decaying side of the signal and ignoring the obtained
amplitudes of the fit result in missing information about the
device’s performance, namely, environmentally induced
changes. From now on we will focus solely on the rising side
of the photocurrent.
We believe that these three components originate from

different effects on the sample; namely, the second component
(t2, a2) is the result of a photoconductive effect, and the first
and third components arise from photogating. These two
effects were generally distinguished based on the time
constants (fastPC, slowPG), but our study suggests that
we can also extract the constant that is environmentally
independent and the one that responds strongly to ambient
changes in the PG effect.
The reported PC effect response time ranges from 10 ms22

to tens of seconds,14 and it originates from the separation of
photoexcited carriers caused by the application of a bias
voltage or shallow trap states (band tails resulting from
structural defects15,32) that trap carriers for a time that is
dependent on their depth.11,14−16,25,33 The PG effect was
attributed to two possible causes, which are categorized into
external and intrinsic mechanisms. The first source of the PG
effect is charge trapping by the surface adsorbates (oxygen
and/or water molecules) and the molecules between the
substrate and material.15,16,34 The other source in the off-state
are deep midgap recombination centers (associated with the
location of the Fermi level), which promote electron−hole
recombination.14−16,25,33 These mechanisms of PG charge
trapping were reported with times ranging from over 10 ms22

up to hundreds of seconds,14,31 and they are responsible for
slow responses of the devices but high values of responsiv-
ity.15,16,22,35

PG and PC effects were distinguished via the extraction of
only two time constants from the temporal photoresponse of
MoS2. We propose a third effect that may also be related to
photogating. As shown in Figure 3b and c, in different
environments, the time constants stayed almost the same
despite the prolonged exposure to argon or air. The
environmental change strongly (by approximately four times)
affected the a1 and slightly affected the a3 amplitude
component (by approximately 1.2 times). The t2 and a2
constants did not show any changes upon subjection to the
ambient environment. Therefore, we attributed the t2 and a2
components to the photoconductance and propose distin-
guishing the photogating effect into environmental photo-
gating and photogating caused by intrinsic material defects
using t1, a1 and t3, a3 components, respectively. The third
component may also be related to the saturation of the
photocurrent in the samples considering the results shown in
Figure 2 (red line corresponding to the shape of a steadily
rising current) and Figure 3a, where a slight amplitude
increment in the atmosphere of air corresponded to slow and
steady growth of the photocurrent until a plateau, unlike in the
atmosphere of argon.
To support this hypothesis, we performed 10 consecutive

measurements at a higher laser power density than previously
(170 W/cm2) on the same device (Figure 4). These
measurements showed three important effects of repeated
irradiation of the sample: persistent photoconductivity (PPC),
saturation of the photocurrent under laser exposure, and little
change in photocurrent decay with the sample’s history.
Figure 4a shows the effect of PPC in our measurements.

This effect was a lasting conductivity after the light source was

turned off, and it is found in many photoconductive
semiconductors, including MoS2.

14,24,36 This effect is mostly
attributed to random localized potential fluctuations in the
material that are related to extrinsic sources, especially the
substrate (charge traps due to adsorbed water) and defects in
the MoS2 layer, primarily oxygen-related defects.14,24 With
each repeated measurement under illumination, the photo-
current amplitude grew until it reached a saturation point for
the last couple of measurements. PPC was more likely to
originate from defects in the material rather than in the
substrate in our case because the temperature of the CVD
process for sample growth should remove any excessive
molecules on a bare substrate before the layer is formed. It may
also be the reason why the influence of PPC on photocurrent
responses resulted in shorter relaxation times in our work
compared to the aforementioned studies performed on
exfoliated samples.14 However, our results clearly demon-
strated that the rising photocurrent included more information
about the sample than the decaying photocurrent. The
photocurrent decay values remained similar across the sample’s
history, at least in the time period around tens of seconds.
Therefore, judgment of a device’s performance using photo-
current decay alone could result in potentially misleading
information about the occurring effects, which may influence
potential applications.
Figure 4b and c present the separated components derived

using our model. The time constants represent similar behavior
to the previously shown results, and they are relatively steady
with a slight decrease of the t3 component (faster saturation).
The a2 amplitude was also constant, which is consistent with
our hypothesis that it is related to the PC effect. However, the
a1 amplitude rose logarithmically with each repetition. The
logarithmic growth of photocurrent due to PG is related to the
increase in the total optical power impinging on a device,14

Figure 4. (a) Repeated photocurrent measurements for laser power
density of approximately 170 W/cm2. With each repetition, the
photocurrent is closer to reaching its saturation point in a shorter
time. The persistent photoconductivity caused an increasingly rapid
change in the obtained signal with each repetition. (b) Three time
constants almost unaffected by the repetition of measurements. (c)
Three amplitudes obtained using our model show a strong influence
of the repetition on the a1 amplitude, a slight decrease in a3 within the
first few repetitions, and a constant a2 component.
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which was a PPC-induced effect in our case. These
observations further confirm our hypothesis that the three
components described the occurring PC and PG effects
(secondPC, firstenvironmental PG, thirdintrinsic PG in
relation to the saturation of photocurrent).
To examine the versatility of our model, we applied it to a

representative selection of literature data,11,15,18,33,37 which are
shown in Figure 5. We found that, despite the differences in

the obtained values, we still distinguished three time constants
that differed by orders of magnitude (Figure 5a). Figure 5b
shows the result of the fitting of our model to the exemplary
data from other reports, where we distinguish three
components. The differences in the obtained photocurrent
signal values are a result of the many factors that contribute to
device functioning, such as the quality of the material used,
contact resistance, sample’s oxidation or age, applied source−
drain voltage, or gate voltage. Therefore, the current
amplitudes and time constants may differ significantly between
the studies. Nevertheless, the evident separation of the time
constants demonstrated that the three-component separation
of the photocurrent proposed in our model may be used
universally and become a tool for comparing the contribution
of different effects between authors.

4. CONCLUSIONS
We propose a new versatile model of the photocurrent
temporal response of MoS2-monolayer-based devices with a
description that distinguishes three exponential components.
Based on the studies of the photocurrent during rapid
environmental changes and repeated irradiation, we attributed
the second component to photoconductivity, the first
component to the environmental photogating effect, and the
third component to photogating due to intrinsic mechanisms.
To our knowledge, this study is the first time that a
photogating effect was distinguished in such a manner. We
showed that the rising signal of photocurrents may be a useful
carrier of physical information about the sample, especially the
sample’s history, current saturation, or persistent photo-
conductivity. We also showed that our model was applicable
to experimental data from other authors, which allows for
reliable comparisons between reports.
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