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Two-dimensional materials show great potential for future optoelectronic device applications, especially in
the field of broadband optical detection, due to their high optical responsivity and tunable bandgap struc-
ture. In communication and sensing applications, the detection of weak light signals is crucial for improving
the quality of signal transmission and the sensitivity of sensors. Although the photogating effect has been
shown to provide high light sensitivity, the key features to achieve this dominant light response have not
been fully discussed. In this study, we explain in detail the physical mechanism of the photoresponse of mol-
ybdenum disulphide-based photodetectors and propose a general basis of judgement for comparing the
magnitude of the trap-state action. Through experimental and theoretical analyses, we reveal the physical
mechanisms of photocurrents at various stages in the optical ON/OFF switching cycles and provide a
theoretical basis for optimising the performance of two-dimensional material-based photodetectors. The
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results show that the trap states significantly affect the photoresponse characteristics of photodetectors,
especially the photocurrent changes at different stages of the optical ON/OFF switching cycles. These
findings not only deepen the understanding of the photoelectric properties of two-dimensional materials,
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Introduction

Converting optical signals into electrical signals is the core of
many technologies in our daily life. As a result of advance-
ments in integration methods and high-performance
materials, photodetectors are now widely used in security, bio-
medical imaging, optical communications, motion detection,
night vision, and video imaging." The existing technology is
based on III-V and other optoelectronic traditional semi-
conductors, including Si, GaN, InGaAs, InSb, and HgCdTe.
However, the dark current inherent to these devices necessi-
tates their operation in a low-temperature environment,*
which is not conducive to the advancement of high-perform-
ance, high-integration optoelectronic devices and the develop-
ment of optoelectronic vision systems.’” In recent years, two-
dimensional semiconductors have been shown to have a lower
dark current at room temperature due to their two-dimen-
sional structure, where carriers are confined to the planes,
resulting in a lower concentration than those of conventional

“College of Materials Science and Engineering, Sichuan University, Chengdu 610065,
China. E-mail: zegao@scu.edu.cn

bDepartment of Electronic Engineering, The Chinese University of Hong Kong, Shatin,
Hong Kong SAR, 999077, China

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4nr04974h

This journal is © The Royal Society of Chemistry 2025

but also provide important theoretical guidance for the design of high-performance photodetectors.

semiconductors.”®”*>4® However, in contrast to conventional

optoelectronic  semiconductors, two-dimensional semi-
conductors tend to have response speeds on the order of milli-
seconds or even seconds,®® which are not conducive to the
construction of high-speed optoelectronic devices.

In recent years, numerous research studies have been con-
ducted with the aim of enhancing their responsivity. These
include the use of organic/inorganic surface composites,'® het-
erojunction built-in electric field construction,®'" and other
techniques to modulate the photoelectric excitation and com-
posite paths. This has led to an improvement in photoelectric
responsivity. Nevertheless, the mediation has an effect of sup-
pressing responsivity, despite an improvement in the response
speed. There is considerable variation in the results obtained
by different research groups, particularly in the case of molyb-
denum disulfide photodetectors. In the two-dimensional (2D)
semiconductor photoelectric effect, the prevailing view among
researchers is that the photocurrent is influenced by the com-
bined action of photoconductivity, the photothermal effect,
and the photovoltaic effect.">"® It is commonly accepted that
the photocurrent generated in molybdenum disulfide-based
photodetectors is a result of the photoconductivity effect and
the photogating effect acting in conjunction.>*'**” However,
the precise manner in which these effects influence the
performance of two-dimensional semiconductor photodetec-
tion and the underlying mechanisms of their respective effects
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remain unclear. Jiang et al. pointed that the suppression of
deep-trapped energy levels in ReS, can significantly reduce the
recovery time of the photocurrent.’> Kufer et al. provided a
map of the schematic band model of MoS, under illumina-
tion, but did not offer an analysis of the mechanism of photo-
current generation in the optical ON/OFF switching cycles.'®
However, until now the photoelectric mechanism, especially
the role of the interface, is still unclear.

In this study, a molybdenum disulfide-based phototransistor
was constructed and the effect of the trap state under gate control
and the physical mechanism were investigated. The basis for
judging the magnitude of the effect of the trap state action is given
by fitting the equation G ~ P” and the competition between the
trap energy levels and the composite centers was analysed in detail
using a schematic band model. Furthermore, the biexponential
relaxation equation was employed to fit the optical ON/OFF switch-
ing cycles and the four stages of photocurrents in the optical ON/
OFF switching cycle process were extracted. The generation mecha-
nism of photocurrents in each stage was then subjected to detailed
analysis. The study in this paper explains the physical mechanism
of the photoresponse of molybdenum disulfide-based photo-
detectors, gives a general judgement basis for comparing the mag-
nitude of the trap-state action, provides a method for the analysis
of the physical mechanism of photocurrents at each stage in the
optical ON/OFF switching cycles, and provides a theoretical basis
for future high-performance photoresponse devices.

Experimental

MosS, flakes were micromechanically exfoliated with the stan-
dard Scotch-tape method. The flakes were deposited on heavily
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n-type-doped silicon wafer covered by SiO, with a thickness of
285 nm. The source and drain electrodes were fabricated by
e-beam lithography followed by e-beam evaporation of 30 nm
Ti. For lift-off, the device was soaked in acetone for 10 minutes
followed by rinsing with isopropanol. Afterwards, the as-fabri-
cated device was annealed at 523 K for 2 h in Ar gas with a
hydrogen concentration of 10% to improve contact conduc-
tance. During the measurements, SiO, and Si were employed
as the insulator layer and back-gate electrode, respectively. All
measurements were performed under vacuum conditions
using a Keithley 2614B semiconducting device analyzer. The
optoelectronic response was measured at a wavelength of
635 nm.

Results and discussion

Fig. 1a and b depict the device schematic and optical image
where the channel length L is 5 pm and the thickness of the
MoS, flakes is about 60 nm. The thickness characterization of
MosS, is shown in ESI Fig. S1.7 Fig. 1c depicts the Raman spec-
trum of the sample, which was excited at a 532 nm line in an
air environment. It can be seen that the vibration modes
located at 382 cm™" and 407 cm™" are attributed to the Raman
E';, and Raman A,, modes."”'® In order to eliminate the
potential influence of H,O and O, on the device,**° all the
electrical tests were conducted in a vacuum probe station.
Fig. 1d shows the I4s-Vy4s curve of sample-1, which exhibits a
nonlinear characteristic, indicating a Schottky contact between
MoS, and the electrodes. The Schottky barrier height gener-
ated by the contact of MoS, with the electrode can be calcu-
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Fig. 1 Device schematic of MoS, and its characterization. (a) Schematic and measurement circuit of the device. (b) Optical microscopy image of
the MoS,; phototransistor. (c) Raman characterization of the MoS, phototransistor. (d) /4s—Vys characteristics of the MoS, phototransistor under dark
conditions. (e) Transfer characteristics of the MoS, phototransistor in different gate voltage ranges. (f) Transfer characteristics of the MoS, photo-
transistor under illumination with different intensities in bidirectional scanning.
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lated from the theory of thermionic electron emission using
the following formula:**

g= ksT (In A*T? — InI—O)
q S

i 4qk32m*

A* W

where @ represents the Schottky barrier height, kg is
Boltzmann’s constant, T is the test temperature, A* is effective
Richardson’s constant, I, is the reverse saturation current
extracted from Fig. 1d, S is the contact area between MoS, and
the Ti electrodes, m* is the effective mass of the electrons in
MoS, (~0.45m,), and & is Planck’s constant. It was found that
the Schottky barrier height was determined to be 0.338 €V.
This is caused by a mismatch in the work function of the
material-metal electrode.

The transfer characteristics at varying gate voltage are pre-
sented in Fig. le. The hysteresis window is defined as the
difference between the two voltages when Iy, is 10~ A. The
hysteresis window of the transfer curves increases with a drop
in the starting gate voltage. By fixing the scanning gate voltage
range and 700 nm illumination, it can be observed that the
hysteresis window (Fig. 1f) decreases with increasing light
power, which is in contrast to the results previously reported
by Sahoo.** Sahoo’s findings have demonstrated that the hys-
teresis window of monolayer MoS, increases with increasing
optical power. This is the difference between multilayer and
monolayer MoS,.>*> The transfer characteristics at different
optical powers at 635 nm are shown in Fig. S3b,T which dis-
played the same behaviour. Substantial evidence indicates that
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the hysteresis window is a consequence of sulfur vacancies in
intrinsic MoS,>*>2®* and local states at the MoS,/SiO,
interface.>®*” These defects and local states bring a large
number of electron and hole trap levels in the MoS, forbidden
band gap, where the electron traps are the main cause of the
hysteresis window.?*?®

The density of surface trap states and the concentration of
electrons trapped by the electron trapping energy level in the
dark and light were calculated from the subthreshold
slope,?®*° as shown in Fig. S2.7 In the dark, as the gate voltage
drops, the number of surface trap states increases. The elec-
trons are readily captured by the trap level, resulting in a larger
hysteresis window. Under illumination, as the power increases,
more electrons bound by the trap states are excited to the con-
duction band to participate in the conductivity, leading to a
decrease in the hysteresis window. Conversely, the density of
surface trap states increases due to an increase in the number
of vacant trap energy levels. In addition, the negative shift of
the threshold voltage under light is mainly caused by the
photogating effect due to the capture of holes in the trap to
form a local state.*”

As illustrated in Fig. 2, the MoS, photodetector exhibits the
highest photoresponsivity at 635 nm, which is in accordance
with previous reports.'®*'*? In order to better reveal the physi-
cal mechanisms of the devices under light, the role of trap
states under illumination was investigated using a 635 nm
laser. The transfer characteristics, photoresponsivity versus
gate voltage and gain versus gate voltage for sample-2 are
shown in Fig. 2a-c, respectively. The IV characteristics of the
device are shown in Fig. S3a.f The photoresponsivity was cal-
culated using the following equation: R = In/P;,, where I, is
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Fig. 2 Optoelectronic response and fitting. (a) Transfer characterization, (b) responsivity and (c) photo gain of the MoS, phototransistor under illu-
mination. (d) Optical responsivity and (e) gain of the device versus the optical power density at different gate voltages. The solid line in (e) is the fitted

curve of gain and optical power. (f) a—Vg curve.
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the photocurrent and P;, is the incident light power, where the
effective illumination area of the device is S ~ 163 pm?. The
optical gain is defined as the number of photogenerated elec-
tron-hole (e-h) pairs collected by the electrodes to produce the
net photocurrent divided by the number of photoexcited e-h
pairs. It is given by the following equation: G = (I,n/e)(PAn/hv).
In this paper, the value of # is taken to be 1. Thus, the gain
has the same significance as the external quantum
efficiency.”>*” The maximum photoresponsivity R is ~10°> A
W' and gain G is ~10° in this certain device. The high photo-
responsivity results from a large photo gain. This gain is
caused by defects at the SiO,/MoS, interface, defects in MoS,
itself, and molecules such as H,0/O, absorbed on the material
surface.””?' The photoresponsivity of MoS,-based photo-
detectors in recent research studies is shown in ESI Table S1.
In earlier research,®” it was found that the process of carrier
generation, capture and compounding inside the semi-
conductor resulted in the exponent 0 < @ < 1 in I, ~ P*. The
relationship between responsivity and optical power density
was extracted as R ~ P~0~%, This relationship was also found
to be applicable to gain (G). Thus G ~ P* is employed for the
fitting process to investigate the underlying physical mecha-
nisms, with the range of a being —1 < a < 0. The relationship
between I, ~ Pand G ~ P is demonstrated in Fig. S11.1 R ~ P*
and G ~ P* at different gate voltages are shown in Fig. 2d and
e, respectively. With an increase of power, the photo-
responsivity decreases, while the change rule of gain and
photoresponsivity remains consistent, indicating that optical
gain plays a crucial role in the optical response. It is generally
accepted that traps result in significant optical gains.?”*373¢
The photoresponsivity is considered to be predominantly
influenced by defects. The change of gain with optical power
at different gate voltages was fitted with G ~ P?, as illustrated
by the solid line in Fig. 2e. The parameter a was extracted in
order to construct the a ~ Vs curve, as shown in Fig. 2f. When
Ve > =20 V, a decreases with a decrease in Vg. Conversely,
when Vg < —20V, a increases with a decrease in Vg, reaching a
minimum value when Vg is approximately —20 V. From the
transfer curves, it can be obtained that the threshold voltage
Vin is ~—20 V, which coincides with the minimum point of the
a ~ Vg curve. As demonstrated in Fig. S10,1 the variations in
the a values of the remaining devices exhibit a similar trend.
The phenomenon that « varies with Vg can be better explained
using a schematic band model. Fig. 3a-e show the schematic
band model diagrams of the device before and after light illu-
mination at different gate voltages.

When Vg > Vy,, the Fermi level in the dark state is close to
the conduction band and the electron traps are almost all
filled, while a series of unfilled hole traps lies close to the
valence band. Under illumination, several mechanisms con-
tribute to the overall photoresponse as charge carrier exci-
tation, separation, carrier trapping, and recombination. Some
of the holes will be captured by the trap states, thereby
indirectly participating in the electrical conductivity process
and inducing a photocurrent gain.*” The re-arrangement of
electrons and holes under illumination is illustrated in Fig. 3b,

9248 | Nanoscale, 2025, 17, 9245-9252
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which depicts the quasi-electron and hole Fermi levels. The
hole initially occupies the deep energy level trap and sub-
sequently the shallow energy level trap. The deep energy level
trap exhibits a prolonged lifetime and substantial gain,
whereas the shallow energy level trap has a relatively short life-
time and minimal gain.>*® This results in a reduction in gain
with increasing power density. Further decreasing the Vg, the
Fermi level moves away from the conduction band. The hole
quasi-Fermi level after illumination moves further closer to the
valence band, resulting in more hole deep trap levels being
filled and bringing about gain. However, the change of gain is
weak at high optical power due to hole shallow trap levels. So
as Vi decreases, the change in gain with optical power is
more pronounced at low optical power, which leads to a
decrease in a.

When Vg < Vy,, the Fermi level is close to the middle band
gap, resulting in the exposure of electron traps close to the
middle band. These traps act as recombination centers,'®*?
promoting photogenerated carrier complexation and reducing
the gain effect. Under illumination, although the hole quasi-
Fermi level is closer to the valence band, the presence of the
recombination center greatly reduces the carrier lifetime and
diminishes the gain effect. At low optical power, the high
gain effect of the deep energy level is greatly cut down. At
high optical power, some of the photogenerated electrons fill
the traps close to the middle band, which reduces the
number of recombination centers, so that the gain effect of
the shallow trap energy level is not significantly attenuated,
which in turn leads to an increase in a. As the V; decreases,
the recombination centers of the intermediate bandgap
become increasingly dominant, leading to a further
reduction in the gain effect at low optical powers and a con-
tinued increase in a. Therefore, a can be used to characterize
the effect of trap state gain in the optical response: the
smaller the a, the more pronounced the effect of the trap
state gain. Fig. S5 shows the gain of sample-3 at different
gate voltages: at Vg < —25 V, the gain tends to increase and
then decrease with optical power. This is caused by the fact
that the effect originating from the recombination center at
small gate voltage is greater than the trap gain.

In order to further investigate the physical mechanism of
the trap state, the device was placed under the same illumi-
nation conditions with different gate voltages and the same
gate voltage with different illumination conditions for the
optical ON/OFF switching cycles test, as shown in Fig. 3e
and f, and the light switching time was 5 s. The optical ON/
OFF switching cycles of MoS,-based photodetection at the
positive gate voltage are shown in Fig. S4.f Positive gate
voltage modulation results in the Fermi energy levels
approaching the conduction band and the trap energy levels
being filled. This results in a faster speed of response of the
device, but with significantly lower I,,/I¢ To avoid the trap
energy level being occupied by holes and no longer function-
ing after multiple pulses, the first optical ON/OFF switching
cycle was selected for the analysis. The optical ON/OFF
switching cycles were fitted using a biexponential relaxation

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Mechanism and photoresponsivity. Schematic to explain the behavior of trap states under Vg > Vi, and Vg < Vi, respectively. (a) and (b) In
the dark and in light at Vg > V4, respectively. (c) and (d) In the dark and in light at Vg < V4, respectively. (e) Photoresponse of the MoS, phototransis-
tor illuminated with 635 nm light with a power of 50 yW cm™2 for the optical ON/OFF switching cycles under various gate voltages. (f)
Photoresponse of the MoS, phototransistor illuminated with different powers of 635 nm light for the optical ON/OFF switching cycles at —45 V gate
voltage. The solid lines in (g) and (h) are the fitted curves for the first loop in (e) and (f), respectively.

equation,®*™' as illustrated in Fig. 3g and h. The corres-

ponding equations are given as follows:*

t t
Iph =A exp(—;) + A, exp(—T—)
1 2

In the rise edge, the times of the fast process and the slow
process are designated as 74 and 7,4, respectively. The values
of the current changes in these two stages were recorded as Ixp
and Igc, respectively. In the decay edge, the times of the fast
process and the slow process are designated as 74; and 741,
respectively. The values of the current changes in the two
stages were recorded as Icp and Ipg, respectively. The extracted

This journal is © The Royal Society of Chemistry 2025

four-stage currents are shown in Fig. 4 and the times of the
extracted four stages are shown in Fig. S6.1

As illustrated in Fig. 4a, a decrease in « is accompanied by
an increase in Iz, while an increase in « is associated with a
decrease in Izc. These two variables are strongly correlated. I,
is slightly correlated with «; it is not as strong as the corre-
lation observed for the Iy stage. As demonstrated above, « is a
measure of the extent to which trap states contribute to the
current. A reduction in a results in an increase in the contri-
bution of trap states to the current, and vice versa. This implies
that the currents in the AB and BC stage are influenced by trap
states. To investigate the mechanism of the trap states in the
two stages in detail, the photocurrent was extracted at the

Nanoscale, 2025, 17, 9245-9252 | 9249
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and a with gate voltage under illumination at 635 nm at a power of 50 W cm™2. (d) Variation of /55 and /gc with optical power at a gate voltage of

—-45V.

same gate voltage, as illustrated in Fig. 4b. I, increases with
increasing optical power; the higher the optical power, the
more electron-hole pairs are excited, and the larger the
response photocurrent. However, I g exhibits a slight nonli-
nearity with respect to the optical power density, which can be
attributed to the trap state.>'* Additionally, the response
speed of the AB stage is rapid, suggesting that this stage is pre-
dominantly influenced by the gain caused by shallow traps, as
well as photoconductivity effects. On the other hand, Ipc
increases first and then decreases with optical power. This is
due to the fact that at low optical power, deep traps exert a
dominant influence, whereas at high optical power, shallow
traps play a dominant role. Consequently, with an increase of
optical power density, the Izc trend initially rises and sub-
sequently declines."®

The photocurrent in the CD and DE stages is mainly related
to the role of the recombination centers; as the gate voltage
drops at the same optical power, the number of recombination
centers increases, causing the current of the two decline stages
to increase simultaneously, as shown in Fig. 4c. The reason for
the reduction of photocurrent in the two stages is further dis-
tinguished by extracting the photocurrent at the same gate
voltage, as shown in Fig. 4d. For the CD stage, because both
Ing and Igc are small, the falling current |Icp| is minimal at
low power. As the optical power increases, the photocurrent
becomes larger, resulting in more free carriers being rapidly

9250 | Nanoscale, 2025, 17, 9245-9252

trapped by the recombination centers and the falling photo-
current |Icp| increases rapidly. When the optical power con-
tinues to increase, part of the recombination centers is filled
with electrons, resulting in a decrease in the falling photo-
current |Icp|. Therefore, at Vg < Vi, |Icp| shows a trend of first
increasing and then decreasing. When the recombination
centers are completely filled, the carriers trapped in the
shallow trap energy level do not recombine immediately. The
lifetime of the carriers at the shallow trap energy level is
longer than photoexcited electron-hole pairs and at this time,
the current in the CD stage is mainly dominated by the photo-
conductivity effect. Therefore, after illuminating with 100 pm
ecm~?, the number of electron-hole pairs generated by direct
photoexcitation increases and participates in the conductivity,
which leads to an inflection point.

The direct recombination of photogenerated carriers as well
as the recombination center-assisted recombination makes the
recombination fast.**> Due to the existence of the trap level, the
decay time of the DE stage is longer. At low optical power, |Ipg|
is small due to the small photocurrent. As the optical power
increases, the current induced by trap states increases. At a
certain optical power, the trap level was completely filled,
resulting in the current gain no longer increasing. Therefore |
Ing| shows a trend of increasing and then stabilising with
increasing optical power. The speed of response versus gate
voltage is shown in Fig. S7.f Fig. S8 and S97 illustrate the

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Phototransistor metrics. (a) Photocurrent of the MoS, phototransistor at different wavelengths. (b) Response and Igc with wavelength at a

gate voltage of —30 V and an optical power of 300 pW cm™2,

pattern of change between the current and the source-drain
voltage for the four stages of sample-4 at different gate vol-
tages, where |Ipg| at Vg = —35 V shows a decreasing trend with
increasing source-drain voltage. The presence of a consider-
able number of recombination centers at relatively low gate
voltages may be a contributing factor. As the source-drain
voltage increases, the kinetic energy of the free carriers
increases, leading to greater motion and higher probability of
electron complexes. This leads to a significant number of free
carriers being recombined in the CD section, while the current
change in the DE section is reduced.

With all other conditions being the same, different wave-
lengths of laser light were used to irradiate sample-3 and the
corresponding optical ON/OFF switching are shown in Fig. 5a.
The photocurrents in the BC stage under the first pulse of the
optical ON/OFF switching curve at different wavelengths were
extracted and their variations were consistent with the photo-
responsivity. This phenomenon results from the generation of
more photogenerated carriers trapped by trap states in the sen-
sitive wavelength of MoS,. This leads to a positive correlation
between the Ipc and the sensitivity of the material to the wave-
length. It should be noted that since the physical properties of
MoS, are independent of thickness when it exceeds 5
layers,***® we did not investigate the thickness effect in this
study.

Conclusions

In summary, multilayer MoS, photodetectors with a channel
length of 5 pm were prepared. The hysteresis window of trans-
fer increases with decreasing gate voltage and decreases with
increasing optical power due to the increase of the electronic
surface trap states of the device with the drop of gate voltage
and the excitation of the electrons in the trap states to the con-
duction band to participate in the conductivity under light.
The high responsivity of the device, which has a value of
approximately R ~ 10° A W™, can be attributed to the high

This journal is © The Royal Society of Chemistry 2025

gain, which has a value of approximately G ~ 10°, resulting
from the material’s trap state. By fitting G ~ P* and extracting
a at different gate voltages and analysing it in combination
with a schematic band model, it can be concluded that a is a
suitable parameter for characterizing the effect of the trap
state gain in the optical response. Furthermore, it can be
demonstrated that the gate voltage corresponding to the
maximum gain effect is the threshold voltage Vi;,. The optical
ON/OFF switching curves for a given optical power with
different gate voltages and for the same gate voltage with
different optical powers were fitted using a biexponential relax-
ation equation. Furthermore, the physical mechanisms of the
dominant photocurrents in the different stages were analysed
by extracting the current variations in the four stages. The
above analysis method can also be used for the analysis of
other two-dimensional semiconductor optoelectronic devices,
which provides a methodological basis for the surface engin-
eering and defect engineering of two-dimensional opto-
electronic materials. Concurrently, this approach provides a
theoretical foundation for the advancement of two-dimen-
sional semiconductor photodetectors with enhanced respon-
sivity and rapid response times.
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