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Monolayer 2D transition metal dichalcogenides (TMDs) show high sensitivity to the local dielec-
DOI:00.0000/000000000x tric environment, leading to modulation of their optoelectronic properties. Here, we report on the
formation of localized trions in MoS; /few-layer graphene van der Waals’ heterostructure. We per-
formed temperature-dependent photoluminescence and Raman studies down to 80 K, to understand
the mechanism for localized charge excitation, which shows contrasting behaviour with MoS, /SiO5.
We attribute trion formation to optically-induced charge transfer from few-layer graphene to MoS;.
Our theoretical analysis and simulations comparing the dielectric screening between MoS,/SiO; and
MoS, /few-layer graphene, strongly suggest the dominance of excess charge carrier concentration
over dielectric screening as the cause for trion formation. The concentration of charge carriers could
be tuned actively with excitation power. Our findings provide an efficient approach for trion forma-
tion in MoS; and explicate the mechanism behind charge transfer in the MoS; /few-layer graphene
heterostructure.

1 Introduction
have binding energy orders of magnitude larger than conven-

Layered TMDs in their 2D forms exhibit bandgaps in the 1-2 eV tional semiconductors?.

range which can undergo a transition from an indirect to a direct
band gap in the single layer limit. This has generated a lot of
interest in these materials yielding applications in photonics and
optoelectronics?. Being a semiconductor, monolayer MoS, has
a low dielectric constant (K ~ 5) and therefore weak dielectric
screening?, allowing strong Coulomb interactions among the car-
riers. This results in the formation of many-body states such as
excitons (electron-hole pairs) and trions®#, at above-cryogenic
temperatures. In contrast to excitons, a trion possesses a net
charge and spin, which allows for spin-dependent studies® and
optical probing of the local electrostatic variation®. Trions have
been intensively explored for a broad range of potential applica-
tions, including quantum information®®, sensing, lasing”, and
light-emitting devices®. Further, these quasiparticles in TMDs

The formation of trions can be observed from the photolumi-
nescence (PL) of monolayer MoS,, providing information about
the carrier concentration in the material. Few-layer graphene
(FLG) is an important van-der Waal’s material with rich elec-
tron concentration?. It also has better charge transfer efficiency
compared to monolayer graphene and is robust for forming het-
erostructure. Further, stacking two different van der Waal’s mate-
rials allows one to tune the electrical and optical properties of the
system, which may be unlike both constituent materials. Since
the semiconducting or 2H phase of MoS; has a controllable con-
ductivity™, it is suitable for practical optoelectronics due to its
good energy cycling stability and well-studied synthesis proce-
dure1213| To achieve better conductivity alongside optical sensi-
tivity, MoS; can be stacked on top of few-layer graphene without
altering its Dirac conel4,
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etc®. Chemical and implantation methods may degrade the sam-
ple quality and do not provide active control over the carrier
concentration. Trion binding energies in the range of tens of
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meVs#2152% have been reported in literature for monolayer MoS,
on SiO,. Thus, trion dynamics can be better elucidated at lower
temperatures than 300 K, due to reduced phonon scattering. Un-
derstanding the behaviour of the quasiparticles under optical ex-
citation has not been explored thoroughly for the MoS,/FLG het-
erostructure. Further, most reports use electrostatic gating as the
control over trion concentration in MoS,.

In this work, we present the temperature-dependent behaviour
of negatively charged trions observed in MoS, stacked on few-
layer graphene, via optical readout. Raman and PL spectroscopy
have been used as reliable techniques to measure carrier concen-
tration in monolayer MoS,. In-situ, confocal Raman and PL stud-
ies have been performed as a function of temperature for study-
ing the dynamics of the photocarriers in MoS, when supported by
FLG and SiO,/Si. We observe selective trion formation in MoS,
on FLG, which is interestingly absent in MoS,/SiO, (part of the
same heterostructure). We use the temperature-dependent mass
action law to quantify the binding energy of trions (=~ 15 meV)
and carrier concentration (= 100 ecm~1) using our experimental
data. We show that the power of the optical excitation can be
used as a knob for the control over trion concentration.

2 Results

2.1 Sample Structure and Raman Spectra

The schematic and the optical image of as-prepared heterostruc-
ture is shown in Figs.|1| (a)-(b). The CVD-grown monolayer MoS,
flake (top triangle, 0.95 nm thickness see Fig. S1 in the sup-
plementary information) lies on a graphite flake (~4 nm thick,
hence referred to as few-layer graphene). We have denoted the
two different spots of MoS, where confocal optical measurements
were conducted on the sample (sample 1)— MoS,/SiO; (S;: Spot
1)and MoS,/FLG (S3: Spot 3)[see Supplementary Information].

For characterizing the sample, Raman spectral measurements
conducted on MoS, flake (see Fig.[1| (b) for measurement spots)
of the heterostructure at room temperature, are shown in Fig.
(c). The characteristic Raman modes of MoS, corresponding
to in-plane (E,) and out-of-plane vibration (A;,) are seen at
wavenumbers ~385 and ~405 cm~'22 respectively. For a ma-
terial placed on top of few-layer graphene, the Raman signal can
be even weaker than SiO,/Si as the substrate2®. Thus, we ob-
serve a weaker Raman signal from MoS,/FLG as compared to
MoS,/Si0,. The Raman spectral measurement for FLG was per-
formed at 300 K. We obtained the modes at 1580 cm~! (G peak)
and 2718 cm™! (2D peak), which are consistent with earlier re-
ports for pristine, undoped FLG2Z. The supplementary informa-
tion contains the said Raman spectra [Fig. S2].

2.2 Trion formation: Evidence, Temperature-dependence
and Optical Control

An exciton can acquire a negative or positive charge by interact-
ing with an electron or hole, respectively, to form trions. Like ex-
citons, trions also undergo radiative decay, wherein an electron
or hole is removed from the quasiparticle with a considerable
amount of momentum, leaving the net-zero momentum charge
pair to recombine. Due to differences in their recombination en-

2| Journal Name, [year], [vol.], 1@

ergies, excitons and trions emit optical light having slightly differ-
ent wavelengths [see Fig.|2| (a) and Fig. S3 in the supplementary
information]. Further, since the binding energies of the quasi-
particles are comparable to room temperature, the bound state
wave function and thermal momentum distribution of trions can
be changed by varying the temperature.

To understand the substrate-dependent effects'® on the emis-
sion properties of the heterostructure, we perform a temperature-
dependent confocal photoluminescence (PL) measurement on the
spots: MoS,/SiO; (S;) and MoS,/FLG (S3) for sample 1. While
we present data for only these two spots, we have performed
the same measurements for two different samples and on vari-
ous spots. This is done to check the reproducibility of our results,
as shown in the supplementary information Figs. S5-S7. While
some details may change, the key analysis and conclusions are
supported by the other spots/data.

In Fig.|2| (b), we present the PL spectra recorded on MoS,/SiO,
and MoS,/FLG at 79 K. For MoS,/SiO, we see a peak at 1.91
eV. This corresponds to the well-studied A exciton peak2® and
is observed at 1.83 eV2? (from our measurements as well), at
room temperature. For MoS,/FLG we see an asymmetric main
peak, which can be deconvolved into two peaks. We attribute the
higher energy one (1.94 €V) to the A exciton peak and the lower
energy peak (1.92 eV) to trions. An asymmetric peak may be ob-
served due to other effects, such as modulation of distance from
the substrate or other substrate-induced effects=Y. However, we
rule these out based on further data and analysis presented later.
More detailed reasoning can be found in the Supplementary In-
formation (Sec. 4). We also observe the B exciton peak in the
MoS,/Si0, and MoS,/FLG data as well (see Fig. S4 of Supple-
mentary Information). However, we do not analyze the B peak
further in our study, as they do not affect the trion formation in
our samples that we seek to understand. Please note that we will
refer to A exciton peak as exciton peak in this work.

We perform temperature-dependent (79-300 K) PL studies to
understand the origin and behaviour of these peaks. In Fig.
(c) and (d), the measured temperature-dependent PL spectra are
shown for MoS,/FLG and MoS,/SiO,, respectively. The fittings
for the complete datasets are shown in the Supplementary Infor-
mation (SI) [see Fig. S8]. With the increase in temperature, the
overall spectra show a lowering of peak energies for MoS,/SiO,
and MoS,/FLG, which occurs due to the thermal expansion of
the lattice®1:32, While the dual peaks seen in the PL spectra of
MoS,/FLG at 79 K are not as clearly visible at temperatures > 160
K, the two peaks are present and can be seen in the asymmetry
of the convoluted peak. The PL spectra for MoS,/SiO, at various
temperatures show no substantial asymmetry on the lower energy
end. The asymmetry observed for MoS,/SiO, on the higher en-
ergy end is described as follows. The PL spectra of TMDCs com-
prise contributions from excitons with zero center-of-mass mo-
mentum and phonon sidebands of dark excitons with finite mo-
menta2®. The former decays radiatively resulting in symmetric
PL profiles (without any tail). At non-zero temperatures, the ex-
citons occupy the energy states following the Maxwell-Boltzmann
distribution. Thus phonon-assisted recombinations of the exci-
tons which have non-zero momenta lead to the tail on the higher-
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Fig. 1 Characterization of the heterostructure: (a) Schematic of the MoS;/FLG heterostructure showing the different portions. The heterostructure
comprises a portion with MoS; on few-layer graphene and MoS; on 300 nm SiO,/Si substrate denoted as MoS,/FLG and MoS,/SiO,, respectively.
(b) Optical micrograph of the MoS,/FLG heterostructure, scale bar: 10 um. The white dots denote the positions where confocal Raman spectral
measurements were conducted for MoS; /FLG and MoS;/SiO;. (c) Raman spectra measured for MoS,/SiO, (orange) and MoS;/FLG (blue) which
are each part of the same MoS;/FLG heterostructure [measurement locations shown in (b)] measured at 300 K. The two Raman modes corresponding

to in-plane and out-of-plane vibrations is denoted by Es, and Ay, respectively, and their peak centers are marked using dashed lines.

energy end of the PL spectra and cannot be considered as evi-
dence for trions. Thus, we do not see significant trion forma-
tion in MoS,/SiO; in contrast to previous reports@, when com-
pared to MoS,/FLG. This could be due to the increase of neutral
photo-carriers in M082 on FLG, which indicates photoinduced
charge transfer in MoS, via few-layer graphene. We deconvolve
the two peaks for every temperature and extract quantitative in-
formation about the PL spectra.

The spectral red-shift (mentioned earlier) and the increase
in each peak’s FWHM with temperature for MoS,/SiO, and
MoS,/FLG are quantified in Fig. S9 (a)-(b). In the case of
MoS,/FLG, the trion peak’s intensity keeps increasing with a
decrease in temperature, whereas the excitons follow a non-
monotonic behaviour [see Fig. |3| (a)]. To understand the con-
tribution to PL from these excitons and trions, the integrated PL
area was plotted with temperature for both portions of the het-
erostructure in Fig. 3| (b). We observe that the integrated PL area
shows a drastic increase for MoS,/Si0, whereas for MoS,/FLG, it
remains approximately constant. The constancy in the PL area for
MoS,/FLG can be attributed to the conversion of excitons to tri-
ons in MoS; due to the presence of excess electrons. The conver-
sion from excitons to trions requires some non-radiative energy
intake from the incident photons, due to momentum conserva-
tion®%. Thus, the emergence of the trion peak (overlapped with
the exciton peak) keeps PL area relatively constant for MoS,/FLG
at various temperatures.

To provide an active control on the trion concentration in
MoS,/FLG, we perform a power-dependent PL measurement for
4 different temperatures on the heterostructure. It is observed
that even if the laser power is increased, trion formation does not
take place in MoS,/SiO, [see Fig. S10 in SI]. First, we observe
that the peak intensities for both excitons (I4) and trions (Ir) in-
crease with incident power [see Fig. Ell (a)-(b)]. The power law
fittings (~ P%*) have been shown which agree with the expected
trends for excitons and trions [see Figs.EI(a) and (b)]. We

obtained the power law = P*, where o ~ 0.9 and o = 1.2 for exci-
ton and trion recombinations as a function of laser power density,
respectively, for all temperatures other than 300 K. This matches
with the expected trends for exciton and trion intensities as a
function of incident power. At 300 K, trion concentration is low,
owing to its smaller binding energy. Thus, the power law follows
the behaviour for exciton recombination which is more promi-
nent. In literature, a range of o from 0.8 - 1 and 1 - 1.521135:38
are reported for the power laws obeyed by excitons and trions,
respectively. Next, we plot I /I4 as a function of incident power
for MoS,/FLG in Fig. E (¢) and observe its increase with tem-
perature. Using Eq. [4] (derived in Sec. we fit the measured
datasets of I /I, vs. laser power density for 4 different tempera-
tures as shown in Fig. E An increase in It /14 indicates the control
of trion concentration in MoS,/FLG via incident laser power.

2.3 Mass Action Model: extracting trion concentration

To determine the relative intensity of the two quasiparticle sys-
tems (trion spectral weight, Ir/I4) from their PL signals, a dy-
namical model is adopted. Let ny, ns, and n, denote the con-
centrations of trions, A excitons and free electrons, respectively.
Further, let np = ny +ny and ng = ny + n. denote the concen-
trations of photocarriers generated by the laser and the doping
level before , respectively. Now, the reaction for trion formation
isA+e~ — T. From the law of mass action,

T

nAne E,
= C1kgT ——= 1
1kgT exp{ kBT} )

where T is the temperature, kg is the Boltzmann constant, EbT is
the trion binding energy and C| = 16%"{;‘;”” , in which My =2m, +
my, and My = me + my,, me[my] is the electron[hole] mass. At a

fixed temperature T, we can write the above equation as:

MR _c(r) ©)
nr
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Fig. 2 Evidence of trion formation in MoS,/FLG: (a) Schematic of the processes of optical emission from the different portions of the MoS,/FLG
heterostructure, when excited with 532 nm light. Charge transfer from FLG upon illumination can support trion formation selectively on the MoS, /FLG,
which shows up as a second peak in the PL in addition to the exciton peaks. (b) Comparison of the MoS; PL measured (dots) and fitted (solid and
dashed lines) at 79 K for SiO,/Si [top, blue curve] and FLG [bottom, red curve] on the same scale. This is performed by dividing all spectra with the
maximum intensity of MoS;/SiO; [blue curve] at 79 K. The fittings show the convolution of two Gaussians corresponding to exciton (A) and trion (T)
peaks in MoS,/FLG, as opposed to only an excitonic peak (A) in MoS;/SiO>. A manual offset is added to MoS,/SiO; PL to stack it over MoS, /FLG
for clear visibility. The sharp peak indicates the Raman peak of FLG for the G mode (1580 cm™! which is ~ 580 nm for 532 nm excitation). (c) and
(d) show the temperature-dependent spectra for MoS, /FLG and MoS;/SiO,, respectively. The PL intensities for both MoS,/FLG and MoS,/SiO;
are plotted on the same scale, performed by dividing all spectra with the maximum intensity of MoS,/SiO; at 79 K. A manual offset is then added

to stack the spectra for clear visibility.
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Fig. 3 Salient features of the photocarriers in MoS;/FLG heterostructure: (a) Peak intensities of trions (blue) and A excitons (red) formed in
MoS; /few-layer graphene as a function of temperature. Dashed lines are drawn as a guide to the eye. Trion intensity follows a monotonic behaviour,
growing with a decrease in temperature. However, An exciton intensity shows slightly erratic behaviour with an initial increase up to 200 K, then
decreases with temperature. (b) Integrated PL area under the curve for MoS,/SiO, and MoS,/FLG as a function of temperature. While the area
remains constant for MoS,/FLG, it shows a drastic increase in MoS,/SiO,, which is suggestive of charge transfer mechanisms in the former.
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Fig. 4 Control and verification of trion formation: Log-log plots of the measured (a) exciton and (b) trion intensities (in dots) and corresponding fits
(in dashed lines) as a function of laser power density (P) for 4 different temperatures — 79 K (blue), 133 K (green), 193 K (purple), 300 K (red). The
fittings are done with power laws P%, where P is the laser power density. The exponents a of all fitted power laws are indicated in figure legends. As
expected for excitons o is close to 1 and trions o > 1 (except for 300 K), which obey the power laws. At 300 K, the trion concentration is low due to
which there is a discrepancy in the o values for Iy and Ir vs power density fits, i.e., contributions from excitons are dominant in the PL. (c) Measured
(dots) and fitted (solid lines) data for relative intensity of trions and excitons (Ir/I4) as a function of laser power density for 4 different temperatures.
Fitting was done using Eq. 4] (d) The trion spectral weight (I7/14 - green) of the trion (I7) and exciton (l4) peaks measured from the PL and that of
the two Raman modes (Ig,,/la,, - blue) of MoS; are plotted against temperature, for MoS,/FLG. It can be seen that both relative intensities follow

a similar trend. The temperature-dependent relative intensity measurements were conducted at a power density of 0.75 mW/umz.
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where C(T) is constant at a fixed temperature 7. Further, as a
function of optical pumping (laser intensity) I, the concentra-
tion of negatively charged particles due to electrostatic interac-

tion is40k:

nr +ne o< tanh(1/1y) 3)

where Iy is a fitting parameter. Using Eq.[3]in Eq.[2] we get the
relative intensity of trions and excitons (I /1) as:

Ir Atanh(i) @

Iy~ C(T)+BI

where A,B,C(T) are constants at a fixed temperature. Also,
we have taken ny o I, as ny >> It /I and is directly proportional
to the optical pumping rate. Using Eq. [4| we fit the measured
datasets of Ir /14 vs. laser power density for 4 different temper-
atures as shown in Fig. |4 (¢). Further, from charge conserva-
tion: n, +n4 +2n7 = np+ng. We solve for nr /ny as a function of
T to obtain the mass action model shown in Fig. @ (d). From
the model, we extract the trion binding energy to as E2 ~ 15
meV, matching earlier reports®. The background doping levels
are close to 10'° em~2, i.e., before optical excitation.

To quantify the approximate concentration of charge carriers
formed in MoS,, we perform a temperature-dependent Raman
measurement for MoS; in the heterostructure [see Fig. S11]. The
intensities of the Raman modes are low for MoS,/FLG as com-
pared to MoS,/SiO,, which can be attributed to the substrate-
modulated interference effectl®. At 79 K, we observe a change
in the relative intensity of the A;, w.r.t E;, mode for MoS,/FLG
only [see Fig. S11, first panel], in comparison to that of 300 K
[see Fig. S11, last panel]. Such a quenching of the Aj, mode
w.r.t the Ey, mode has been reported earlier byl which is due
to electron doping into MoS;. The frequency and linewidth of
the A|, Raman mode change as a function of electron concentra-
tion. Since the change in temperature also affects these quanti-
ties inversely, due to two competing processes, it is not possible
to observe any significant trend in these two quantities. Through
the mass action model, we can relate the concentration of trions
and excitons, we plot the relative intensity of the Raman peaks
to see if electron doping is causing the formation of trions as it
would affect the A, peak via electron-phonon coupling. Inter-
estingly, we observed that the relative intensity for MoS, in-plane
and out-of-plane Raman modes (IEZE/IA]g) also obeys the mass-
action law and follows the same behaviour as I7/I4 from the PL
measurement [see Fig. 4| (d)].

We fit the datasets with double Lorentzian to extract quantita-
tive information about the frequencies and linewidths of the Ra-
man modes [refer to Fig. S12 in SI]. The A;, mode undergoes a
stiffening of 3 cm~!, whereas the Epg shows that of 1 cm~! [see
Fig. S11 (a)-(b)]. The linewidths of both modes remain insen-
sitive to temperature change [see Fig. S12 (c)-(d)]. It is known
that E,, is sensitive to the strain in the material*™3. We fitted
the linewidth variation of the Raman modes as a function of tem-
perature: wyx(T) = wx(0)+AxT, where wx(0) and Ay are the peak

6| Journal Name, [year], [vol.], 1@

position at absolute zero temperature and the first-order temper-
ature coefficient for X (X = Ay, or E»;) Raman mode. Note that
for both portions of the heterostructure, the linewidths vary with
a similar trend and their quantitative difference remains within
the error bars. Therefore, we refer to both measurement spots for
the following. We obtain the value of A4, = —1.2440.1 x 1072
em~ /K. From Awy,, at T =300 K and T =79 K, we estimate the
carrier concentration to be ~ 1013 ecm~2 at 79 K, on excitation*L.

It has been established that the FWHM and peak wavelength
of the Eég mode is insensitive to doping or changes in carrier
concentration*!. Thus, in our data, we do not see much change
in these parameters of Eég mode. Moreover, the FWHM of Ay,
increases for increasing temperature and doping concentration.
Thus, these two are competing processes in our measurements,
rendering the FWHM of A;, mode almost constant throughout
the measurement. Similarly, for E%g peak, the FLG substrate on
which the MoS,; flake rests has some undulating surface topol-
ogy in comparison to SiO,/Si, which may result in some strain
effects. While strain-dependent wavelength shift in Eég mode is a
well-studied phenomenon, the amount of strain applied is quite
high. Small local strains may go unresolved in a Raman measure-
ment. Thus, here Eig peak does not exhibit any change as many
parameters (temperature, doping and local strain) affect its peak
parameters in the opposite manner.

There are two main mechanisms that determine trion forma-
tion in TMDs: dielectric screening and charge transfer. Next, we
discuss the dominant mechanism of these two.

3 Discussion: Mechanism

In this section, we describe the two main mechanisms for trion
formation: dielectric screening and charge transfer. We also de-
termine which of the two is the dominant cause in trion forma-
tion.

3.1 Dielectric Screening

The effect of dielectrics is to screen the Coulomb potential distri-
bution of the interacting charged particles?#, To illustrate this,
we first consider SiO, as a dielectric medium and graphite as
a conducting plane which is grounded. The emission occurs
in air, which we also consider as a dielectric here, the effec-
tive system can be modelled as dielectric/MoS,/dielectric and
dielectric/MoS,/conductor for MoS,/SiO, and MoS,/FLG, re-
spectively.

If we consider two charges (+¢q) in the MoS, layer, separated
by a distance L, then the potential distribution at a point (x,z) in
MoS, is:

1
B 477:80Kv

q0 + —q0
VE=L/2)2+22  \/(x+L/2)>+2?

V(x,2)

qx .n
. , (5)
Xz.n \/()c—xx.,,)2 +(z—zx0)?

where K; is the relative dielectric constant of the MoS, layer,
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Fig. 5 Mechanism for trion formation: (a) Coulomb potential distribution with an electron (blue circle) and hole (red circle) in the middle layer of the
dielectric-sandwich structure (Air/MoS,/FLG - top panel; Air/MoS;/SiO; - bottom panel). The red and blue contours indicate positive and negative
electrostatic potential values. (b) Schematic of the band alignment and work functions of MoS;,/FLG portion of the heterostructure.

qx, are the image charges in the other layers at xx ,,zx , posi-
tions w.r.t £¢(. Here we consider two charges (+¢) fixed at +L/2
in the MoS; layer. Infinite arrays of image charges will be created
due to the mirroring of the interfaces between the materials of dif-
ferent dielectric constants. The net potential of the image charges
depends on the environmental dielectrics, thereby the screening
increases for high-K materials [see Fig.[5| (a)]. The Coulomb po-
tential is screened if the dielectric environment is stronger than
the dielectric constant of MoS,.

Also, the quasiparticle binding energies provide a measure of
the Coulomb interaction strength between the electrons and holes
in the material. Trion binding energies in the range of 20 - 40
meV#21524 have been reported in literature for monolayer MoS,
on SiO,. However, it is known that trion binding energy can be af-
fected by substrate dielectric constant®¥, electron density#> and
the distance between the layers of constituent materials in het-
erostructures?2, Perebinos et al.## suggest that the quasiparticle
binding energies (gx):

x o (Kogy) ™™ ©)

where K,rr and oy are effective dielectric constant of the sub-
strate and environment and empirical constant, respectively. X =
A or T for A excitons an trions, respectively. The effective dielec-
tric constant, K,;r = (K7 +K>)/2, depends on the environmental
dielectric constants, K| and Kj, of the top and bottom layers, re-
spectively. Thus, with the increase in the magnitude of the dielec-
tric constant, the binding energy of the quasiparticles decreases.

The dielectric constants of SiO, and FLG are K, (SiO;)= 4 and
K, (FLG)= 17, respectively. The bottom layers are SiO, and FLG
thus, the K, changes for MoS,/SiO, and MoS,/FLG. Since K, ff o<
K, and gy o K%f K.;t(M0S,/8i0,) < K,(MoS,/FLG). Thus, the

trion binding energy reduces for substrates with higher dielectric
constants. Further, it has been observed that doping also inversely
affects the trion binding energy“>.

This suggests that optical detection of trions at room tem-
perature should be possible for MoS,/SiO, as compared to
MoS,/FLG. However, we do not observe the appearance of tri-
ons in MoS,/Si0;, even upon conducting temperature-dependent
measurements down to 79 K. In our system, there are two pos-

sible phenomena which can lead to trion formation — Coulomb
potential screening due to the higher dielectric constant of the en-
vironment compared to the host material of trions and optically-
induced charge transfer from substrate to the host material. In
this study, we attempt to identify the dominant mechanism for
trion formation as this has been a matter of debate?. Since we
do not observe trion formation in MoS,/SiO,, where the phe-
nomenon of dielectric screening should facilitate charge trans-
fer, we conclude that the former is not the dominant mechanism
for trion formation. Rather, charge transfer (which is relatively
higher for MoS,/FLG as compared to MoS,/SiO,) is the relevant
phenomenon causing trion formation. Thus, there must be local
doping effects in MoS, via FLG due to which were observed trions
in MoS,/FLG.

3.2 Charge Transfer

Doping from one material to another can occur due to a mismatch
of work functions. The work function of few-layer graphene
(in our case, close to 6 layers is ¢p; g ~ 4.4 €V) is lower than
that of monolayer MoS, (¢ys ~ 4.7 €V) [see Fig. [5| (b)]. This
allows a spontaneous transfer of electrons from FLG to MoS;.
Non-radiative energy transfer (NRET) has been extensively stud-
ied and typically involves either Coulombic interactions (Forster-
type) or electronic exchange. Usually, for Coulombic interactions,
both participating materials should be photoluminescent. Thus,
in our system electronic exchange occurs due to a mismatch of
work functions.

4  Conclusion

Summarising, we have illustrated the temperature-dependent
charge transfer mechanism in MoS,/FLG heterostructure. Raman
and PL spectroscopy show the selective formation of trions on
MoS, supported by few-layer graphene. Trion concentration in-
creases with a decrease in temperature obeying the mass-action
law. Further, with an increase in excitation power, the trion con-
centration can be tuned. The binding energy (~ 15 meV) of the
trions formed in MoS,/FLG was calculated using the mass action
model. We also highlight the effect of substrate dielectrics on
the probability of trion observation. Through this, we argue that
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charge transfer and Coulomb potential screening are the possible
mechanisms behind trion formation. Most effectively, the increase
in carrier concentration is a dominant factor in trion formation.
This present work provides an efficient approach for trion forma-
tion in MoS,/FLG and tuning its concentration, which has poten-
tial applications in optoelectronics and light detection.

5 Experimental Methods

5.1 Sample preparation

Graphite flakes were mechanically exfoliated. Monolayer MoS,
flakes on 290 nm SiO,/Si substrates were grown via chemical
vapour deposition (CVD), similar to4®. In a typical run, Sulphur
(S, Sigma Aldrich 99.98%) and Molybdenum oxide (MoO3, Alfa
Aesar, 99%) powders were used as precursors. 4 mg MoO3; pow-
der was kept in the middle of the chamber at 825 °C and 315
mg S was kept 35 cm upstream from it at 285 °C. 100 SCCM Ar
was used as a carrier and purging gas. Purging and growth were
carried out for 15 and 45 minutes, respectively, in an Ar environ-
ment.

For heterostructure fabrication, the as-grown monolayer MoS;
flakes were dry-transferred onto graphite flakes using a poly-
dimethylsiloxane (PDMS) stamp and a thin film of polycarbonate.
The heterostructure consists of a part of the MoS, on the graphite
flake [which is 4 nm thick and thus, is referred to as few-layer
graphene] and the remaining lies on the SiO, substrate.

5.2 Measurements

Raman and PL spectroscopic measurements were performed us-
ing a confocal Raman spectrometer (Renishaw, inVia Reflex). The
spectrometer has a back-scattering geometry under 532 nm laser
excitation. The measurements were carried out with a 50x (NA
0.55) objective with a long working distance. The laser has a
focal spot size of 1 um, and the spectrum was collected us-
ing 600[1800] lines per mm grating for the PL[Raman] mea-
surements. The sample was placed in a liquid nitrogen-cooled
Linkam cryostat for temperature-dependent measurement. The
laser power was kept around 300 yW during the temperature-
dependent measurements, and for power-dependent measure-
ments, it was kept below 2 mW to avoid local heating.
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