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A B S T R A C T   

The photoconductivity in monolayer MoS2 back-gate transistors is studied as a function of temperature and 
pressure. The photocurrent increases linearly with the light intensity up to a maximum responsivity of ∼30 A/W 
in air. Time-resolved photocurrent measurements confirm that the photoresponse is dominated by the photo-
gating effect. The device shows slow photoresponse with two-time constants that are attributed to the photo-
bolometric effect and the desorption of adsorbates, respectively. An enhancement of the photocurrent is observed 
above room temperature and below the atmospheric pressure, that is, when the photoinduced desorption of 
adsorbates such as O2 and H2O molecules is facilitated. Indeed, the light-induced removal of adsorbates from the 
surface of MoS2 enhances the n-doping level and the current of the channel. Moreover, at lower pressures, the 
reverse mechanism of re-adsorption in dark conditions is suppressed and results in a persistent photocurrent. The 
study clarifies the photocurrent relaxation dynamics and unveils the key role of surface adsorbates in the op-
toelectronic properties of monolayer MoS2 and other similar 2D materials.   

1. Introduction 

Molybdenum disulfide (MoS2) has been the most studied two- 
dimensional (2D) material after graphene. The monolayer MoS2 has 
an hexagonal lattice with covalently bonded S–Mo–S atoms arranged in 
a sandwiched structure with a nominal thickness of 0.65 nm and 
(1.8–1.9) eV direct bandgap [1,2]. A transition from direct-to-indirect 
bandgap and a bandgap reduction is observed while increasing the 
number of layers. The bandgap becomes 1.2 eV in the bulk material, 
where stacked layers are held together by weak van der Waals forces [3]. 

MoS2 is a native n-type material, mainly due to omnipresent 
electron-donating sulfur vacancies [4–8]. However, the doping level and 
conductivity can be strongly modulated by the environment, making 
monolayer MoS2 an outstanding material for chemical and biological 
sensors [9–12]. MoS2 is also a good candidate for post-silicon electronic 
devices as it enables ultrathin field effect transistors (FETs) with on/off 
current ratios up to 108, subthreshold swing close to the theoretical limit 
of 60 mV/decade, and mobility around 200 cm2/V/s at room tempera-
ture [13]. The direct bandgap combined with the excitonic nature is at 

the origin of a strong light–matter interaction that results in a high ab-
sorption coefficient of ~106/cm, that is, about one order of magnitude 
higher than the absorption coefficient of Si and GaAs [14–16]. The op-
tical absorption of visible light by monolayer MoS2 is dominated by the 
direct transition from the valence to the conduction band (A exciton 
peak around 1.86 eV), while the excitonic nature manifests in extra 
absorption peaks like the B peak around 2.0 eV [17–19]. 

Owing to the strong light absorption and the excellent mechanical 
properties [20], monolayer MoS2 has been identified as an ideal material 
for ultrathin and flexible photodetectors, with relatively high light 
conversion efficiency, despite the thin thickness [21,22]. Moreover, the 
short electron–hole and exciton lifetimes in monolayer MoS2, which are 
largely independent of the temperature, can enable photodetectors with 
fast intrinsic temporal response. MoS2 photodetectors with intrinsic 
response times as short as 3 ps, implying photodetection bandwidths as 
wide as 300 GHz, have been demonstrated [23]. However, the dynamics 
associated with photogenerated carriers are strongly affected by gap 
states and the environment. Hence, the photoresponse of MoS2-based 
devices can show a non-unique behavior. For instance, slow or persistent 
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photocurrents, with rise and decay times of several dozen to several 
thousand seconds, are typically measured in back-gate phototransistors 
[24–28]. The slow photoresponse is attributed to the presence of 
intrinsic and extrinsic defects that act as charge-trapping centers [27] 
and to environmental effects [29]. The key role of adsorbates, such as O2 
and H2O, that can be desorbed under illumination, increasing the 
n-doping and the conductivity of MoS2, has been also recognized 
[30–33]. Under illumination, photogenerated holes discharge the 
negative molecules through surface electron–hole recombination, which 
are consequently easily photodesorbed from the surface. Remarkably, 
adsorbed O2 and H2O molecules have been identified as the main cause 
of the negative photoconductivity observed in n-type MoS2 as well as in 
p-type 2D materials like PtSe2 [34–37]. 

Charge trapping in intrinsic or extrinsic defects of MoS2 or chemi- or 
physisorbed adsorbates at the MoS2 surface can generate the so-called 
photogating effect that manifests as a shift of the transfer characteris-
tics and a variation of the threshold voltage with consequent increase in 
the FET current [26]. Under illumination, the photogating effect causes 
a slow photoresponse (∼ 10–100 s) that sometimes overcomes the faster 
photoconductive effect arising from the collection of photogenerated 
electron–hole pairs [26,29,38]. 

Due to the complexity of the involved processes, the photoresponse 
of monolayer MoS2 can be difficult to interpret and requires great 
attention [39]. A study of the photocurrent under controlled tempera-
ture and pressure can help to distinguish among different mechanisms, 
such as, for instance, the role of trap centers and adsorbates. Moreover, 
the dependence of the photoresponse on environmental conditions is a 
prerequisite for the application of MoS2-based photodetectors under 
extreme conditions, such as those encountered in aerospace. Despite its 
fundamental and practical importance, the dependence of photocon-
ductivity on temperature and pressure has been only partially investi-
gated. To fill the gap, herein, we study the photoconductivity in 
monolayer MoS2 at different temperatures and pressures. We show that 
the time-resolved photocurrent is negligibly contributed by directly 
photogenerated electron–hole pairs collected at the electrodes but is 
instead dominated by the slow photobolometric effect and the slower 
photogating effect. The photobolometric effect results in the release of 
electrons from shallow traps, such as sulfur vacancies, under the heating 
induced by photon absorption, while the photogating effect is caused by 
positive charges trapped in intragap levels and the desorption of polar 
adsorbates [40]. More importantly, we find that the photocurrent is 
enhanced while increasing the temperature from room temperature to 
370 K as well as while decreasing the pressure from atmospheric pres-
sure down to 10− 5 mbar. The effect of pressure has been widely dis-
cussed, also in the context of hysteresis in the FET’s transfer 
characteristics [7,41]. Conversely, the temperature behavior of photo-
conductivity in 2D materials has been rarely reported and discussed in 
the literature. 

In the attempt to obtain insights into the dynamics of the trap centers 
that had been invoked to explain a persistent photoconductivity [38], 
Zhang and co-workers investigated the temperature dependence of 
monolayer MoS2 photoconductivity in the temperature range of 300 
K–4.2 K through steady-state and time-resolved photocurrent measure-
ments in vacuum [42]. They observed that the steady-state photocurrent 
decreases from 300 K to 153 K and then becomes weakly dependent on 
the temperature. They attributed such behavior to trapping/detrapping 
of the photogenerated carriers by traps associated with localized defect 
states dominated by the long-range Coulomb potentials at the SiO2/-
MoS2 interface. Since these traps are thermally activated, the tempera-
ture dependence of the photocurrent becomes more prominent toward 
higher temperatures, while the carriers from trap states are frozen and 
do not contribute to the photocurrent at lower temperatures [42]. 
Pulikodan et al. investigated the photoresponse of a film of 
solution-processed few-layer MoS2 nanosheets via time-resolved 
photocurrent measurements in two terminal devices, showing that the 
film exhibited a fast response followed by a slow-rise current under 

continuous illumination [40]. They attributed the slow-rise current ef-
fects to photobolometric and trap-assisted photogating processes and 
highlighted a correlation of the slow-rise current with the vacuum level 
and the temperature in the 11–310 K range. Gustafson and co-workers 
looked at the effect of temperature on the persistent photoconduc-
tivity of monolayer MoS2 in 760 Torr of O2 at 300 K, 230 K, and 160 K 
[43]. They found that the long-lived photoconductivity decreases as the 
temperature decreases, a behavior that they ascribed to photoinduced 
oxygen desorption. When the temperature decreases, fewer oxygen 
molecules desorb from the surface of the MoS2 upon photoexcitation; 
thus, fewer electrons transfer back to the MoS2 causing a reduction of 
persistent photoconductivity [43]. 

Herein, as a complement to previous works, we systematically 
investigate the temperature behavior of MoS2 photocurrent above room 
temperatures, both in vacuum and air, using monolayer MoS2 single 
flakes. We show that the temperature-enhanced photoconductivity can 
be explained by thermally assisted photoinduced desorption of O2 and 
H2O molecules from the MoS2 surface that enhances the n-type doping 
and therefore the conductivity of the MoS2 flake. This study clarifies the 
photocurrent relaxation dynamics and the role of surface adsorbates in 
the optoelectronic properties of monolayer MoS2 flakes and other 
similar 2D materials. 

2. Results and discussion 

2.1. Device fabrication 

MoS2 flakes were grown via chemical vapor deposition (CVD) on a 
highly doped p-type Si substrate covered by 285 nm thermal SiO2. 
Fig. 1a shows an atomic force microscope (AFM) image of a typical flake 
just after the growth process; the height profile in Fig. 1b indicates a 
thickness of about 0.9 nm corresponding to a monolayer [13,44]. The 
MoS2 flakes were further characterized by Raman and photo-
luminescence (PL) spectroscopy. Exemplary spectra of Raman and PL 
characterization are shown in Fig. 1c and Fig 1d. In the Raman spec-
trum, the E1

2g and A1g modes can be clearly identified. The difference in 
their positions is about 21 /cm, in agreement with the value expected for 
monolayers. In the PL spectrum, a strong peak at 1.84 eV and a smaller 
peak at around 1.98 eV, corresponding to the A and B exciton in 
single-layer MoS2, are observed [17,18]. Both results confirm mono-
layered MoS2 [3,45]. We note that small peak position variations in 
Raman as well as in PL spectra can occur because of the CVD growth 
process resulting in slightly strained MoS2 flakes [46–48]. 

Selected flakes were contacted by metal leads of Ni (3.5 nm) and Au 
(75 nm), used as adhesion and cover layers, respectively. Ni was selected 
to achieve ohmic contacts [49] and was deposited by electron beam 
evaporation at a rate of 0.01 nm per second in high vacuum (10− 6 mbar) 
to reduce the contact resistance [50–52]. 

The devices like the ones displayed in the optical image of Fig. 1e are 
made of one or more flakes between each couple of leads. The MoS2 
flakes constitute the channel, whereas the Ni/Au leads are the source (S) 
and drain (D), and the Si substrate is the common back-gate of the FETs 
(Fig. 1f). Although several transistors were fabricated and studied, 
showing similar behavior, in the following most of the electrical char-
acterization refers to the transistor between the leftmost leads, labeled 
as S and D in Fig. 1e and Fig. 1f, connected by a monolayer triangular 
flake forming a trapezoidal channel of length L = 4.1 μm and width W 
decreasing from W1 = 15.6 μm (S) to W2 = 5.6 μm (D) resulting in an 
area of Σ = 43.5 μm2. 

2.2. Conductivity in dark 

Fig. 2a and Fig. 2b show the transistor characterization in terms of 
the output characteristics (drain current vs. drain voltage , Id − Vds, for 
different gate voltages Vgs) and the transfer characteristics (Id − Vgs for 
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Fig. 1. (a) AFM image of a typical monolayer MoS2 flake. 
The peak at the center of the flake corresponds to residual 
MoO3 catalyst that is not always present. The black dotted 
line is used to trace a height profile shown in (b). (c) Raman 
spectrum and (d) PL spectrum of the MoS2 flake. (e) Optical 
image of MoS2 flakes contacted with Ni/Au leads. The MoS2 
flake between the leads labeled as S and D was mostly used 
in this study. (f) Schematic of a back-gate FET with a MoS2 
flake as the channel, metal leads as the source and drain, and 
the Si substrate as the common back-gate.   

Fig. 2. (a) Output characteristics for different Vgs. (b) Transfer characteristics at Vds = 500 mV and pressure of 2 mbar for a forward and a reverse Vgs sweep, on 
logarithmic (black) and linear (blue) scale. (c) Transfer characteristics at Vds = 500 mV, ambient pressure, and for different temperatures. (d) Mobility (black) and 
subthreshold swing SS (red) as a function of temperature. All measurements are performed in dark. 
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fixed Vds) in dark, at room temperature and pressure of 2 mbar. The 
output characteristics show near-ohmic behavior with a slight asym-
metry in the current, pointing to low Schottky barrier contacts [53,54]. 
The decreasing current for negative Vgs is typical of an n-type device. 
Owing to the formation of interfacial metal sulfides, facilitated by the 
presence of defects, Ni constitutes covalent contacts with MoS2 that 
cause Fermi level alignment in the upper part of the MoS2 bandgap [49, 
50,55]. Such a band alignment favors the injection of electrons in the 
channel. The transfer characteristic confirms that the device is a nor-
mally on n-type transistor with a modulation of five orders of magnitude 
over the narrow Vgs = ±3 V range, corresponding to a subthreshold 
swing SS = dVds

d(log(Id)) = 0.6 V/decade. The high current at Vgs = 0 V in-
dicates a high intrinsic doping of MoS2, which is usually attributed to S 
vacancies as sulfur-deficient MoS2 has n-type behavior [4–8]. 

Using the fit of the linear part of the transfer characteristic on a linear 
scale, as shown in Fig. 2b (right), and considering the trapezoidal shape 

of the flake, the mobility is estimated as μ =

1
Cox

L
W1 − W2

ln
(

W1
W2

)(
1

Vds

)(
dId
dVgs

)
= 0.05 cm2/V/s (Cox = 12.11 nF/cm2 is the 

oxide capacitance per unit area). Likewise, a threshold voltage Vth ≈ −

0.4 V can be estimated. The low mobility is consistent with results re-
ported for similar devices and is caused by process residuals, surface 
roughness, interfacial traps, and intrinsic defects (the most common 
defect type in such CVD grown flakes is a sulfur vacancy with a typical 
defect density on the order of 1013/cm2) [56,57], with limited contri-
bution of adsorbates as the measurements are performed at a low 
pressure of 2 mbar [58–62]. 

The transfer characteristics of Fig. 2b exhibit a clockwise narrow 
hysteresis, which is significantly enhanced when the device is exposed to 
air, as shown in Fig. 2c. Hysteresis is caused by charge capture and 
emission processes involving MoS2/SiO2 interface states and fabrication 
residues [63–65]; moreover, the clockwise behavior at room tempera-
ture indicates an important effect of MoS2 intrinsic defects [63], 
consistently with the measured low mobility. The dramatic enhance-
ment of hysteresis upon exposure to air (Fig. 2c) indicates a dominant 
effect of adsorbates, such as O2 and H2O molecules, whose adsorption is 
favored (disfavored) at positive (negative) gate voltage [30,66–68]. 
Fig. 2c shows that the form of the transfer curves remains unaltered 

when the temperature is increased, although both the on and off cur-
rents increase. It can also be observed that the SS, evaluated using the 
reverse sweep, remains constant over the (295–340) K temperature 
range, while the mobility increases slightly (see Fig. 2d), pointing to a 
thermally activated hopping transport mechanism with Coulomb scat-
tering from charged impurities as the main scattering mechanism 
[69–71]. 

2.3. Photoconductivity 

Fig. 3a and Fig. 3b shows the output and transfer characteristics of 
the transistor at room temperature and a pressure of 2 mbar, in dark and 
under illumination by an array of white LEDs producing a light of in-
tensity I = 1.75 mW/cm2 on the device. It can be observed that the 
current increases up to 6 orders of magnitude at negative Vgs, confirming 
the high photoconductivity of MoS2 [25,38,72]. Under illumination, the 
transistor does not switch off, and only a small current modulation is 
observed over the Vgs = ±3 V range. This means that under light the 
transistor undergoes a photogating effect that manifests as a significant 
decrease in the threshold voltage and the left shift of the transfer char-
acteristic with consequent increase of the current [26]. The photogating 
effect has been primarily attributed to charge trapping at the MoS2/SiO2 
interface and to molecules adsorbed on the channel, which give rise to a 
slow photoresponse [26,29]. 

The photocurrent Iph =
⃒
⃒Ilight

⃒
⃒ − |Idark|, where Ilight and Idark are the 

currents under illumination and in dark, respectively, is shown in Fig. 3b 
(dashed blue lines). It can be observed that the maximum photocurrent 
is achieved at Vgs = 3 V. In such condition, the responsivity is R =

Iph
Pin

≈

30 A/W (Pin = IΣ is the power incident on the device). We note that the 
responsivity is consistent with or higher than the responsivities that 
have been reported for similar MoS2 devices [72–75]. 

Fig. 3c shows the time-resolved photocurrent Iph under illumination 
by a laser at different wavelengths, for 240 s long pulses. The mea-
surements were performed at room temperature and in air with the 
grounded gate, that is, above threshold. Indeed, the photocurrent pulses 

can be fitted by a double exponential growth/decay, Iph = I0 + a1 exp
(
−

t− t0
τ1

)
+ a2 exp

(
− t− t0

τ2

)
, with time constants τ1 ∼ 10 s (slow response) and 

Fig. 3. (a) Output characteristics in dark (solid 
curves) and light (dashed curves) for Vgs = 0,± 1 V. 
(b) Transfer characteristics at Vds = 500 mV for for-
ward and reverse Vgs sweeps on logarithmic scale in 
dark (black) and light (red). The blue dashed line is 
the photocurrent Iph. (c) Time-resolved photocurrent 
as a function of wavelength, from 450 nm to 700 nm 
and 20 nm bandwidth (the cyan dashed line repre-
sents a typical double rise/decay fit). (d) Rise and fall 
time constants of the pulses of Figure (c) fitted by a 
double exponential growth/decay.   
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τ2 ∼ 100 s (slower response), respectively (Fig. 3d). 
Three main mechanisms contribute to the photoresponse, namely the 

ultrafast electron–hole direct photogeneration, a slow-response photo-
bolometric effect in which electrons are detrapped from shallow in-gap 
states [40], and a slower-response photogating effect dominated by 
desorption of polar adsorbates and detrapping of electrons from deep 
donor-like in-gap states that get positively charged [76]. These mecha-
nisms are summarized in Fig. 4a and Fig. 4b. 

The double exponential fit with long τ1 and τ2 time constants in-
dicates that photobolometric and photogating effects with slow and 
slower response, respectively, are the dominant mechanisms in time- 
resolved photoresponse [76]. We remark that similar τ1 and τ2 time 
constants have been reported before and have been consistently attrib-
uted to trap states in the bandgap caused by sulfur vacancies and 
adsorption of oxygen, respectively [24,28,42]. The time constants of the 
optical direct transitions, which should result in a photoresponse with 
characteristic times below the ns regime [23,77], are not resolved in our 
measurements limited by a sampling rate of few Hz. 

The shorter time constant τ1 can be attributed to photobolometric 
electron detrapping (Fig. 4b) from shallow intragap states caused by 
sulfur vacancies and other defects or impurities [78], that can be 
significantly slower than the direct electron–hole pair photogeneration 
[38]. As these defects are inadvertently introduced during the fabrica-
tion process, this time constant can depend on the synthesis method and 
can vary from device to device. 

The maximum photocurrent, Iph,max, extracted from the data of 
Fig. 3c by averaging the photocurrent in the time interval 320–340s, that 
is, at the end of the light pulse, as a function of the wavelength shows a 
peak with a maximum at 571 nm (Fig. 4c), corresponding to 2.17 eV, an 
energy higher than the A and B optical absorption peaks of monolayer 
MoS2 (as shown in Fig. 1d). A blue shift of the optical bandgap, around 
50 meV, can be caused by tensile strain, for instance, induced by either 
the CVD process or the metal contacts [79–81]. However, this is small to 
account for the observed blue shift. Therefore, the observed photocur-
rent cannot be easily explained by direct band-to-band transitions. Be-
sides, the short lifetime of photogenerated carriers and the measured 

low mobility do not favor the direct collection of photogenerated elec-
tron–hole pairs at the metal leads. Remarkably, the measured photo-
conductivity peak is in the 1.9–2.4 eV range of physio-adsorption energy 
of O2 and H2O on defective MoS2 as estimated by DFT calculations (we 
note that the adsorption energy of O2 on perfect MoS2 is much lower, 
∼-10 meV) [32,82–84]. Moreover, numerical calculations have indi-
cated that the optical absorbance of MoS2 is affected by the phys-
isorption of the O2 and H2O molecules on both defective and pristine 
surfaces [85,86]. These facts, combined with the measured long rise and 
decay times, lead to the conclusion that the long-time evolution of the 
photocurrent can be dominated by light-induced desorption of 
adsorbates. 

As depicted in Fig. 4a, when O2 and H2O molecules are physisorbed 
on the MoS2 surface, electrons are transferred from MoS2, producing a p- 
doping effect, that is, a decrease in the MoS2 conductivity [31,85,87]. 
The electron transfer occurs from Mo 4d orbitals to the 2p orbitals of the 
O2, with a reaction like e− + O2→ O−

2 . The strong Coulomb attraction 
between O−

2 and Mo4+ ions can result in the chemical adsorption bond, 
especially on defective sites. As shown in Fig. 4a and Fig. 4b, light in-
duces interband transitions and excites electrons from the 2p orbitals of 
the O−

2 back to the Mo 4d orbitals (O−
2 → O2 + e− ). The temporarily 

neutralized O2 molecules can easily desorb from the MoS2 surface, thus 
causing an increase in the electron density and the conductivity of the 
MoS2 layer. The photoexcitation and photodesorption processes are 
inevitably accompanied by the recombination and re-adsorption; 
therefore, they require a long illumination time to yield a current rise, 
thus justifying the longer τ2 time constant. 

The above-described mechanism applies also to physisorbed water. A 
laser irradiation can sweep away the H2O adsorbed on the MoS2 surface 
resulting in enhanced conductivity. 

Defects largely impact the adsorption rate of O2, H2O and other 
molecules. The density of defects, obviously desired as low as possible, is 
rather uncontrollable unless the defects are intentionally introduced. 
This uncontrollability introduces large fluctuations in the distribution of 
the above-mentioned longer τ2 time constant. 

Fig. 4. (a) Adsorption and desorption of O2 and H2O with charge transfer mechanisms. (b) Band diagram showing the main mechanisms involved in the MoS2 
photoresponse: direct electron–hole photogeneration, photobolometric effect, photogating effect, detrapping of electrons, and desorption of O2 molecules. (c) 
Maximum photocurrent as a function of wavelength with Gaussian fit (red line). (d) Time-resolved photocurrent as a function of temperature for light pulses of fixed 
intensity and duration, as well as 500 nm wavelength. 
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Obviously, the impact of adsorbates on the rise and decay time 
constants can be minimized in devices with passivated or incapsulated 
MoS2, for instance, with methylamine halide [88] or hexagonal boron 
nitride [76], where a fast photoresponse has been reported. 

2.4. Photoconductivity vs temperature 

We investigated the photocurrent at different temperatures, from 
room temperature to 370 K, with the device in air exposed to light pulses 
of fixed power/duration and 500 nm wavelength. Fig. 4d shows that the 
photocurrent increases with the temperature. We point out that the ef-
fect of temperature on the dark current Idark is not included in the plot as 
only the photocurrent Iph is displayed. To gain more insight, we checked 
the behavior of the photocurrent with light at λ = 600 nm, that is, at a 
wavelength closer to the maximum photoresponse. Fig. 5a confirms that 
the photocurrent depends on temperature and is enhanced at higher 
temperatures. The phenomenon is reversible as the photocurrent de-
creases with the decreasing temperature, as shown in Fig. 5b. The 
maximum photocurrent, taken around the end of the light pulse, is 
displayed in Fig. 5c for both increasing and decreasing temperature and 
shows that the photocurrent is not characterized by any obvious hys-
teresis over a temperature loop. 

The comparison of the temperature behavior of the dark current and 
the maximum photocurrent (see slopes in Fig. 5d) shows that the 
photocurrent, especially at λ = 600 nm, is much more sensitive to 
temperature than the dark current. 

The dark current increases with temperature because of thermal 
generation or excitation of charge carries from trap states, or simply due 
to the enhanced carrier injection from the contacts [89]. The very low 
slope of Idark as shown in Fig. 5d demonstrates that these processes are 
marginally increased by temperature in the 290–370 K range. 
Conversely, the maximum photocurrent shows a linear increase with 
temperature, that is, significantly higher, by more than a factor of 10, 

when the light has energy close to the MoS2 bandgap and O2/H2O 
adsorption energy. 

The enhancement of the photocurrent with temperature can be 
explained by a combined effect of the thermal and optical energies that 
contribute to the detrapping of carriers and desorption of adsorbates. At 
a given photoexcitation, more O2 and H2O molecules desorb from the 
surface of the MoS2 as the temperature increases; hence, more electrons 
are available for conduction. 

The temperature-dependent photoinduced adsorbate desorption 
should be facilitated by the decreasing pressure. Hence, the enhance-
ment of photocurrent by temperature is expected to be more pronounced 
at low pressure. This is confirmed by the measurements as shown in 
Fig. 6 that reports the time-resolved photocurrent vs temperature at low 
pressure, namely 10− 5 and 2 mbar. 

While the temperature-enhanced photoconductivity is confirmed in 
vacuum, it can be observed that under white laser pulses of fixed power/ 
duration the photocurrent is higher at 10− 5 mbar than at 2 mbar (Fig. 6a 
and Fig. 6b). This confirms that the lower pressure facilitates the light/ 
temperature-induced desorption process. Moreover, there is a different 
long-time photocurrent dynamics as a persistent photoconductivity is 
observed at low pressure [25,27,90,91]. In vacuum, desorbed adsor-
bates are removed from the chamber, which make the re-adsorption 
process very slow and prevent the current returning to the initial 
state. Indeed, the inset of Fig. 6a and Fig. b show a gradual increase of 
the dark current for repeated light pulses because very long times are 
needed to achieve the pristine state. Fig. 6c compares the currents at 
three different pressures (ambient, 2 mbar, and 10− 5 mbar) and sum-
marizes the key aspects of the process: at a given temperature, the 
photoinduced desorption of adsorbates is more effective at lower pres-
sure, resulting in a higher photocurrent; likewise, the photocurrent 
decay is slower at lower pressure because the reverse process of 
re-adsorption is suppressed. Again, the transient photocurrent at low 
pressure is well fitted by a double exponential decay. Fig. 6d highlights 

Fig. 5. Time-resolved photocurrent at 600 nm wavelength for (a) increasing and (b) decreasing temperature. (c) Maximum photocurrent at 600 nm for increasing 
(black) and decreasing (red) temperature. (d) Maximum photocurrent as a function of temperature in dark (black) and under 500 nm (red) and 600 nm (blue) light. 
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that in vacuum the decay times are extended because the re-adsorption 
process is strongly suppressed. 

Finally, turning our attention to practical applications, a sensitive 
photodetector, which can also distinguish different light intensities, is 
highly desirable. To demonstrate this, Fig. 6e shows that for the device 
under study, the maximum photocurrent is a linear function of the laser 
power. Moreover, as shown in Fig. 6f, the photocurrent is a power law 
function, with an exponent of 0.6, of the light exposure time, enabling 
the control of the exposure time. The power law behavior is typical of 
gas sensors and can be explained by the heterogeneous (Freundlich) 
adsorption, further confirming the key role of adsorbates in the MoS2 
photoresponse [92–94]. 

The power and exposure time dependence of the photocurrent con-
firms that monolayer MoS2 can be used in photodetectors with extended 

functionalities. 

3. Conclusions 

Back-gate monolayer MoS2 transistors with Ni/Au contacts have 
been fabricated and characterized. Their photoconductivity has been 
studied as a function of temperature and pressure. It has been shown 
that the time-resolved photocurrent behavior is dominated by slow 
photobolometric and slower photogating effects that are attributed to 
charge trapping/detrapping by shallow and deeper intragap states as 
well as to desorption of polar adsorbates. Above room temperature, the 
photocurrent is enhanced by increasing temperature and decreasing 
pressure. The temperature dependence of photoconductivity can be 
explained by photoinduced desorption of adsorbates, such as O2 and 

Fig. 6. Time-resolved photocurrent under white light pulses of fixed power (2 mW) and duration, at different temperatures and pressure (a) 10− 5 mbar and (b) 2 
mbar. The insets in (a) and (b) show the current vs. time for consecutive light pulses. (c) Time-resolved photocurrent at different pressures and 375 K temperature. 
The cartoons show adsorption (top) and desorption (bottom) of molecules from the MoS2 surface. (d) Time constants τ1 and τ2 from a double rise/decay exponential 
fit of the photocurrent at 10− 5 mbar (Figure a) and 2 mbar (Figure b). (e) Maximum photocurrent as a function of the white light power (as a fraction of the maximum 
laser power) for pulses of fixed duration. (f) Maximum photocurrent as a function of the exposure time for a given white light power. The insets in (e) and (f) show the 
time-resolved photocurrent. 
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H2O molecules, that enhance the n-doping level of the MoS2 channel. 
Such a process is facilitated at low pressure, which also suppresses the 
re-adsorption mechanisms, thus yielding a persistent photocurrent. 

This study has clarified how intrinsic defects and adsorbates on the 
MoS2 surface play a key role in the temperature behavior of the time- 
resolved photoresponse of the material. The conclusions can be easily 
extended to other 2D materials. 

4. Experimental section/methods 

MoS2 flakes were grown via CVD over a highly doped p-type Si 
substrate (resistivity 0.001–0.005 Ω cm) covered by 285 nm thermal 
SiO2 that was spin coated with a 1% sodium cholate solution. The 
growth was performed in a three-zone split tube furnace. The O2 content 
of the furnace was minimized via a 15 min purging process with 1000 N 
cm3/min Ar gas flow. A total of 50 mg of S powder were positioned in 
the upstream heating zone at 150 ◦C. MoO3, which is used as the source 
for molybdenum, was obtained from a saturated ammonium heptamo-
lybdate (AHM) solution initially annealed at 300 ◦C under ambient 
conditions and placed in the next downstream zone at 800 ◦C. During 
the process, 500 N cm3/min of Ar gas was flown through the quartz tube. 
The growth process lasted 15 min and was followed by a rapid cooling. 
At a temperature of around 100 ◦C, the samples were retrieved from the 
oven. The resulting MoS2 triangular or star-shaped flakes are typically 
monolayers (in some areas also few-layer MoS2 grows) of the 2H phase, 
as shown by the respective Raman spectra (see Fig. 1a) and HR-STEM 
measurements [95]. 

The AFM image of MoS2 flake, see Fig. 1a, was acquired by using a 
Nanosurf A.G. microscope. The Raman and PL measurements were 
performed with a WITec alpha300 RA confocal Raman spectrometer. All 
measurements were performed with an excitation wavelength of 532 nm 
and with an output power of 0.5 mW. Grid sizes were switched between 
300 g/mm for PL spectra and 1800 g/mm for Raman spectra measure-
ments (see Fig. 1c and Fig. 1d). For the device fabrication, the Ni was 
used for the metal contacts. The metal’s patterning was carried out 
through standard photolithography and lift-off processes (see Fig. 1e 
and Fig. 1f). 

The electrical measurements were performed using a cryogenic 
probe station with pressure control down to 10− 5 mbar and endowed 
with four metallic nanoprobes, connected to a Keithley 4200 semi-
conductor characterization system (Tektronix Inc.). The photoresponse 
was investigated under the illumination by an array of white LEDs or by 
a supercontinuum white laser (SuperK COMPACT by NKT Photonics) 
with a maximum power of 110 mW, wavelength in the range 450–2400 
nm, and 1 mm beam diameter. Light at a given wavelengths was selected 
using a monochromator (Sciencetech Inc.) with 20 nm bandwidth. 
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