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Two-dimensional transition-metal dichalcogenides are considered as promising candidates for next-
generation flexible nanoelectronics owing to their compelling properties. The photoelectric performance
of a photodetector based on CVD-grown 2D MoS, was studied. It is found that annealing treatment can
make the photoresponsivity and specific detectivity of the CVD-grown 2D MoS, based photodetector
increase from 0.1722 A W~! and 10'*%® Jones to 0.2907 A W™ and 10*%* Jones, respectively, while
vulcanization can make the rise response time and fall response time decrease from 0.9013 s and 2.173 s
to 0.07779 s and 0.08616 s, respectively. A method to determine the O-doping concentration in the
CVD-grown 2D MoS; has been obtained. The criterion for the CVD-grown 2D MoS, to transition from
an oxygen-doped state to a pure state has been developed. A mechanism explaining the variation in the

Received 7th December 2020 photoelectric performance of the CVD-grown 2D MoS, has been proposed. The CVD-grown 2D MoS,

Accepted 23rd December 2020
and the annealed CVD-grown 2D MoS; are oxygen-doped MoS, while the vulcanized CVD-grown 2D
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Introduction

Since graphene was discovered in 2004, increasing attention
has been attracted to two-dimensional (2D) materials due to
their unique structures and excellent properties.>* Nonetheless,
graphene has no bandgap, which severely restrains its in-depth
development in application fields.* Therefore, it is necessary to
find an alternative material that shares similar properties with
graphene but bears bandgaps. In this regard, some new 2D
materials, such as hexagonal boron nitride (h-BN), black
phosphorus and transition-metal dichalcogenides (TMDs), have
been successively discovered.>™®

Due to the direct bandgap in monolayer forms, TMDs exhibit
great opportunities for the preparation of optoelectronic
devices.®** Moreover, the properties of TMDs can be improved
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differences in the O-doping concentration and the bandgap.

by chemical doping," surface plasmonic enhancement,*® defect
engineering,** surface nano-rugging,™ vertical growth,' heter-
ojunctions' and so on.

As a type of TMD, molybdenum disulfide (MoS,) has aroused
extensive attention in recent studies due to its outstanding
electronic, photoelectric and energy harvesting performances.
MoS, has a bandgap of 1.3 to 1.8 eV for the bulk and the
monolayer crystal with the possibility of achieving a variable
bandgap by tuning its layers.'®* Monolayer MoS, features a direct
bandgap, high exciton binding energy, and remarkable photo-
luminescence excitation (PLE) spectroscopy, enabling it to be
widely applied in the photoelectric industry, such as in the
preparation of photodetectors, light emission diodes, photo-
transistors, solar cells,">* etc. Moreover, combining MoS, with
other semiconductors results in an efficient charge separa-
tion,* high electron transfer rate, and increases the solar light
absorption.””

Various methods for the synthesis of MoS, nano-structures
have been reported, including chemical vapor deposition
(CVD),"”** hydrothermal,® sputtering methods,> etc. Among
them, the hydrothermal method is suitable for the large-scale
preparation of few layered MoS, and a MoS, nanosphere,
while the sputtering method can grow wafer-scale MoS, layers.
Compared with the hydrothermal and sputtering methods, the
chemical vapor deposition method is favored by its capacity to
cultivate high-quality and large-size monolayer MoS,. A lot of
experimental research has been carried out on the photoelectric

© 2021 The Author(s). Published by the Royal Society of Chemistry
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performances of photodetectors based on the CVD-grown
monolayer MoS,. The reported photoelectric performances of
CVD-grown monolayer MoS, vary greatly.***® However, the
mechanism for the variation in the photoelectric performance
of the photodetector based on the CVD-grown monolayer MoS,
are unclear at present.

In this paper, the mechanism for the variation in the
photoelectric performance of the CVD-grown 2D MoS, has been
revealed by studying the effects of annealing treatment and
vulcanization on the photoelectric performance as well as the O-
doping concentration in the CVD-grown 2D MoS, and the CVD-
grown 2D MoS, after annealing treatment and vulcanization.

Results and discussion
Morphology and structure of the MoS, crystal grown by CVD

Fig. 1 shows the morphology, Raman spectrum, and photo-
luminescence spectrum of the MoS, sample prepared with
chemical vapor deposition. As shown in Fig. 1a, the geometrical
shape of CVD-grown MoS, under the scanning electron micro-
scope (SEM) is a regular triangle with a dimension of 93 um.
Raman spectra based on the inelastic scattering of photons
can be used to investigate the internal structural properties of
solids, liquids and gases. The peak of MoS, on the Raman
spectrum is related to the layer number.*”** As the layer number
of MoS, decreases, the peak E;, corresponding to the horizontal
in-plane vibration of the sulfur atoms is seen with a blue shift,
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and the peak A;, corresponding to the vertical vibration of
sulfur atoms presents a red shift.*® Consequently, the wave
number difference between A;, and Eig decreases with
a decreasing layer number of MoS,. The values of the wave
number difference between A, and Eég for monolayer MoS,,
two layer MoS, and three layer MoS, are 18.8-19.2, 22.3-23.9
and 24.4-24.5 cm™ ', respectively.***! Fig. 1b shows the Raman
spectrum of the sample. The peak at the wave number of
416.5 cm ™! is the characteristic peak for the sapphire substrate.
The Ej, peak of the sample occurs at the wave number of
384.7 cm™!, while the A, peak occurs at the wave number of
403.8 cm L. It can be calculated that the wave number differ-
ence between A;, and Ej, for the sample is 19.1 ecm ™, which is
well in the region for monolayer MoS,. So, the sample can be
identified as the monolayer MoS,.

The photoluminescence (PL) is used to characterize the
defects, impurities and luminescent properties of semi-
conductors. The bulk MoS, is a semiconductor with an indirect
bandgap of about 1.2 eV and no fluorescence characteristic
peaks** As MoS, changes from the bulk into few-layers or even
a monolayer, the indirect bandgap evolves into a direct
bandgap, with the fluorescence efficiency greatly enhanced. The
PL spectrum of monolayer MoS, consists of a single narrow
feature of 50 meV width, centered at 1.90 eV.** Fig. 1c¢ shows the
PL spectrum of the sample. It can be seen that a strong peak
presents at a wavelength of 692.7 nm, which is the characteristic
peak of the sapphire substrate. Another peak presents at
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Fig. 1 The morphology, and Raman and photoluminescence spectra of a MoS, crystal sample prepared via CVD: (a) morphology; (b) Raman
spectrum; (c) photoluminescence spectrum; and (d) the morphology of MoS; transferred onto the PDMS substrate.
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a wavelength of 662.4 nm. According to the equation between
wavelength A and photon energy E (E = fic/A, where ¢ is the speed
of light, 7 is Planck constant), we can obtain that the value of E
corresponding to A = 662.4 nm is 1.87 eV, which is very close to
that of the reported photon energy** for monolayer MoS, (1.90
eV). The result of the PL spectrum further confirms that the
MosS, crystal obtained in this paper is monolayer MoS,.

The photoelectric performance of a photodetector based on
the CVD-grown 2D MoS, and a PDMS substrate

Fig. 1d shows the morphology of MoS, transferred on the PDMS
substrate observed by optical microscopy. It is seen that the 2D
MoS, between metal electrodes is relatively complete. To
embody the flexibility feature of the PDMS flexible substrate, the
flexible device was attached to a cylindrical glass rod with
a diameter of 2 cm and then tested for photosensitivity. Fig. 2a
shows the effect of illumination intensity on the photoresponse
of the photodetector based on 2D MoS, and a PDMS substrate at
a wavelength of 405 nm. It can be perceived that a higher illu-
mination intensity corresponds to higher light currents. This is
because, with the increasing illumination intensity, more
photo-induced electrons are generated to serve as carriers.
Fig. 2b shows the effect of wavelength on the current-voltage
characteristics of the photodetector based on 2D MoS, and
a PDMS substrate at an illumination intensity of 15.73 W cm 2.
It can be seen that the 2D MoS,-based photodetector responds
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to light in the wavelength region from 405 nm to 650 nm, which
means that the 2D MoS, can respond to visible light. However,
as shown in Fig. 2b, the light current at a wavelength of 405 nm
is higher than those at wavelengths of 520 nm and 650 nm.
With regression analysis of the data of currents tested at
different bias voltages using Excel, the relational expression
between the current I and the bias voltage V can be acquired:

I=aVv’ (1)

where a and b are constants for a given illumination intensity
and a given wavelength. The fitting expressions between the
current I and the bias voltage V for different illumination
intensities and wavelengths are listed in Fig. 2a and b, respec-
tively. It was found that all the R-square values of the fitting
expressions are higher than 0.98, which indicates the fitting
expressions are dependable.

Fig. 2c and d show the ratios of the light current 7 to the dark
current Iy at a wavelength of 405 nm and an illumination
intensity of 15.73 W cm ™2, respectively. It can be seen that the
ratio of I; to I increases with increasing bias voltage and illu-
mination intensity. As the illumination intensity is constant,
the ratio of I; to I4 decreases with increasing wavelength in the
bias voltage region from 0 V to 1.1 V. As the bias voltage is
higher than 1.1 V, the ratio at a wavelength of 405 nm is higher
than those at wavelengths of 520 nm of 650 nm. However, the
ratio at a wavelength of 520 nm is lower than that of 650 nm.
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Fig.2 The dependence of the current on the bias voltage of a photodetector based on the CVD-grown 2D MoS; and a PDMS substrate: (a) the

current at a wavelength of 405 nm, (b) the current at an illumination intensity of 15.73 W cm
a wavelength of 405 nm, and (d) the ratio of light current to dark current at an illumination intensity of 15.73 W cm
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The photoresponsivity (R) and specific detectivity (D*) are the
key parameters to predict the sensitivity of a photodetector. The
photoresponsivity and specific detectivity can be calculated
according to the following equations:

L—1I
R=

SE;

| S
D* = Ry|—
2€1d (3)

where F; is the illumination intensity, S is the effective illumi-
nated area of MoS,, e is the elementary charge (e = 1.6 x 10~ *°
C), and I and I4 are the light current and the dark current,
respectively.

As shown in Fig. 2c and d, when the bias voltage is higher
than 0.2 V, the ratio of I; to I is higher than 10°. When the ratios
of I, to I, are higher than 103, it can be calculated that the error
is lower than 0.1% if the term I; — I4 in eqn (2) is replaced by I,.
Therefore, for the photodetector based on 2D MoS, and a PDMS
substrate, the term I; — I3 in eqn (2) can be replaced by I; when
the bias voltage is higher than 0.2 V, thus

(2)

R~ - (@)

Substituting eqn (4) into eqn (3), the following expression
can be obtained:
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The effective illuminated area for the photodetector in Fig. 2
is 65 um”. Substituting the fitting expressions between the
current I and the bias voltage V into eqn (4) and (5), we can
obtain the photoresponsivity R and specific detectivity D* of the
photodetector based on 2D MoS, and the PDMS substrate. Fig. 3
shows dependences of R and D* on V for the photodetector. It
can be seen that the values R and D* increase with increasing V
and E;. As the illumination intensity is a constant, R and D*
decrease with increasing wavelength when the bias voltage is
lower than 1.1 V. As the bias voltage is higher than 1.1 V, the
values of R and D* at a wavelength of 405 nm is higher than
those at wavelengths of 520 nm and 650 nm. However, the
values of R and D* at a wavelength of 520 nm are lower than
those at 650 nm.

Fig. 4a shows the current-time curves for the photodetector
at a bias voltage of 9 V. In terms of the current-time curves, we
can obtain not only the photoresponsivity R and the specific
detectivity D* but also the rise response time ¢, and the fall
response time g, Table 1 lists the values of R, D*, ¢ise and gy
calculated according to Fig. 4a, and eqn (4) and (5). It can be
seen that R, D*, t;is. and tg, increase with decreasing E;.
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Fig.3 The dependence of the photoresponsivity and specific detectivity on the bias voltage of the photodetector based on 2D MoS; and a PDMS
substrate: (a) the photoresponsivity at a wavelength of 405 nm; (b) the photoresponsivity at an illumination intensity of 15.73 W cm?; (c) the

specific detectivity at a wavelength of 405 nm; and (d) the specific detectivity at an illumination intensity of 15.73 W cm
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From regression analysis of the tested data of R, D*, ¢, and
tran at different illumination intensities by Excel, the following
expressions can be acquired:

R = 0.5354E7%%% (A W) [R® = 0.9942] (6)
D* = 10 B E%39%0 (Jones) [R? = 0.9942] 7)
fise = —1.063 In(E;) + 4.037(s) [R* = 0.9960] (8)
teant = —1.559 In(E) + 6.623(s) [R? = 0.9903] 9)

Fig. 4b and c show the dependences of R, D¥, ¢is. and g, on
E;. In Fig. 4b and c, the blank solid circles are the calculated
results according to Fig. 4a and eqn (4) and (5), while the red
solid circles are the calculated results according to Fig. 2a and
eqn (1) and (2). The curves are the predicted results from the
fitting expressions (6) and (7) based on Fig. 4a and eqn (4) and
(5). Obviously, the calculated values of R and D* according to
eqn (1) and (2) and the current-bias voltage curves in Fig. 4a are
in agreement with the predicted results from the fitting
expressions (6) and (7) are based on the current-time curves.

Effects of annealing treatment and vulcanization on the
photoelectric performance of CVD-grown 2D MoS,

The annealing treatment of the 2D MoS,-based photodetector
was performed in a quartz tube furnace. After the furnace was
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Table 1 The performance metrics of the photodetector based on 2D
MoS, and a PDMS substrate at a bias voltage of 9 V and a wavelength of
405 nm

E; (W cm™?) R(mAW™) D* (Jones) trise (5) tran (8)
26.21 0.1508 100 0.5505 1.615
20.97 0.1548 1061 0.9013 2.173
15.73 0.1807 10467 1.151 2.461
10.48 0.2230 10477 1.503 2.748
5.242 0.2661 101484 2.307 3.868
1.747 0.3922 1070t 3.202 5.332
0.1747 1.127 10547 6.011 9.639

evacuated to 10~ **' atm by a mechanical pump and then filled

with argon (purity = 99.9%) to atmospheric pressure, the 2D
MoS,-based photodetector was heated to 473 K and held for 30
minutes with the argon continuously injected at a constant rate
of 70 sccm to maintain the argon pressure in the furnace over
atmospheric pressure. Fig. 5a shows the effect of annealing
treatment on the current-time curves of the photodetector
based on the CVD-grown 2D MoS, at a bias voltage of 9 Vand an
illumination intensity of 20.97 W ecm ™.

According to the current-time curve in Fig. 5a, the light
current I;, the rise response time ¢, and the fall response time
tran can be determined. In terms of the light current 7, in Fig. 5a
and the dark current /4 in the current-bias voltage curve, the
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Fig. 4 Effects of the illumination intensity on the performance metrics of the photodetector based on 2D MoS, and a PDMS substrate at a bias
voltage of 9 V: (a) current—time curves; (b) responsivity; (c) specific detectivity; and (d) the rise response time and fall response time.
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photoresponsivity R and the specific detectivity D* can be ob-
tained. Table 2 lists the determined values of I, I3, R, D¥*, t;ise
and tg,); of the photodetector based on the annealed 2D MoS,. It
can be seen that the annealing treatment can significantly
increase the light current, the photoresponsivity and the
specific detectivity of the photodetector based on the CVD-
grown 2D MoS,. After the annealing treatment, the light
current, photoresponsivity and specific detectivity of the
photodetector based on the CVD-grown 2D MoS, had increased
from 2347 pA, 0.1722 A/W and 10'*°° Jones to 3962 pA, 0.2907
A/W and 10"*®* Jones, respectively. However, the annealing
treatment has an adverse effect on the response time. After the
annealing treatment, the rise response time ¢;s and the fall
response time ¢, increased from 0.9013 s and 2.173 s to 3.593
and 6.531 s, respectively.
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The vulcanization of the photodetector based on the CVD-
grown 2D MoS, was performed in the same furnace as that in
the annealing treatment experiment. After the furnace was
evacuated to 10 %" atm by a mechanical pump and then filled
with argon (purity = 99.9%) at a constant rate of 70 sccm to
maintain the argon pressure in the furnace over atmospheric
pressure, the photodetector based on the CVD-grown 2D MoS,
and 0.3 g of sublimed sulfur was heated to 473 K and held for 30
minutes. Fig. 5b shows the current-time curve of the photode-
tector based on the vulcanized 2D MoS, at a bias voltage of 9 V
and an illumination intensity of 20.97 W cm 2.

In terms of the current-time curve in Fig. 5b, the light
current [, the dark current I, the photoresponsivity R, the
specific detectivity D*, the rise response time ¢ and the fall
response time g of the photodetector based on the vulcanized
2D MoS, can be determined. The determined values of I, Iy, R,

(b)
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Fig. 5 Effects of annealing treatment and vulcanization on the photoelectric performance of CVD-grown 2D MoS,. (a) The effect of annealing
treatment on the current at an illumination intensity of 20.97 W cm™2 and a bias voltage of 9 V. (b) The current at an illumination intensity of
20.97 W cm™2 and a bias voltage of 9 V for the vulcanized MoS,. (c) The effect of annealing treatment on the photoluminescence spectrum. (d)

The effect of vulcanization on the photoluminescence spectrum.

Table 2 Effects of annealing treatment and vulcanization on the performance metrics of the photodetector based on 2D MoS, and a PDMS

substrate at a bias voltage of 9 V and an illumination intensity of 20.97 W cm

-2

Conditions I (pA) 14 (nA) R (W cm™?) D* (Jones) trise (S) tean (S)
CVD-grown 2347 2.996 0.1722 1019 0.9013 2.173
Annealing 3962 5.894 0.2907 101484 3.593 6.531
Vulcanization 0.05508 107244 107497 10'038 0.07779 0.08616

© 2021 The Author(s). Published by the Royal Society of Chemistry
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D*, t,ise and tgyy of the photodetector based on the vulcanized 2D
MoS, are listed in Table 2. It shows that vulcanization can
decrease the light current, dark current, photoresponsivity and
specific detectivity of the photodetector based on the 2D CVD-
grown MoS,. After vulcanization, the light current, dark
current, photoresponsivity and specific detectivity of the
photodetector decreased from 2347 pA, 2.996 pA, 0.1722 A/W
and 10'*® Jones to 0.05508 pA, 10~ >* paA, 10747 A Wt
and 10'°?® Jones, respectively. However, vulcanization has
a beneficial effect on the response time. After vulcanization, the
rise response time and fall response time of the photodetector
based on CVD-grown 2D MoS, decreased from 0.9013 s and
2.173 s to 0.07779 s and 0.08616 s, respectively.

For comparison, the photoelectric performance metrics of
reported 2D MoS,-based flexible photodetectors'®**>¢ are listed
in Table 3. Clearly, the photoresponsivities of the flexible
photodetectors based on the CVD-grown 2D MoS,-PDMS
substrate and the annealed 2D MoS,-PDMS substrate in the
present work are higher than those of the monolayer MoS,/
ODTS-PET substrate,* the few-layer MoS,-cellulose paper
substrate,* the few layer M0S2/CQS-PI substrate®*® and the few-
layer MoS,/V,05 nanowire-aluminum foil substrate.’* Though
the photoresponsivity of the flexible photodetector based on the
vulcanized 2D MoS,-PDMS substrate in the present work is
lower than those of the reported flexible photodetectors, its
response times are much lower than those in the reports.'®3*-3¢
It should be noted that the response times of the vulcanized 2D
MosS, photodetector based on a flexible PDMS substrate are still
higher than those of the 2D MoS, photodetector based on
a non-flexible substrate such as Si.”** The reason for this
should be related to the connection between the 2D MoS, and
the substrate for the 2D MoS, photodetector based on a flexible
substrate implemented with compacting while the connection
for the 2D MoS, photodetector based on non-flexible substrate
results from depositing.

Fig. 5c and d show the effects of annealing and vulcanization
on the photoluminescence spectrum of the 2D MoS,. In Fig. 5c
and d, the peak at a wavelength of about 666.5 nm (E corre-
sponding to A = 666.5 nm is 1.88 eV, which is very close to the
reported photon energy*> for monolayer MoS,) is the charac-
teristic peak of the monolayer MoS, while a peak at a wave-
length of 692.7 nm is the characteristic peak of the sapphire
substrate. It can be seen that annealing can enhance the PL
intensity of the 2D MoS, while vulcanization makes it lower,
which is in agreement with the results reported by Mouri et al.**

Paper

They reported that the PL intensity of monolayer MoS, was
drastically enhanced by the adsorption of p-type dopants and
the intensity enhancement was explained by the switching of
the dominant PL process from the recombination of negative
trions to the recombination of excitons through extraction of
the unintentionally highly doped electrons.** Moreover, they
found the PL intensity was reduced by the adsorption of n-type
dopants, which they attributed to the suppression of exciton PL
through injection of the excess electrons.*!

If the CVD-grown 2D MoS, is sulfur vacancy-induced (N-doping)
MoS,, the vulcanization should make the PL intensity higher.
Therefore, the CVD-grown 2D MoS, is the oxygen-doped (P-doping)
MoS, since the vulcanization makes the PL intensity lower.
Consequently, it can be predicted that the variation in the photo-
electric performance of the photodetector based on the CVD-grown
2D MoS, at different states (CVD-grown, annealing, vulcanization)
should result from the difference of the O-doping concentration.

Mechanism for the variation in the photoelectric performance
of the CVD-grown 2D MoS,

At similar testing conditions, the photoelectric performances of
the CVD-grown 2D MoS, vary greatly. The light current and dark
current are the key parameters to evaluate the photoelectric
performance. The current depends on the carrier concentration
while the carrier concentration is related to the doping
concentration. Therefore, in order to reveal the mechanism for
the variation in the photoelectric performance of CVD-grown 2D
MoS,, the O-doping concentration in the CVD-grown 2D MoS,
and the CVD-grown 2D MoS, after annealing treatment and
vulcanization should be investigated.

Molar fraction of O-doping atom in the CVD-Grown 2D MoS,

During the preparation process of 2D MoS,, the influence of
oxygen (oxygen-doping or oxidation) should be considered. The
oxygen-doping or oxidation of MoS, can be predicted by the
following equation:

MoS5) + Oz(g) = M0Oss) + Sae) (10)

Under given conditions, whether a reaction can occur or not
is predicted according to the change of Gibbs free energy for the
reaction. The change of Gibbs free energy AG for reaction (10)
can be calculated in terms of the following equation:

Table3 Comparison of the photoelectric performance metrics of the flexible photodetector based on MoS; and a PDMS substrate with those of

previous reports

Architecture R (mW cm ?) trise (S) tean (S) Ref.
CVD-grown 2D MoS, based on PDMS 1.70 x 10> 0.90 2.17 Present
Annealed 2D MoS, based on PDMS 2.91 x 10% 3.59 6.53 Present
Vulcanized 2D MoS, based on PDMS 3.92 x 1072 7.78 x 1072 8.62 x 102 Present
Monolayer MoS,/ODTS based on PET 1.60 0.70 34
Few-layer MoS, based on cellulose paper 20.0 12.0 19.0 35

Few layer MoS,/CQS based on PI 18.1 0.57 36
Few-layer MoS,/V,05 nanowires based on aluminum foil 65.1 18
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0 ')P
AG = AG, + RT In (M)

XMos, P 0,
(11)

XMo0, Ps
= AGy0, — AGys, + RT In (#)

XMos, 1L 0,

where AG® is the change of standard Gibbs free energy, R is
ideal gas state constant (R = 8.314 ] (mol K)™'), T is the
temperature, Xyo0, is the molar fraction of MoO, in MoS,, Xumos,
is the molar fraction of MoS,, Ps, and P, are the partial pres-
sures of O, and S,, respectively, AG},,,, and AGy, are the
change of standard Gibbs free energy for reactions (12) and (13):

MO(S) + OZ(g) = MOOQ(S) (12)

Mo + Syg) = M0Sy) (13)
Since we are discussing the oxygen-doping of MoS,, the
concentration of MoO, in MoS, is very little and xys, can be
taken as 1 (i.e.: Xmos, = 1), thus:
P AGY o —AGY
XMoO, = 0, ( MoS; MoO, (14)

Pg, P RT

The expressions for Ps, AGY,,,, and AGy, as a function of
temperature can be found in the literature:
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log(Ps,) = 1.934 x 1072 — 8.189 x 107°T + 7.112/T (atm),*(15)

AGY0, = =576 200 + 166.5T (J mol ), * (16)

AGYs, = =397 500 + 182.07'(J mol ') * )

Py, depends on the preparation condition. For the preparation
of MoS,, Py, can be determined in terms of the following
equation:

0.21P
P07 = a

S AT (18)

where P is the pressure in the furnace after vacuum, 0.21 is
the partial pressure of O, in the air, Vi is the furnace volume, Q
is the flow rate of the inert gas injected into the furnace, ¢, is
the subsequent aeration time since the moment when the
inert gas was injected at 1 atm. For the growth, annealing
treatment and vulcanization of 2D MoS, in this work, P, Q and
Ve are 107 %' atm, 70 sccm and 2800 cm?®, respectively.
Fig. S17 shows the dependence of Py, on ¢, according to eqn
(18). For the growth of 2D MoS, in this work, ¢, is 120 minutes
while it is 30 minutes for the annealing treatment and the
vulcanization. It can be calculated that the maximum value of
Po,(P¥™) is 107>%°° atm for the growth, annealing treatment
and vulcanization while the minimum value of Po (PY™) is
107> atm for the annealing treatment and vulcanization.
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Fig.6 Dependence of the O-doping concentration in the CVD-grown 2D MoS; on the temperature. (a) The molar fraction of MoO, in 2D MoS,
for growth when the temperature of the sulfur source is 503 K. (b) The molar fraction of MoO, in the 2D MoS, for vulcanization. (c) The O-doping
number in 2D MoS, with an area of 7500 pm? for growth when the temperature of the sulfur source is 503 K. (d) The O-doping number in 2D

MoS, with an area of 7500 um? for vulcanization.
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For the growth of 2D MoS; in this work, the minimum value of
Po, is 1077 atm.

Substituting eqn (15)-(18) into eqn (14), the expression for
the molar fraction of MoO, in MoS, (¥mo0,) as a function of
temperature can be determined. Fig. 6a shows the determined
Xmoo0, as a function of the growth temperature for the growth of
2D MoS, when the temperature of the sulfur source is 503 K
while Fig. 6b shows the determined xy00, as a function of the
vulcanization temperature for the vulcanization of 2D MoS,. It
can be seen that xyj0, for the growth and vulcanization of 2D
MoS, increases with increasing growth and vulcanization
temperatures. At the same temperature, Xy,0, for growth is
higher than that for vulcanization.

Critical criterion for the CVD-grown 2D MoS, to transition
from the pure state to the oxygen-doped state

The value of O-doping number in a CVD-grown 2D MoS, (No)
can be calculated according the following equation:

2XMo 2xm00, V
No = M;OZN: XI\;IO‘V—Na

(19)
where N is the total number of the atoms in 2D MoS,, V is the
volume of 2D MoS,, V,, is the molar volume of 2D MoS,, and N,
is Avogadro's number (N, = 6.023 x 10*%):

(20)

When N is equal to 1, there is one O-doping atom in the 2D
MoS;. So, the critical condition for the CVD-grown 2D MoS, to
transit from the pure state to the oxygen-doped state is:

_ 2Xwo0, V.

N,
0 3V

N, =1 1)

Fig. 6¢c shows the determined N, as a function of the growth
temperature for the growth of 2D MoS, when the temperature
of the sulfur source is 503 K while Fig. 6d shows the deter-
mined No as a function of the vulcanization temperature for
the vulcanization of 2D MoS,. It can be seen that the temper-
ature corresponding to No = 1 for the growth of 2D MoS; is in
the region 935.3 K to 1072.1 K, while the temperature corre-
sponding to No = 1 for the vulcanization of 2D MoS, is in the
region 1164.7 K to 1309.6 K. As the temperature for the growth
of 2D MoS, is 1083 K in this work, which is higher than the
temperature corresponding to No = 1 for the growth of 2D
MoS,, the O-doping number in a CVD-grown 2D MoS, is higher
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than 1. This means that the CVD-grown 2D MoS, in this work
is the oxygen-doped MoS,.

With regression analysis of the data in Fig. 8c by Excel, the
relational expression between Ny and 7 can be acquired:

NYaX = 1077731 exp(0.01937) [R = 0.9947] (22)

NYin = 1078936 exp(0.0193T) [R = 0.9947] (23)
where Ny ™ and Ny ™ are the O-doping numbers in a CVD-grown
2D MoS, corresponding to the maximum oxygen and the
minimum oxygen in the furnace. It can be calculated that the
values of Ng™ and Ny are 20 and 1 for the CVD-grown 2D
MoS, with an area of 7500 pm?. And the molar fractions of the
O-doping atom in the 2D MoS, corresponding to the maximum
oxygen and the minimum oxygen are 10~ '**® and 107",
respectably. Table 4 lists the O-doping concentration in the CVD
grown 2D MoS, at different states. As the temperature for the
vulcanization of 2D MoS, is 473 K in this work, which is lower
than the temperature corresponding to No = 1 for the vulca-
nization of 2D MoS,, the O-doping number in the vulcanized
CVD-grown 2D MoS, is lower than 1. This means that the
vulcanized CVD-grown 2D MoS, in this work transits from the
oxygen-doped state to the pure state.

Increased the O-doping number in the annealed CVD-grown
2D MoS,

For the annealing treatment, the molar fraction of MoO, in
MoS, should be far greater than those of growth and vulcani-
zation as there is no sulfur at the time when the annealing
treatment starts.

Since the partial pressure of S, is 0 at the time when the
annealing treatment starts, part of the sulfur atoms should
escape from the CVD-grown 2D MoS, to the furnace atmo-
sphere. The partial pressure of sulfur Ps, depends on the
furnace volume V, the temperature T and the number of the
escaped sulfur atoms Ns. P, can be calculated in terms of the
following equation:

Annealing
PAnnealing _ 2NS RT

— 24
Sy ]va Vf ( )

The escape of sulfur can make the O-doping number
increase. After the annealing treatment, the increased O-doping
number No™ "¢ should be equal to the decreased sulfur atom
number N§""**""€, Accord to eqn (24), an expression of the
increased O-doping number NA™®2"8 a5 the function of the

nnealin;

partial pressure of sulfur Ps, % can be obtained:

Table 4 O-doping concentration in the CVD-grown 2D MoS; with an area of 7500 pm?

Conditions Ve (em®)  (scem) ¢y (Min)  T(K) (P¥>) (atm)  xg™ NG (PYin) (atm) xyin Nyin
CVD-grown 2800 70 120 1073 107> 1071928 20 107384 107" 1
Vulcanization 2800 70 30 473 107%%° 1072 0 10 >880 10727 0
Annealing treatment 2800 70 30 473 10~ >°% 10729 10%%Y7 1078 107398 10803
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Annealing
N, Vi P}

Annealing Annealing
N, = N, =
0 s 2RT

(25)
Substituting eqn (25) into eqn (19), we can obtain eqn (26):

3 Vm prgznnealing
4RTV

Annealing __

MoO, (2 6)

After annealing treatment, the total molar fraction of MoO,
in MoS, x{3%) is:
Annealing
3 Vm VfPSZl'lned mg
4RTV

CVD
MoO,

total

XMa0, = (27)

Substituting eqn (27) into eqn (14), the following equation
can be obtained:

POZ AGl?/lcosz - AGl?/[ooz _ _CVD
PAnneuling P RT — “*MoO,

Sy

3 Vm VfPIS\Znnealiug
4RTV

(28)

In terms of eqn (28), the equilibrium partial pressure of
sulfur at the annealing temperature can be predicted. Fig. 7a
shows the dependence of the equilibrium partial pressure of
sulfur P;""*™ on the annealing temperature.
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Substituting PSA:nealing into eqn (25), the increased O-doping
number Ng™*i"8 at different annealing temperatures can be
determined. Fig. 7b shows the dependence of the determined
Narealing on the annealing temperature. Fig. 7c shows the
dependences of the ratio of the determined NA""38 to the O-
doping number in the CVD-grown 2D MoS, (Nyvg ) on the
annealing temperature while Fig. 7d shows the dependence of
the molar fraction of the total O-doping number x5 in the
annealed CVD-grown 2D MoS,.

It can be seen that the equilibrium partial pressure of sulfur
increases with increasing annealing temperature while the
increased O-doping number after annealing treatment is almost
a constant when the annealing temperature is lower than 400 K.
When the annealing temperature is higher than 400 K, the
increased O-doping number after annealing treatment
increases with increasing annealing temperature. In the
annealing temperature region from 350 K to 550 K, the
increased O-doping number after annealing treatment is
10°7*°-10%°°* times higher than the O-doping number of the
CVD-grown 2D MoS, while the molar fraction of the total O-
doping atom for the annealed CVD-grown 2D MoS, is in the
region 1073.543_1072.929.
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nnealing
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Fig.7 The effects of the annealing temperature on the partial pressure of sulfur, and the O-doping content in the CVD-grown 2D MoS, with an
area of 7500 pm?. (a) The partial pressure of sulfur. (b) The increased O-doping number after annealing treatment. (c) The fraction of the
increased O-doping number to the O-doping number of the CVD-grown 2D MoS,. (d) The molar fraction of the total O-doping atom in the

CVD-grown 2D MoS;.
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Fig. 8 Schematic diagrams of the mechanism behind the variation in the photoelectric performance of the CVD-grown monolayer MoS; in
different states. (a) The O-doping concentration. (b) The conduction band minimum, valence band maximum, bandgap, and Fermi level.

Discussion

The results listed in Table 3 indicate that the CVD-grown
monolayer MoS, is the oxygen-doped MoS,. Annealing treat-
ment can make the O-doping concentration in the CVD-grown
2D MoS, increase while vulcanization can make the CVD-
grown 2D MoS, transit from the oxygen-doped state to the
pure state. The mechanisms for the variation of the O-doping
content in CVD-grown 2D MoS, during the annealing treat-
ment and vulcanization are proposed in Fig. 8a.

The O-doping concentration in 2D MoS, can influence the
electronic properties. Kong et al.** found that the substitution of
oxygen for a sulfur atom in 2D MoS, leads to a transition from
a direct K-K bandgap to an indirect I'-K bandgap. And the value
of the bandgap decreases with increasing doping concentra-
tion. The above PL experimental results and the thermody-
namic calculation show that the CVD-grown 2D MoS, is the
oxygen-doped MoS,, so its bandgap is the indirect I"-K one,
which is the same as that of the annealed CVD-grown 2D MoS,.
Conversely, the bandgap of the vulcanized CVD-grown 2D MoS,
is the direct K-K one since vulcanization makes the CVD-grown
2D MosS, transit from the oxygen-doped state to the pure state.
Accordingly, the bandgap value of the vulcanized CVD-grown
2D MosS, is the same as that of pure 2D MoS,, which is higher
than that of the CVvD-grown 2D MoS,. The bandgap value of the
annealed CVD-grown 2D MoS, is the lowest as it has the highest
O-doping concentration. Fig. 8b shows the conduction band
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minimum, valence band maximum, bandgap and Fermi level
(Egi) of the CVD-grown 2D MoS, and the CVD-grown 2D MoS,
after annealing treatment and vulcanization.

Under the same conditions, the carrier concentration of
a semiconductor increases with increasing doping concentra-
tion and decreasing bandgap while the conductivity increases
with increasing carrier concentration. The O-doping concen-
tration in the vulcanized CVD-grown 2D MoS, is 0 and its
bandgap is the highest, so its dark and light currents are
significantly smaller than those of the CVD-grown 2D MoS,.
Compared with the CVD-grown 2D MoS,, the annealed CVD-
grown 2D MoS, has a higher O-doping concentration, a lower
bandgap and a higher carrier concentration, which is the reason
why its dark and light currents are higher than those of the
CVD-grown 2D MoS,. Therefore, the difference in the photo-
electric performance of the CVD-grown 2D MoS, and CVD-
grown 2D MoS, after annealing treatment and vulcanization
is attributed to the difference in the O-doping concentration.
Similarly, the difference in the reported photoelectric perfor-
mances®***® should also result from the difference in doping
concentration in the CVD-grown 2D MoS,.

Conclusions

2D MoS, crystals can be transferred from a sapphire substrate
onto a PDMS substrate using polymethylmethacrylate (PMMA)
as the intermediate. The annealing treatment can increase the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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photoresponsivity and specific detectivity of a photodetector
based on CVD-grown 2D MoS,, while vulcanization can decrease
the rise response time and fall response time. Thermodynamic
calculations indicate that CVD-grown 2D MoS, and annealed
CVD-grown 2D MoS, are oxygen-doped MoS,, while vulcanized
CVD-grown 2D MoS, is pure MoS,. The molar fraction of O-
doping atoms in the CVD-grown 2D MoS, is 10~ '1*7-10~ %8
under the present experimental conditions. In the annealing
temperature region from 350 K to 550 K, the annealing treat-
ment can make the O-doping atoms in CVD-grown 2D MoS,
increase 10%7*°-10%°%*-fold.

Experimental methods
Preparation of 2D MoS, via chemical vapor deposition

The preparation of 2D MoS, was performed in a tube heating
furnace by chemical vapor deposition. To begin with, the
sapphire substrate with dimensions of 15 x 10 x 1 mm was
used as the growing substrate, which was put through ultra-
sonic cleaning in proper amounts of acetone, absolute ethyl
alcohol, and deionized water, respectively, with each process
lasting for 20 min. Then, the substrate was blow-dried using
nitrogen gas. Afterwards, 0.01 g of MoO; powder (purity =
99.5%) and 0.3 g of sublimed sulfur were taken using the
analytical balance and put into two porcelain combustion boats
treated with ultrasonic cleaning. The sulfur source was placed
in the upstream heating zone of the tube furnace (low-
temperature zone), while the molybdenum source was placed
in the downstream heating zone (high-temperature zone). An
insulation plug was set in the middle between the high and low-
temperature zones. Subsequently, the sapphire substrate was
placed on an upside-down porcelain boat, which was put at
a position of about 8 cm downstream from the MoO; boat. Prior
to the reaction, the quartz tube was evacuated by a mechanical
pump until the pressure dropped below 10~ "*%" atm to remove
air, and then filled with argon (purity = 99.9%) to restore the
normal pressure. After that, the argon carrier gas was continu-
ously injected at a constant rate of 70 sccm (standard cc per
minute), serving as the carrier and protective atmosphere until
the reaction ended.

Heating was carried out in a stepwise manner. First, MoO;
was heated to 873 K within 30 min to trigger evaporation. Then,
the temperature of MoO; was slowly raised up to the reaction
temperature, 1083 K, at a rate of 5 K min; in the meantime,
sulfur powder was heated for evaporation. The sulfur vapor was
carried by the argon gas flow to approach and react with the
molybdenum source. The reaction proceeded for 30 min under
these conditions to allow a sufficient reduction of the sulfur
vapor by the MoO; vapor. After the reaction ceased, argon
injection was kept to allow the samples to naturally cool down
to the ambient temperature and then the sample was taken out
of the tube furnace.

Characterization of the MoS, crystal

The morphology and size of the MoS, samples were character-
ized by optical microscopy and scanning electron microscope

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(SEM), while the layers of MoS, were characterized by Raman
spectroscopy (Renishao invia) and photoluminescence spec-
troscopy (self-made). The wavelength of the Raman spectrum
was 532 nm, the spectral range was 200 to 1000 nm, the spectral
resolution was 1 ecm™", the density of grating groove was 1800 1
mm ™, the lateral spatial resolution was 0.5 um and the longi-
tudinal spatial resolution was 2 um. The excitation wavelength
of the PL spectrometer was 700 nm and the density of the

grating groove was 150 1 mm™".

Patterned metal electrodes on a PDMS flexible substrate

Polydimethylsiloxane (PDMS) is a kind of flexible substrate
material. It has the advantages of stable chemical properties,
low Young's modulus, good transparency, breathability, skin
affinity and adhesion with electronic materials. A piece of PDMS
flexible material with a clean smooth surface and a thickness of
1.5 mm (denoted as PDMS-1) was taken as the substrate, whose
surface was covered by a rigid copper grid with a rib width of 25
um. The schematic diagram of metal electrode preparation on
a PDMS flexible substrate is shown in Fig. S2a.t The copper grid
and the PDMS-1 substrate were fixed together by high-
temperature tape. Then, the assembly was placed into
avacuum chamber with the vacuum coating equipment. At first,
5 nm of Ti electrode was deposited on the surface, with
a deposition rate of 0.03 A s~ and a power of 130 W. Subse-
quently, the surface of the metal Ti was covered by a 50 nm
deposition of the Au electrode, with a deposition rate of 0.1 A
s~ ' and a power of 100 W. After vacuum deposition, the copper
grid on the sample surface was removed and a PDMS-1 flexible
substrate with surface-patterned metal electrodes was obtained.

Transfer of MoS, crystal film onto the flexible substrate

The schematic diagram of transferring MoS, onto a flexible
substrate under a precise position control is illustrated in
Fig. S2bt while the operating procedures for transferring MoS,
onto a flexible substrate under a precise position control are
presented in Fig. S2c.f The substrate grown with the MoS,
crystal film was placed on the heating stage for pre-heating at
70 °C for 10 min. A small amount of the PMMA solution was
dropped on the surface of the growing substrate. After the
dropped PMMA solution became viscous, the substrate was
moved from the heating stage to the spin coater, where spin-
coating at 1000 RPM was carried out for 5 s to homogenize
the coating. Then, the substrate was put back onto the heating
stage and heated to 393 K to facilitate solidification of the
PMMA solution layer, and then the first cementing layer was
formed. Both the 2nd and 3rd cementing layers were formed by
dropping an appropriate amount of PMMA solution after
putting the substrate onto the spin coater, spin-coating at 1000
RPM for 10 s to achieve a uniform distribution of PMMA solu-
tion across the substrate surface and heating to 393 K to solidify
the cementing layer. Furthermore, the sample was placed in
deionized water, where it first floated over the water surface for
5 min and then was soaked into water for 10 min. The growing
substrate and PMMA cementing layer to which the 2D TMD thin
film was attached were separated from each other, with the help
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of deionized water, and therefore the PMMA cementing layer
with a surface covered by the 2D TMD thin film was obtained.
The surface of the PMMA cementing layer covered by MoS,
evenly adhered to the surface of the flexible support PDMS layer
(denoted as PDMS-2). Pressures were imposed on the assembly
surface for a tight contact between the support layer PDMS-2
and the MoS, crystal film and subsequently the assembly was
entirely soaked into acetone solution for 10 s to remove the
PMMA film. A MoS, crystal film bound onto the surface of the
PDMS-2 was finally obtained by cleaning the residual acetone
on the surface with deionized water.

During transferring, to start the surface of the PDMS-2 with
nothing bound was attached to the glass slide, which was then
placed into the holder of the material displacement table. The
optical microscope focused on the substrate of a flexible
PDMS-1 substrate with surface-patterned metal electrodes; the
target substrate displacement table was adjusted to search for
the position of the target metal electrode for specific trans-
ferring. Moreover, the microscope focused on the surface of
the MoS, crystal film adhering to the surface of PDMS-2, while
adjusting the material displacement table to search for the
specific MoS, crystal film requiring transfer. After this, the
positions of the metal electrode and the MoS, crystal film were
aligned. The holder was slowly lowered down, during which
the focal distance was constantly adjusted in order to precisely
adjust the relative positions of the metal electrode and MoS,
crystal film, ensuring that the target transfer material and
target transfer position were always within the same vertical
plane until they coincided with each other. At last, the glass
slide was retrieved from the holder, on which, from top to
bottom, lie the support layer PDMS-2, MoS, crystal film and
flexible substrate PDMS-1.

Performance testing of the photodetector

The current-voltage (I-V) and current-time (I-¢) characteristics
of the flexible photodetector were tested by using a Keithley
2614b source meter. Lasers with wavelengths of 405, 520, and
650 nm were adopted as the light source.
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