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Abstract: Dynamic processes of electron transfer by optical doping in monolayer MoSe, at 6 K are investigated via measuring
time resolved photoluminescence (PL) traces under different excitation powers. Time-dependent electron transfer process can
be analyzed by a power-law distribution of t-2 with a = 0.1-0.24, depending on the laser excitation power. The average elec-
tron transfer time of approximately 27.65 s is obtained in the excitation power range of 0.5 to 100 uW. As the temperature in-
creases from 20 to 44 K, the energy difference between the neutral and charged excitons is observed to decrease.
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1. Introduction

The monolayer transition metal dichalcogenides (TMDCs)
have great potential in the manufacture of optoelectronic
devices such as exciton lasers('-3, light-emitting diodes* 3I,
and single-photon sources!® 71 because they are direct band
gap materialst®l. The laser irradiation will increase the num-
ber of free electrons in this monolayer materials, causing the
conversion of neutral exciton to trion®-'1, This photodoping
effect provides the possibility of developing devices due to
its advantages of being able to dope specified areas without
the need for photoresist!’?, long time stability in a vacuum
and low temperature environment!'3], and electrical tunabil-
ityl'4. Since this effect is susceptible to environment, it is ne-
cessary to fully characterize the influence of environmental
factors on the photodoping effect. People have studied the in-
fluences of electric field', substratel'®], gas environment!'¢!
and other factors. However, the dynamics of photodoping
and the effect of temperature on the doping effect have not
been studied in detail. It is easy to distinguish the PL emis-
sion peaks of neutral exciton and trion in monolayer MoSe,
at low temperature, which is an ideal material to study the
photodoping effect.

In this letter, we report on observations of the laser exci-
tation power dependences of neutral exciton (X) and negat-
ively charged exciton (X-) PL peak intensities at low tempe-
rature of 6 K with increasing excitation power from 0.2 to
872 uW, showing a typical irreversible switching over
between X and X- PL peak intensities. The dynamic process
of the switching over can be described by a power-law distri-
bution of t-@with a = 0.1-0.24, depending on the laser excita-
tion powers. The derived average photo-induced electron
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transfer time is approximately 27.65 s. As the temperature
increases from 20 to 44 K, the energy difference between X
and X~ shows a downward trend.

2. Experimental section

2.1. Samples and setup

Monolayer MoSe, sample is grown on a 300 nm SiO,/Si
substrate by chemical vapor deposition (CVD) (products by
6 carbon technology). Fig. 1(a) shows the micrographs of the
as grown and the transferred monolayer MoSe, sample, re-
spectively, by 100x objective. Fig. 1(b) shows a typical PL spec-
trum of the as grown sample measured at 6 K and excitation
of 37 uW. Here, owing to a larger lattice mismatch between
MoSe, and substrate as well as a rapid change of the growth
temperaturel'7], the strain is generated in the monolayer
MoSe,. So the exciton PL peaks are red-shifted. However,
after transferring the monolayer MoSe, to another SiO,/Si
substrate via the viscoelastic stamping technique, the intern-
al strain of sample can be released. The transfer process is:
first, the as grown sample covered by PDMS is immersed in
1 mol/L KOH solution for 1.5 h, and then monolayer MoSe, is
transferred to the polydimethylsiloxane (PDMS) film; second,
monolayer MoSe, on the PDMS is transferred into a 300 nm
SiO,/Si substrate by dry transfer method. After the monolay-
er MoSe, is transferred, the observed cracks in Fig. 1(a) and
the X PL peak blue-shift in Fig. 1(b) reveal a release of intern-
al strain in monolayer MoSe,'8l. Raman spectrum of trans-
ferred monolayer MoSe, is used to confirm sample quality('8]
as shown in Fig. 1(c). In the experiment, PL spectra are meas-
ured by a home-built optical confocal microscopy setup. A
532 nm laser is focused to the monolayer samples for excit-
ing the samples, the PL is spectrally analyzed by a 0.5 m mono-
chromator equipped with a silicon charge-coupled device
(CCD). An acoustic-optical modulator (AOM) with a time resolu-
tion of about tens of ns, a silicon avalanche photodiode
(APD) detector, and a multi-channel scaler (MCS) are em-
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Fig. 1. (Color online) (a) Micrograph of transferred monolayer MoSe, sample (upper part) and as grown monolayer MoSe, sample (lower part). (b)
PL spectra of monolayer MoSe, measured at 6 K for as grown (red line) and after transferring to a SiO,/Si substrate (black line). (c) Raman spec-
trum of the transferred sample. (d) PL spectrum of the transferred monolayer MoSe, measured at an excitation power of 872 uW. The curve can

be fitted by using three Gauss functions.

ployed to measure the time evolution of the exciton PL peak
intensity. Fig. 1(d) shows the PL spectrum of a transferred
monolayer MoSe, measured at 6 K and an excitation power
of 872 uW. Here three Gauss functions are used to analyze
the PL data and the obtained PL peak energies of 1.678 eV
for X emission, 1.643 eV for X~ emission and 1.636 eV for B
emission, where the lower energy PL peak B maybe related
to the biexciton emission!9),

2.2. Power dependence of MoSe, photoluminescence

The detailed PL spectra as a function of the excitation
power from 0.2 to 872 uW for X and X~ emissions are presen-
ted in Fig. 2(a), where the PL spectra are measured when the
X PL peak intensity become to be steady evidently. As can be
seen in Fig. 2(a), when the excitation power is smaller, such
as 0.2 uW, X exciton emission is dominant. However, with in-
creasing the excitation power, X~ PL peak intensity gradually in-
creases and become to be dominant. Furthermore, X PL peak
exhibits a blue-shift, whereas X~ PL peak shows a red-shift.
Fig. 2(c) summarizes the PL peak shift as a function of the excit-
ation power. Here X PL peak blue-shift and X~ PL peak red-
shift are attributed to the increase of electron densities(20],
Fig. 2(e) summarizes the increase of the PL peak intensities
for X and X~ emissions as a function of excitation power by a
log-log plot, showing that X~ PL intensity increases faster
than the X PL intensity and the X~ PL peak becomes to be dom-
inant at larger excitation power of 872 uW.

In order to further study the power-dependent PL intens-
ity changes of X and X- after the first round laser excitation

up to the largest power of 872 uW. We restart to measure the
power-dependent PL on the same excitation spot of the
sample at 6 K under excitation power from 1 to 760 uW, as
shown in Fig. 2(b). It clearly demonstrates that X~ PL intens-
ity is always larger than the X, even at the minimum excita-
tion power of 1 uW. Furthermore, it is different from the
power-dependence of X and X- characteristics, as shown in
Figs. 2(a), 2(c), and 2(e). Here X and X~ peak energies, as shown
in Fig. 2(d), are basically unchanged with increasing the excita-
tion power, and the PL peak intensities have nearly the same
rate of increase, as shown in Fig. 2(f). For the second-round
power changing measurements, the X~ emission is dominant
even at the minimum excitation power after the sample is irra-
diated by large laser power. This implies that in both round
measurements, the equilibrium state of the conduction band
is different. In the first round, the conduction band has no elec-
trons, while the second round has redundant electrons. This
phenomenon has been reported and is interpreted by photo-
doping effect('3], i.e., optical ionization of donor centers in
the substrate or the substrate—-monolayer interface(2%,

2.3. Time-resolved measurements

To study the dynamics of photo-induced electrons, the
time evolution of X PL peak intensity is measured by using a
modulated cw laser excitation. Here AOM is used as a fast
switch of the cw laser. In the experiment, as soon as the laser
is turned on, the X PL peak intensity is detected by an APD
and the time evolution is recorded by an MCS with a time bin
of 100 ms and time range of 60 s. The recorded data are plot-
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Fig. 2. (Color online) (a) PL spectra of the transferred monolayer MoSe, for the first-round measurements with increasing excitation power from
0.2 to 872 uW at 6 K. The corresponding X and X- PL peak energies and intensities are summarized in (c) and (e), respectively. (b) PL spectra for
the second-round measurements with increasing excitation power from 1 to 760 uW at 6 K after the excitation power up to 872 uW. The corres-
ponding X and X~ PL peak energies and intensities are summarized in (d) and (f), respectively.

ted in Fig. 3(a) under different laser excitation powers, where
the ordinate is logarithmic and the curves of different powers
are shifted relatively for clarity. It is found that for the excita-
tion power ranges from 0.5 to 100 uW, the decay law of X PL
peak intensity can be described by power-law distribution of
I(t) = t°°, as analyzed by log-log plot at the excitation power
of 0.5 and 10 uW, as shown in Figs. 3(c) and 3(d), respectively.
By linear fitting to the curves, it is found that one a value can
fit to the data for the excitation power less than 10 uW, where-
as two a values are needed to fit the data for the power lar-
ger than 10 puW. The obtained a values as a function of
power are summarized in Fig. 3(b), indicating a distribution
of a values range from 0.1 to 0.24.

As can be seen in Figs. 3(c) and 3(d), as time increases, a
change of the X PL peak intensity can be fitted by power-law
function. Assuming that the total PL intensity of X and X re-
mains constant at a fixed excitation power, the decrease of
the X PL intensity with time delay implies that more elec-
trons transfer into X~ energy level which is lower than X. This

results in an increase of X~ PL intensity. Then the average elec-
tron transfer time <t> from X to X~ band can be obtained
with power-law distribution. Here the luminescence intensity
I(t) of X emission is:

It) = /(o)(é)_a. (1)

Thus the average electron transfer time based on of Eq.
(1) is:

7!(0)(%)_atdt ?t_atdt
Tave =< t>= 000 = 000 . (2)
[ I(O)(é)_adt [ a4t

Based on the experimental curves as shown in Fig. 3(a),
we can calculate the numerical integral of the denominator
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Fig. 3. (Color online) (a) PL intensity of X as a function of time measured by a modulated cw laser excitation with power from 0.5 to 100 uW. The or-
dinate is logarithmic and the curves of different power are shifted relatively for clarity. (b) Fitting values of a as a function of excitation power
from 0.5 to 100 uW, where avalues are derived by linear fitting to the curves by log-log plot, as shown in (c) at 0.5 and (d) 10 uW, respectively.
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Fig. 4. (Color online) (a) The PL spectra of the transferred monolayer MoSe, with the temperature increased from 6 to 44 K, under the 42 uW laser
irradiation. Inset: the ratio of PL peak intensity of X~ and X as a function of temperature, a linear law is used to fit the experimental data. (b) The en-

ergy difference between X and X~ as a function of temperature.

of Eq. (2)12'], i.e., the integral of the curve under different excita-
tion powers. A numerical integral of the numerator term of
Eq. (2) is equal to the function of Eq. (1) multiplied by t and
then the integral is obtained, where [(t) plays the role of the
probability density of a time interval 2. The obtained elec-
tron transfer times T, are 28.52, 27.90, 27.98, 27.67, 27.28,
27.17, 2747, 27.21 s, respectively, for excitation power from
0.5 to 10 uW. Therefore, in the measured power range of 0.5
to 100 uW, the average electron transfer time is approxim-
ately 27.65 s. Note that considering the time scale of energy
level relaxation of non-equilibrium carriers in semiconduct-
ors, such a long electron transfer time can’t just correspond
to the transfer of electrons from X to X~ band by pumping elec-
trons from the valence band to the conduction band. It was re-
ported that the optical ionization of donor centers in the sub-
strate or the substrate-monolayer interface is suggested to re-

sponsible for the change in PL peak intensityl'>l. We believe
that the photo-induced electron doping may be related to
the deep donor levels in monolayer MoSe, owing to the
time-dependent diffusion of localized electrons is governed
by power-law distribution(22 23],

2.4. Temperature dependence of MoSe,

photoluminescence

In order to obtain a stable spectrum in a short time, the
laser power is first set to 118 uW to irradiate the sample, and
then the power is kept at 42 uW for temperature dependent
PL measurements. As shown in Fig. 4(a), when T < 15 K, it can
be found that the PL intensity of the monolayer MoSe,
sample keep almost unchanged. In the range of 20 K < T <
40 K, the temperature is increased slowly at 1 K intervals, the
intensity of X is relatively stable, and the intensity of X~ de-

Q Yang et al.: Photo-induced doping effect and dynamic process in monolayer MoSe,



creases evenly with the increase of temperature. As shown in
inset of Fig. 4(a), the ratio of PL peak intensity of X~ and X
shows a good negative linear law with temperature, and the
linear fitting slope is obtained to be -0.07. The energy differ-
ence between the two peaks shows a downward trend as
the temperature increases from 20 to 44 K (Fig. 4(b)). They im-
ply that the increasing of temperature (20-40 K) may have a
negative influence on the photo doping effect in monolayer
MoSe,.

3. Conclusion

In summary, we have studied the excitation power de-
pendence of the X and X~ PL intensities for the transferred
monolayer MoSe, at 6 K. When the laser excites the sample
with a power of tens of uW, an irreversible switching over
between X and X- PL peak intensities occurs. After laser ir-
radiation, X~ emission will be dominated even if the excita-
tion power is reduced by less than uW. This indicates the gen-
eration of additional electrons by optical excitation or photo-
doping process. Dynamic process of electron transfer can be
described by power-law distribution t-9with a = 0.1-0.24 de-
pending on the laser excitation powers. The obtained aver-
age electron transfer time is approximately 27.65 s. In the
temperature range of 20 < T < 44 K, the increase of temperat-
ure induces the reduction of the ratio of the PL peak intens-
ity of X~ and X, also, the reduction of the two peak energy dif-
ference. The photodoping effect provides a convenient way
of local doping of electrons, which may be useful for new
device fabrication.
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