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ABSTRACT: We investigate the effect of molecular oxygen on the
photoconductivity of monolayer MoS, via broad-band time-
resolved terahertz spectroscopy. We observe that the photo-
conductivity of monolayer MoS, transitions from negative to
positive when the environment of MoS, changes from vacuum to
atmospheric pressure. We argue that this transition from negative
to positive photoconductivity results from physically adsorbed
oxygen depleting excess electrons from the n-type MoS,. We
attribute the negative photoconductivity to negative trion
formation, in which photoinduced excitons capture excess
electrons from MoS,. We attribute the positive photoconductivity
to negative trion formation as well; however, in this case,
photoinduced excitons capture photoinduced defect electrons

oy 2
S5 40 4
s 760 Torr O, %
& 20 — 4 Q
2 0l b
s Mo
S 20 e
§ 40— )4
o) ¢ ]
5 %0 ORD
o -80 — N

| | | | | s e}

0 2 4 6 8 MoS

2

Time [ps]

rather than excess electrons, which have been immobilized by physisorbed oxygen. These results should prove useful to those
who look to make sensors and other types of devices out of monolayer MoS, as physisorbed gases, particularly oxygen, can

dramatically affect the conductivity of the monolayer.

B INTRODUCTION

Monolayer transition metal dichalcogenides (TMDs) are two-
dimensional (2D) materials of the form MX,, where M is a
transition metal and X is a chalcogen atom. These materials
have attracted much interest over the past several years
because their unique electronic and optical properties make
them suitable for a wide range of device applications."”
Electrically, monolayer TMDs are direct-gap semiconductors
with band gaps in the visible range.” They are therefore highly
attractive for next-generation field-effect transistors (FETs).*
Optically, monolayer TMDs are dominated by exciton and
charged exciton (trion) complexes.” Due to spin-valley locking,
these excitons and trions are valley dependent, thus making
monolayer TMDs promising materials for quantum computing
applications, particularly in the field of valleytronics.”

As researchers continue to look to make devices out of
TMDs, it is clear that a complete understanding of how these
materials behave is necessary, especially under real-world
conditions where the TMDs will interact with external
environments. Previous studies have shown that monolayer
TMDs are extremely sensitive to molecular gases. Park et al.”
and Qiu et al.'’ for example report that adsorbed O,
substantially reduces the current in MoS, FETs. Tongay et
al.'"'* and Nan et al."® demonstrate that adsorbed gases, such
as O, and N,, significantly enhance the photoluminescence of
monolayer TMDs. Furthermore, Gogoi et al.'* report that
adsorbed O, modulates the dielectric function of monolayer
MoS,. None of these studies however directly measured the
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effect of O, on the photoconductivity of these 2D materials,
which may be important for device realization.

We are primarily interested in understanding how O, affects
the photoconductivity of TMDs. To do so, we utilize time-
resolved terahertz spectroscopy (TRTS). TRTS is an
experimental technique that allows one to directly probe the
photoconductivity of a material. TRTS provides access to the
frequency-dependent complex photoconductivity of a material,
as well as insight into the dynamics of the photoconductivity
with sub-picosecond resolution. A few groups have previously
utilized TRTS to study the photoconductivity dynamics of
TMDs; > ™*! however, in their work, they have not addressed
how O, modulates the photoconductivity response of TMDs.

In this paper, we study the effect of O, on the THz
photoconductivity of chemical vapor deposition (CVD) grown
monolayer MoS, via broad-band TRTS. We observe that the
THz photoconductivity of monolayer MoS, changes from
negative to positive as the environment of MoS, changes from
vacuum to 760 Torr of O,. We attribute this behavior to
physically adsorbed O, depleting excess electrons from the n-
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type MoS,. When the monolayer is exposed to vacuum, we
observe negative photoconductivity, which we assign to
negative trion formation, in which photogenerated excitons
combine with excess electrons in the MoS,. These trions have
reduced conductivity due to their increased effective mass.
When the monolayer is exposed to oxygen, O, physically
adsorbs onto the surface of the MoS, and excess electrons
transfer from the monolayer to O,, which reduces the base
conductivity of the MoS, significantly, to a nearly undoped
state. With no base conductivity, the conductivity then
increases upon photoexcitation. We assign this positive
photoconductivity to defect-mediated negative trion formation,
in which photoinduced excitons capture photoinduced defect
electrons.

B EXPERIMENTAL SECTION

Sample Preparation. Our monolayer MoS, sample was
acquired commercially from 2D Semiconductors.”> The
sample was grown on a sapphire substrate via chemical vapor
deposition and then later transferred to a TOPAS (cyclic olefin
copolymer) substrate. The sample was slightly n-type.

Time-Resolved Terahertz Spectroscopy. We utilized an
optical-pump terahertz probe spectrometer to measure the
photoconductivity of monolayer MoS,. Our TRTS setup is
driven by a regeneratively amplified Ti:sapphire laser
(Coherent Legend Elite Duo), which generates 30 fs pulses
at a 1 kHz repetition rate with a central wavelength of 800 nm.
The output of the laser system is split into two beams using a
50/50 beam splitter. One beam is used to pump an optical
parametric amplifier (Coherent OperA Solo), which allows for
tunable excitation pulses. The excitation beam diameter is
roughly 2 mm. The other beam is then split again: one beam
for terahertz generation and one for terahertz detection. Broad-
band terahertz pulses are generated using a two-color, air-
plasma technique,”” where 800 nm light is focused through a
BBO crystal and the fundamental and second harmonic are
mixed in an air-plasma filament. Terahertz pulses are detected
using electro-optic sampling®* in a 300 ym thick GaP crystal,
which provides continuous bandwidth from 0.5 to 8 THz.>>*°
The terahertz beam diameter is roughly 800 ym at the sample.
The entire beam path is purged with dry air to avoid water
vapor absorption.

B RESULTS AND DISCUSSION

In Figure 1, we present the ultraviolet—visible (UV—vis)
absorption spectrum of our monolager MoS, film at room
temperature. Similar to others,'”'® we observe three
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Figure 1. Ultraviolet—visible absorbance spectrum of monolayer
MoS, on TOPAS (cyclic olefin copolymer) substrate at 300 K. Peaks
A, B, and C denote the different exciton resonances.
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resonances in the absorption spectrum, which correspond to
the A, B, and C excitons. The A, B, and C excitons are located
at 643 nm (1.93 eV), 600 nm (2.07 eV), and 429 nm (2.89
eV) respectively.

To probe the effect of O, on the photoinduced conductivity
dynamics of our monolayer MoS, sample, we utilized TRTS.
Here, we measured the fractional change in transmission of the
peak of the terahertz waveform (AE/E,) as a function of time
after pump excitation when the Mo$S, was in vacuum and when
MoS, was in 760 Torr of O,. For both experiments, the MoS,
was pumped on resonance with the A exciton at 300 K (643
nm). In vacuum (Figure 2a), we observed an ultrafast increase
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Figure 2. Terahertz photoconductivity Ac ~ —AE/E; of monolayer
MoS, in (a) vacuum and in (b) 760 Torr of O, as a function of time
after pump excitation. The sample is photoexcited on resonance with
the A exciton at 300 K (643 nm) with an incident fluence of ~4.5 X
10" photons/cm?
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in AE/E, upon photoexcitation, indicating a photoinduced
decrease in conductivity, since the photoconductivity, Ac ~
—AE/E,. Following the decrease, the conductivity then
recovered on a timescale on the order of several picoseconds.
In the oxygen environment (Figure 2b), we observed an
ultrafast decrease in AE/E, upon photoexcitation, indicating a
photoinduced increase in conductivity. Following the increase,
the conductivity then decayed rapidly within 1 ps to a nonzero
level that persisted for over 200 ps. In both the vacuum and
oxygen MoS, photoconductivity dynamics, we observed a
slight decrease in the photoconductivity of MoS, ~10.5 ps
after photoexcitation, which we attribute to a pump beam
reflection off of the TOPAS substrate re-photoexciting the
MoS,. We also observed that the switch between negative and
positive photoconductivity is reversible.

To understand the photoinduced decrease in conductivity
described in Figure 2a, we consider the role of doping in
monolayer MoS,. Previous work reports that monolayer MoS,
grown via chemical vapor deposition is n-type (has excess
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electrons).”” Given that mobile electrons absorb THz
radiation, we therefore expect our MoS, sample to have a
base conductivity that is proportional to the excess electron
concentration. Upon photoexcitation, we generate excitons in
the MoS, since we photoexcite the sample with photons of the
same energy as the A exciton. Therefore, immediately after
photoexcitation, the MoS, has an exciton population in
addition to the excess electron population. Due to enhanced
Columbic interactions, we expect the excess electrons to bind
to the photogenerated excitons almost instantaneously'*** to
form negative trions. Trions, being three-body systems, have a
higher effective mass than electrons and thus a lower mobility
and conductivity. Since trions, which dominate the con-
ductivity after photoexcitation, have lower conductivity than
electrons, which dominate the conductivity before photo-
excitation, the measured photoconductivity (the change in
conductivity) of MoS, is negative. Lui et al. report negative
photoconductivity in monolayer MoS, due to negative trion
formation as well."”

To understand the photoinduced increase in conductivity
described in Figure 2b, we consider the effect of oxygen on
MoS,. Previous work reports that when O, is adsorbed onto
the surface of MoS,, charge transfers from MoS, to
0,.'"1#*73 We therefore expect the density of excess
electrons in our n-type MoS, sample to decrease when oxygen
is introduced to the environment of the MoS,. This depletion
of excess charge consequently reduces the base conductivity of
the MoS,, nearly to an undoped level, depending on the
oxygen coverage and the original doping level. Upon on-
resonance photoexcitation, we generate a population of
excitons; however, unlike before when the MoS, was in
vacuum, we do not have a population of excess electrons for
the excitons to form negative trions with because of O,
adsorption. Furthermore, excitons themselves do not contrib-
ute strongly to the THz conductivity since they are charge
neutral and have binding energies outside of our experimental
window. To understand the increase in conductivity, we also
consider the role defects play in the system. In CVD-grown
monolayer MoS,, sulfur vacancies, the most prominent type of
defect,”** introduce states within the band gap.>® The energy
supplied by the on-resonance pump beam can promote
electrons trapped in these defect states to the conduction
band. These photoinduced defect electrons can then bind to
the photogenerated excitons to form negative trions. Since the
base conductivity of the MoS, is reduced due to O, adsorption,
the conductivity after photoexcitation, which is determined by
the negative trions, is greater than the conductivity before
photoexcitation. The measured photoconductivity (change in
conductivity) of MoS, is therefore positive.

We attribute the decay of the negative and positive
photoconductivity to defects. This is because trions decay
predominately through defect-mediated processes.'>*" In this
decay mechanism, trions become trapped in defect states that
are located in the band gap and thus no longer contribute to
the conductivity. The picosecond timescale decay we observe
in the negative photoconductivity and the sub-picosecond
timescale decay we observe in the positive photoconductivity
support this defect-mediated decay mechanism. When the
photoconductivity is positive, trion formation is defect-
mediated. Electrons are promoted from defect states to the
conduction band so that they can then bind to photogenerated
excitons to form trions. Defect states are now unoccupied and
can thus trap trions. When the photoconductivity is negative,
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trions form when excess electrons in the conduction band bind
to photogenerated excitons. This process is not defect-
mediated; however, defects still play a role in the photo-
conductivity in the sense that the excitation pulse promotes
electrons in defect states to the conduction band, which leaves
defect states unoccupied to trap trions. Since the conduction
band is initially occupied though with excess electrons, fewer
defect electrons can be photoexcited than when the photo-
conductivity is positive, in which the conduction band is
unoccupied. Since there are fewer states available to trap trions,
the negative photoconductivity should decay slower than the
positive photoconductivity, which is what we observe.

We attribute the long-lived photoconductivity observed
when monolayer MoS, is in oxygen to photoinduced oxygen
desorption. From kinetic theory, it is known that as
temperature increases, the rate of O, desorption increases. In
our TRTS experiments, the excitation pulse increases the
temperature of the MoS, (see the Supporting Information for a
discussion on the laser heating effect). Therefore, upon
photoexcitation, we expect some O, to get desorbed from
the surface of the MoS,. As these O, molecules are desorbed,
depleted electrons transfer back to the MoS, and therefore
increase the MoS, conductivity. Since there are no holes for
these electrons to relax to (because these electrons were not
photoexcited from the valence band), the photoconductivity
persists. From 2 to 10 ps after photoexcitation, the photo-
conductivity actually rises slightly instead of decaying because
oxygen is still desorbing from the surface. The decrease in the
photoconductivity we observe at around 10.5 ps after
photoexcitation supports this idea that electrons dominate
the long-lived photoconductivity, through the following
argument. As mentioned earlier, the decrease in the photo-
conductivity at around 10.5 ps after photoexcitation occurs
because a pump beam reflection off of the TOPAS substrate
re-photoexcites the MoS,. We know from the previous
discussion that MoS, exhibits a photoinduced decrease in
conductivity when MoS, is n-type. Since the pump reflection
causes a photoinduced decrease in the conductivity, the MoS,
at the time of the reflection must then be n-type, which
suggests that electrons determine the long-lived photo-
conductivity.

We also looked at the effect of temperature on the long-lived
photoconductivity of monolayer MoS, in oxygen. In Figure 3,
we present the photoconductivity dynamics of monolayer
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Figure 3. Terahertz photoconductivity of monolayer MoS, as a
function of time after photoexcitation at 300 K (red trace), 230 K
(blue trace), and 160 K (black trace). The sample is pumped on
resonance with the A exciton (643 nm at 300 K, 626 nm at 230 K,
and 616 nm at 160 K) with an incident fluence of ~4.5 X 10"
photons/ cm?.
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Figure 4. THz waveform E(t) (black traces) and the pump-induced modulation of the THz waveform AE(t) of monolayer MoS, in (a) vacuum
(red trace) and in (c) 760 Torr of O, (blue trace). The insets plot the Fourier transforms of Ey(t) and AE(t) (solid (dashed) lines are the
magnitudes (phases) of the transforms and dotted gray lines are the noise floors for the respective spectra). The complex frequency-dependent
sheet photoconductivity of monolayer MoS, in (b) vacuum and in (d) 760 Torr of O, at 1 ps and 500 fs after photoexcitation, respectively. The
MoS, is pumped on resonance with the A exciton at 300 K (643 nm). The absorbed fluence is ~2.4 X 10" photons/cm? The solid (open) circles
are the real (imaginary) part of the induced photoconductivity. The solid lines over the circles represent fits to the photoconductivity.

MoS, in 760 Torr of O, at 300, 230, and 160 K normalized to
their respective peaks. At all three temperatures, we excited the
MoS, on resonance with the A exciton (see the Supporting
Information for the A exciton’s temperature dependence).
From these measurements, we find that the long-lived
photoconductivity decreases as the temperature decreases.
This behavior supports the photoinduced oxygen desorption
mechanism described above. As the temperature decreases,
fewer oxygen molecules desorb from the surface of the MoS,
upon photoexcitation and, thus, fewer electrons transfer back
to the MoS,. With fewer electrons in the MoS,, the long-lived
photoconductivity, which is due to these electrons, then
decreases.

To further investigate the effect of O, on the photo-
conductivity of monolayer MoS,, we extracted the complex
frequency-dependent sheet photoconductivity by recording the
entire fractional pump-induced modulation of the terahertz
waveform (Figure 4a,c) using our TRTS spectrometer (see the
Supporting Information for details on calculating the complex
sheet photoconductivity). In Figure 4b, we present the sheet
photoconductivity of monolayer MoS, in vacuum at 1 ps after
photoexcitation. In Figure 4d, we present the sheet photo-
conductivity of monolayer MoS, in oxygen at 500 fs after
photoexcitation. We excited the MoS, on resonance with the A
exciton at 300 K for both of these sheet photoconductivity
measurements. In vacuum, we find that both the real and
imaginary parts of the photoconductivity are negative. In the
oxygen environment, we find that the real part of the
photoconductivity is positive and the imaginary part of the
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photoconductivity is negative. In an effort to understand these
frequency-dependent photoconductivity curves, we employ a
multicomponent model (see the Supporting Information).

For MoS, in vacuum, we know from the previous discussion
that the conductivity after photoexcitation is attributed to
negative trions and that the conductivity before photo-
excitation is attributed to excess electrons. Therefore, we
model the sheet photoconductivity as Ao = 6, — 6., where o, is
the conductivity due to the trions and o, is the conductivity
due to the excess electrons. Our previous work”” showed that
trions in TMDs contribute to the conductivity in three ways: a
Drude response, a broad resonance response due to charge
buildup at grain boundaries, and a dissociation response at the
trion binding energy. For the trion component 6, we model
the conductivity with these three responses. For the electron
component o, we model the conductivity with only a Drude
response and a broad resonance response. In the Supporting
Information, we provide more details on this fit function, as
well as a table with the resulting fit parameters. In Figure 4b,
we plot the fit to the real and imaginary parts of the sheet
photoconductivity (black traces). We find that our model
agrees very well with the data, thus further confirming that the
negative photoconductivity of monolayer MoS, in vacuum is
due to the negative trion formation mechanism described
earlier.

For MoS$, in oxygen (Figure 4d), we know from the previous
discussion that the conductivity after photoexcitation is due to
negative trions and that the conductivity before photo-
excitation is negligible since oxygen adsorption depletes excess
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electrons from MoS,. We therefore model the sheet photo-
conductivity with just a trion component, Ao = o,. Here, o, has
a Drude response, a broad resonance response, and a
dissociation response. In the Supporting Information, we
provide the fitting function, as well as a table with the resulting
fit parameters. In Figure 4d, we plot the fit to the real and
imaginary parts of the sheet photoconductivity (black traces).
We again find that the fit models the data very well, which
further verifies that the positive photoconductivity of
monolayer MoS, in oxygen is a consequence of oxygen
adsorption depleting excess electrons from the MoS,. The
resulting fit also confirms the defect-mediated nature of trion
formation that occurs when MoS, is in an oxygen environment.
From Table S2, we find that the total trion concentration is
roughly half of the absorbed fluence. In the defect-mediated
trion formation mechanism discussed earlier, a trion forms
when an electron is photoexcited from a defect state located in
the band gap to the conduction band and then binds to a
photogenerated exciton. Two photons are required to form
one trion (one to promote an electron to the conduction band
and one to create an exciton). Therefore, the total trion
concentration should be one-half of the absorbed fluence.

To better understand the charge transfer process between
MoS, and adsorbed O,, we simulated the interaction between
monolayer MoS, and O, using density functional theory
(DFT) and ab initio molecular dynamics (MD). From these
calculations, we find that up to 0.2 electrons per O, molecule
can transfer from the MoS, to the physically adsorbed oxygen
(see the Supporting Information for more details). We then
applied a Langmuir adsorption model to estimate the amount
of oxygen adsorbed on the surface of the MoS,. For steady-
state physical adsorption, the fraction of adsorption sites
occupied by O, molecules, 6, is given by

1

0 =
1+ UdesNe—(Edes_Ea)/kT

(1)

where 04, is the attempt frequency, N is the density of
adsorption sites, F is the gas impingement flux, E, is the
desorption energy, E, is the activation energy, k is Boltzmann’s
constant, and T is the temperature. The attempt frequency is
given by vg, = kT/h, where h is Planck’s constant. The gas

impingement flux is represented by F = P/%/2amkT, where P
is the gas pressure and m is the molecular mass. Setting P =
760 Torr, T = 300 K, E, = 0 meV, Ey., = 126 meV, m = 5.31 X
107* kg, and N = 7.1 X 10" cm™ (corresponding to one site
per 4 X 4 supercell), we calculate that § = 0.076 and therefore
estimate the amount of oxygen adsorbed on our sample, given
by @ X N, to be roughly 5.3 X 10'* cm™. Given this oxygen
coverage of ~5.3 X 10'* cm™ and knowing that 0.2 electrons
transfer per O, molecule, we then calculate the total charge
transfer. By multiplying 5.3 X 10" cm™ and 0.2 electrons per
0,, we estimate the concentration of electrons that transfer
from the MoS, to oxygen to be approximately 1.1 X 10" cm™.
This value of 1.1 X 10" cm™ is comparable to the estimated
doping level of our n-type MoS, sample, 3.1 X 10" cm™?,
which indicates that the adsorbed O, significantly depletes
electrons from our MoS, sample. This significant depletion
explains why we experimentally observe a dramatic change in
the photoconductivity (from negative to positive) upon
introducing 760 Torr of O, to our sample.

At lower oxygen pressures, we calculate that there is
insufficient O, coverage to deplete all of the electrons from
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the MoS,. To investigate the photoconductivity at this reduced
doping state (exhibited at low O, pressures), we measured the
THz photoconductivity dynamics as we pulled a vacuum on
the sample (shown in Figure S). In Figure S, we observe that
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Figure S. Terahertz photoconductivity dynamics of monolayer MoS,
after 20 min in vacuum (black trace), 1 h in vacuum (red trace), 3.3 h
in vacuum (blue trace), and 14 h in vacuum (green trace). The MoS,
is pumped on resonance with the A exciton at 300 K (643 nm) with
an incident fluence of ~4.5 x 10™ photons/ cm?.

the photoconductivity has both a positive and negative
component. Furthermore, we find that as we pull a vacuum
(O, coverage decreases), the positive photoconductivity
decreases while the magnitude of the negative photo-
conductivity increases. This behavior is a consequence of the
competition between defect-mediated trion formation (re-
sponsible for the positive photoconductivity) and trion
formation due to photogenerated excitons capturing excess
charge from the monolayer (responsible for the negative
photoconductivity).

B CONCLUSIONS

In summary, we have shown using broad-band TRTS that
when the environment of monolayer MoS, changes from
vacuum to 760 Torr of O,, the photoconductivity changes
from negative to positive. We find that this behavior is a
consequence of physically adsorbed O, depleting excess
electrons from the n-type MoS,. In vacuum, excess electrons
bind to photogenerated excitons to form negative trions that
have reduced conductivity. In oxygen, photoexcited defect
electrons bind to photogenerated excitons to form negative
trions that increase the conductivity. Further analysis shows
that photoinduced O, desorption creates a long-lived
conductivity in MoS, that is dominated by electrons that
transfer back to the MoS,. This long-lived photoconductivity
component does not occur when MoS, is in vacuum since no
oxygen is present before photoexcitation. These results and
analysis provide valuable insight into the effect of O, on the
photoconductivity of MoS, and therefore should be useful to
those who look to make devices out of MoS, and point to the
need to potentially passivate the effects of adsorbed gases on
TMD monolayers.
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