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Optoelectronic properties of MoSe2 are modulated by controlled annealing in air. Characterizations by Raman spec-
troscopy and XPS demonstrate the introduction of oxygen defects. Considerable increase in electron and hole mobilities
reveals the highly improved electron and hole transport. Furthermore, the photocurrent is enhanced by nearly four orders
of magnitudes under 7 nW laser exposure after annealing. The remarkable enhancement in the photoresponse is attributed
to an increase in hole trapping centers and a reduction in resistance. Furthermore, the annealed photodetector shows a fast
time response on the order of 10 ms and responsivity of 3×104 A/W.
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1. Introduction

Two-dimensional (2D) semiconductor transition metal
dichalcogenides (TMDCs) have attracted considerable interest
for applications in electronics and optoelectronics due to their
superior electrical, optical, and mechanical properties.[1,2] So
far, many efforts have been made to develop 2D TMDCs-
based photodetectors with an ultrafast response, high re-
sponsivity, and broadband response, to broaden the appli-
cations of TMDCs to remote sensing, camera imaging, and
optical communications.[3–6] However, the performance of
TMDCs photodetectors presents a large variation owing to
impurities, scatterings, structural defects, and the metal-
semiconductor contact.[7,8] High-performance photodetector
based on TMDCs, which perform both ultra-fast response and
ultra-sensitivity, remains a significant challenge. Therefore, to
fabricate high-performance photodetectors, an efficient modu-
lation process should be developed.

Optoelectronic properties of 2D TMDCs can be effec-
tively modulated through defect engineering.[8] Several ap-
proaches have been employed to achieve high-performance
TMDC photodetectors, such as oxygen plasma treatment, sur-
face charge transfer doping, ozone exposure, and focused
laser beam treatment.[9–12] The enhancement of optoelectronic
properties can be mainly attributed to the photogating ef-

fect, modulation of trap states, and reduction of Schottky
barriers.[9–12] However, there are still some significant con-
cerns about modulation methods of defect engineering. The
structure of TMDCs can be damaged by oxygen plasma treat-
ment, resulting in the formation of different types of defects
(traps and recombination centers).[9] Carrier recombination
and shallow traps improve the response speed and show short
response time, while the deep traps prolong response time.[13]

For ozone exposure, the formation of self-limiting surface ox-
ides, which serve as effective traps, leads to photogating of the
underlying TMDCs. The charge transfer and trapping process
of the photogating effect can be in the timescale of millisec-
ond or seconds and gives rise to the ultra-high gain. Recent
studies have shown that the high responsivities of ReS2 and
WSe2 transistors are accompanied by a slow response on the
timescale of seconds after oxygen plasma treatment and ozone
exposure, respectively.

Here, we report a high-performance MoSe2 photodetector
with both a high responsivity of 3×104 A/W and fast temporal
response on the order of 10 ms, which is achieved by an air
annealing technique. The photocurrent of MoSe2 is enhanced
by near four orders of magnitudes under 7 nW laser exposure
after annealing due to an increase in hole trapping centers and
a reduction in resistance.
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2. Methods
Multilayer MoSe2 flakes were prepared by mechanical

exfoliation of bulk crystals and then deposited on 285 nm
SiO2/Si substrates. The Raman spectra characterizations
were measured using a LabRAM HR800 Raman system with
532 nm excitation laser. The laser spot size was about 2 µm
by using a 50× objective lens. X-ray photoelectron spec-
troscopy (XPS) was taken using thermalfisher ESCALAB
250Xi. The MoSe2 devices were fabricated by transferring
the Au electrodes.[14] The MoSe2 device was annealed at
135 ◦C under argon gas atmosphere for two hours to improve
the contacts, as shown in Fig. S1 in the supporting informa-
tion.[14,15] Then, devices were annealed at different tempera-
tures (50,100, 150, 200, 250, and 300 ◦C) for one hour (1 h)
under air atmosphere to introduce oxygen defects. Electri-
cal and photoresponse characteristics were measured using a
Keithley 4200A-SCS parameter analyzer in the atmosphere
environment. A laser at wavelength of 532 nm was employed
to attain optoelectronic properties.

3. Results and discussion
In order to investigate the effects of air annealing on

the MoSe2, we first performed Raman spectroscopy and XPS
analyses on MoSe2 films. Fig. 1(a) presents the evolution of
Raman spectra for multilayer MoSe2 before and after air an-
nealing treatment at 250 ◦C and 300 ◦C, respectively. For
pristine multilayer MoSe2, two distinctive Raman modes are
observed, the out-of-plane A1g mode (240.1 cm−1) and the
in-plane E1

2g mode (283.7 cm−1).[16,17] The peak position of
A1g mode is sensitive to the number of layers and doping,
while the E1

2g mode is sensitive to strain.[17–20] We then ex-
tracted the Raman peak shift values in the two peaks as a
function of temperature (Fig. 1(b)). In the case of A1g mode,
blue-shifting (0.8 cm−1) is observed after air annealing, indi-
cating that air annealing causes the stiffening of vibrational
mode. Figure 1(c) presents the zoom-in Raman spectra in the
range around E1

2g mode. Compared with the pristine sample,
the E1

2g mode position shows a little red-shifting (0.3 cm−1),
which indicates that strain may be induced by air annealing.
The Raman spectra of monolayer MoSe2 in Fig. 1(d) indi-
cate that there is blue-shift (0.7 cm−1) in the peak position
of A1g mode, and no layer thinning is induced during the air
annealing process. The blue-shift of A1g mode can be at-
tributed to the charge transfer induced p-type doping caused
by air annealing.[18,19] Vacancy defects of MoSe2 contain dan-
gling bonds, which are active centers for molecular adsorp-
tion. Therefore, O2 can be considered as chemisorbed on the
vacancy defects with much stronger binding energy and intro-
duce p-type doping during the air annealing process.[19] XPS
is used to study the change of MoSe2 structure after air anneal-
ing. Here, a bulk sample is used due to experimental limita-

tions. The XPS spectra of pristine and 250 ◦C annealed MoSe2

are shown in Figs. 1(e) and 1(f). For pristine MoSe2, the dou-
blet peaks at 229.5 and 232.6 eV correspond to Mo4+3d5/2

and Mo4+3d3/2. After annealing, additional doublet peaks are
located at 232.5 and 235.6 eV belonging to Mo6+3d5/2 and
Mo6+3d3/2, indicating the existence of oxygen defects, such
as MoOx.[16] The increase of charge transfer between oxygen
defects and MoSe2 induces p-type doping.

To characterize the air annealing effects on the electri-
cal performance of multilayer MoSe2 FETs, we then fabri-
cated back-gated MoSe2 FET devices and performed current-
voltage measurements (IDS–VGS and IDS–VDS) under an am-
bient environment. At the given VDS of 0.2 V, the transfer
curves (IDS–VGS) of MoSe2 FET (channel length is 10 µm
and width is 8 µm) before and after annealing at different
temperatures are presented in Fig. 2(a). The pristine device
indicates a typical n-type conductance behavior. It has been
known that chalcogen vacancies result in n-type doping of
transition metal dichalcogenides.[10,21–23] With the introduc-
tion of oxygen defects, the p-type doping leads to the lower-
ing of Fermi level, and the hole transport is observed. After
annealing at 250 ◦C, the transfer curve becomes ambipolar
with a higher electron current level. The minimum conduc-
tivity point is moving to the positive direction of gate voltage.
The ambipolar behavior of MoSe2 FET is due to its relatively
smaller bandgap and the introduction of high-concentration
oxygen defects. Figure 2(b) shows the shift of threshold volt-
age (∆VTH) with respect to the value for the pristine curve and
electron concentration as a function of annealing temperature.
The electron concentration is estimated by ne = q−1Cg |VTH|,
where q = 1.6× 10−19 C, VTH is threshold voltage, and Cg =

1.15× 10−8 F·cm−2 for the 300-nm-thick SiO2 layer.[24] Ac-
cording to the formula ∆ne = q−1Cg |∆VTH|, the decrease of
electron concentration in the MoSe2 layer with ∆VTH = 42.8 V
is about 3.0×1012 cm−2 after annealing at 250 ◦C, which in-
dicates that the electrons in the pristine MoSe2 are removed,
and annealing in air leads to p-type doping.

Figure 2(c) shows the field-effect mobility of holes and
electrons versus temperature. The field-effect mobility of the
multilayer MoSe2 is evaluated by µ = L

WCgVDS

∂ IDS
∂VGS

, where
∂ IDS/∂VGS represents the maximum slope extracted from the
linear region of the transfer curves, and L and W are the length
and the width of the conduction channel, respectively. The
electron mobility of the device increases from 7.69 cm2/V·s to
28.73 cm2/V·s after annealing in air at 250 ◦C, revealing the
improved electron transport in the MoSe2 channel due to the
formation of oxygen defects. The chalcogen vacancies can be
partially repaired by oxygen defects during annealing, result-
ing in the reduction of localized states in the bandgap and im-
provement of mobility.[25,26] The hole mobility is calculated
to be 21.43 cm2/V·s after annealing at 250 ◦C. The output
curves (IDS–VDS) of the same device at VGS = 0 V are shown in
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Fig. 2(d) before and after annealing at 250 ◦C. The nonlinear
IDS of pristine MoSe2 versus VDS indicates Schottky barriers
(SBs) for electron transport at the metal/MoSe2 interface. In
contrast, higher current and more ohmic contact behavior are
observed for the annealed device due to repairment of vacan-
cies and reduction in SBs. Therefore, the improved perfor-
mance of MoSe2 FET can be attributed to the reduction of va-
cancies and reduction in contact resistance induced by oxygen
defects. Threshold voltage and electron mobility distributions
of pristine multilayer MoSe2 FETs and these devices after an-

nealing in air at 250 ◦C are plotted in Figs. S2(a) and S2(b).

Figure S3 presents transfer curves of these devices before and

after annealing. The annealed MoSe2 devices possess mobili-

ties and threshold voltages much higher than those of the pris-

tine FETs. However, after further increasing the temperature

to 300 ◦C, the IDS drops as shown in Fig. S4, which illustrates

that MoSe2 FET begins to be damaged. Under such a high

temperature in air, other types of structural defects, such as

cracks,[19,27] can be introduced into the MoSe2.
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Fig. 1. (a) Raman spectra of multilayer MoSe2 before and after annealing in air for 1 h at 250 ◦C and 300 ◦C. (b) Position of A1g and E1
2g as

a function of temperature. (c) The zoom-in Raman spectra in the range around E1
2g mode. (d) Raman spectra of monolayer MoSe2 before and

after annealing in air for 1 h at 250 ◦C. (e) and (f) XPS spectra of the original and annealed MoSe2 at 250 ◦C.

Next, we further evaluated the photoresponse character-
istics at VDS = 1 V and VGS = 0 V of the MoSe2 phototran-
sistor before and after annealing in air at 250 ◦C, which were
recorded with laser-focused on the device at a wavelength of
532 nm (spot size ∼ 2 µm). Figures 3(a) and 3(c) show the
photoresponse of pristine and annealed device under different

laser powers, where positive photocurrents (Iph = Ilight− Idark,
with Idark and Ilight being channel currents under dark and
laser illumination) are observed under laser irradiation. Espe-
cially, the photocurrent increases significantly, e.g., by nearly
three orders of magnitude from 0.4 nA to 438 nA under the
same laser power after annealing for 1 h at 250 ◦C, as shown
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in Fig. 3(b). The photocurrent of MoSe2 phototransistor af-
ter annealing is large enough for direct measurement without
any amplifier, even at a very low laser power (∼ 0.22 pW).
The detection limit of the pristine device is at ∼ 7 nW. Fig-
ure 3(d) presents the photocurrent versus VDS under different
laser powers. A linear dependence of the photocurrent implies
that photoresponse can be effectively tuned by VDS, which is
an attractive feature for imaging applications. The remarkable
enhancement in the photoresponse is proposed to arise from

an increase in hole trapping centers and a reduction in contact
resistance. After annealing, electrons transfer from MoSe2 to
oxygen defects.[19] Then, electrons are localized at the oxy-
gen defects, inducing a positive depletion layer in MoSe2 near
the oxygen defects/MoSe2 interface and the formation of built-
in electric field. The photogenerated electron-hole pairs in
MoSe2 will be separated by built-in electric field: electrons
diffuse toward multilayer MoSe2, while holes accumulate at
the oxygen defects/MoSe2 interface.
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Therefore, oxygen defects can be treated as hole localiza-
tion centers under illumination and result in the photogating
effect. By applying VDS, photogenerated electrons drift and
recirculate in the MoSe2 channel before recombining with the
holes, leading to the high gain of the device.[7] The increase
of electron density and high positive photocurrents in MoSe2

are achieved. Also, reduction in contact resistance facilitates
the transport of the photo-induced charge carriers, leading to
an enhancement in the photocurrent.

The power-law (Iph ∼ Pα ) fits the power-dependent pho-
toresponse (Fig. 4(a)), where Iph is the net photocurrent, P is
the effective illuminated power of the device.[28,29] The pho-
tocurrent of the annealed device has a sublinear relationship
(α = 0.42) with the laser power and saturates at high power,
while that of the pristine device (α = 0.99) continues to in-
crease with laser power. The localization of photogenerated
holes at the oxygen defects/MoSe2 interface leads to a reversed
electric field to balance the equilibrium built-in field. There-
fore, fewer photogenerated electron-hole pairs will be sepa-
rated in the annealed device due to the weaker built-in field

under higher laser power. The photocurrent of the pristine de-
vice increases almost linearly with laser power, demonstrating
that the efficiency of electron-hole pair generations is almost
proportional to the absorbed photon flux.[30] Furthermore, the
carrier recombination is dominated by the Shockley–Read–
Hall process via the large trap states in pristine MoSe2.[28] The
responsivity (R) of the device under different laser powers be-
fore and after annealing is shown in Fig. 4(b), which is defined
as R = Iph/PS in units of A/W, where Iph is the photocurrent,
P is the incident light power density, and S is the active area.
After annealing, the responsivity reaches a value as high as
3×104 A/W at laser power of 0.22 pW. Based on the value of
R, the external quantum efficiency (EQE) under different laser
powers is estimated, as shown in Fig. 4(c). EQE is the ratio
between the number of electron-hole pairs contributed to the
photocurrent and the number of incident photons.[7] EQE of
the annealed device is as high as 7.8× 106% at laser power
of 0.22 pW, which can be attributed to the reduction of carrier
recombination before being collected by the electrodes.[7] Be-
sides the EQE recorded, another key feature for sensitive pho-
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todetection is the detectivity (D∗), which is defined as D∗ =
A1/2R/(2eId)

1/2, where R is the responsivity, A is the area of
the detector, e is the unit of charge, and Id is the dark current.
The calculated D∗ of the device as a function of incident laser
power is shown in Fig. 4(d). The D∗ is greatly enhanced from
1.3×106 Jones to 9.0×108 Jones at a laser power of 7 nW due
to the great increase of photocurrent after annealing in air. At
a low laser power of 2 pW, D∗ is higher than 1011 Jones. This
high D∗ results from the highly efficient charge separation and
large photoconductive gain.[31] Figures 4(e) and 4(f) present
the temporal photoresponse characteristics of the MoSe2 pho-
totransistor before and after annealing. The rising (τr) and
decaying (τd) times extracted between 10% and 90% of the
increasing and decreasing photocurrents are estimated to be
30 ms and 32.4 ms for the pristine device, respectively. Af-
ter annealing, the photoresponse times slightly increase (τr:
30→31.4 ms and τd: 32.4→46.1 ms). Such a fast speed is su-
perior to other TMDCs-based photoconductors with the pho-
togating mechanism.[30,32–34]

4. Conclusion and perspectives
In summary, we have demonstrated a significant enhance-

ment in the photodetection performance of MoSe2 phototran-
sistor after air annealing. Characterizations by Raman spec-
troscopy and x-ray photoelectron spectroscopy (XPS) reveal
the introduction of oxygen defects and the hole doping effect.
Both electron and hole mobilities are considerably increased,
revealing the highly improved electron and hole transport in
the MoSe2 channel. In addition, the photocurrent of MoSe2 is
also enhanced by nearly four orders of magnitudes under 7 nW
laser exposure after annealing in air. The annealed photodetec-
tor shows a responsivity of 3×104 A/W, EQE of 7.8× 106%,
and detectivity of 4.5×1011 Jones. Especially, the photodetec-
tor presents a fast time response on the order of 10 ms after air
annealing. The present study provides a valuable route of fab-
ricating high-performance 2D nanodevices for electronic and
optoelectronic applications.
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