
Supplementary Information: Optically induced trion

formation and its control in MoS2/graphene van der

Waals heterostructure

Madhura Ghosh Dastidar,†,‡,¶ Nilanjan Basu,†,‡,¶ I-Hsuan Kao,§ Jyoti Katoch,§

Pramoda K. Nayak,∗,¶,†,∥ Simranjeet Singh,§ and Vidya Praveen Bhallamudi∗,‡,†

†Department of Physics, Indian Institute of Technology Madras, Chennai 600036, India

‡Quantum Centers in Diamond and Emerging Materials (QuCenDiEM) Group, Indian

Institute of Technology Madras, Chennai 600036, India

¶2D Materials Research and Innovation Group, Indian Institute of Technology Madras,

Chennai 600036, India

§Department of Physics, Carnegie Mellon University, Pittsburgh, PA, 15213, USA

∥Centre for Nano and Material Sciences, Jain (Deemed-to-be University), Jain Global

Campus, Kanakapura, Bangalore 562112, Karnataka, India

E-mail: pramoda.nayak@jainuniversity.ac.in; praveen.bhallamudi@iitm.ac.in

Contents

1 MoS2 monolayer thickness 3

2 Raman spectra for few-layer graphene 3

3 Energy Level Scheme for Excitons and Trions 4

1

Supplementary Information (SI) for Nanoscale.
This journal is © The Royal Society of Chemistry 2024

pramoda.nayak@jainuniversity.ac.in
praveen.bhallamudi@iitm.ac.in


4 Discussion: Trion Peak Identification 5

5 Photoluminescence: Reproducibility & Fitting Method 6

6 PL Spectral Characteristics 10

7 Optical control of trions 11

8 MoS2 Raman spectra at various temperatures 11

9 MoS2 Raman spectra characteristics 13

2



1 MoS2 monolayer thickness

10 μm

0 4 8 12 16 20
X ( m)

1.5

1.0

0.5

0.0

0.5

1.0

1.5

H
e
ig

h
t 

(n
m

)

0.95 nm

(a) (b)

Figure S1: (a) AFM micrograph of monolayer MoS2 flake used in the MoS2/FLG heterostruc-
ture fabrication before transfer. (b) The height profile shows around 0.95 nm thickness, which
confirms the monolayer nature of the MoS2 flake.

We provide the AFM data for the MoS2 flake before transfer for heterostructure fabrica-

tion [see Figs. S1 (a)-(b)]. This is done to provide the accurate thickness as upon fabrication

of the heterostructure there may be an air gap between the constituent flakes increasing the

errors in the AFM measurement. The AFM data shows a flake thickness of ∼ 0.95 nm,

which proves that the flake is a monolayer.

2 Raman spectra for few-layer graphene

The Raman spectral measurement for FLG was performed at 300 K. We obtained the modes

at 1580 cm−1 (G peak) and 2718 cm−1 (2D peak) [see Fig. S2]. The Raman spectrum

was collected for a 60s integration time, to unravel any secondary peaks. However, the

absence of a defect-activated peak and the observation of the G peak at 1580 cm−1 indicates

that a high-quality, undoped FLG flake was used for our measurements.1 We describe the

characterisation of the other components of the MoS2/FLG heterostructure under "Sample

structure and Raman spectra" of the main manuscript.
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Figure S2: Raman modes measured from few-layer graphene (FLG), part of the MoS2/FLG
heterostructure at 300 K. The absence of a defect peak (∼1400 cm−1) and presence of G
peak at 1580 cm−1 indicates high-quality, undoped few-layer graphene (FLG) flake.

3 Energy Level Scheme for Excitons and Trions

The energy level structure for trions and excitons is shown in Fig. S3. The energy of exciton

recombination is higher than that of trions due to the additional energy required for binding

another electron for trion formation. This is the trion binding energy (ET
b ).
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Figure S3: Schematic energy level diagram representing trion and exciton recombinations.
Valence band maximum, exciton, trion and conduction band minimum states are represented
by |V Bmax⟩ , |A⟩ , |T ⟩ , |CBmin⟩, respectively. Green, orange and red arrows represent exci-
tation, excitonic and trionic transitions, respectively. The energy of the excitonic transition
(EA) is greater than that of the trionic transition (ET ).
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4 Discussion: Trion Peak Identification
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Figure S4: PL intensities MoS2/SiO2 and MoS2/FLG measured at 79 K on the (a) absolute
scale performed by dividing all spectra with the maximum intensity of MoS2/SiO2 at 79 K
and (b) normalized scale performed by dividing both spectra with its respective maximum
intensities. A manual offset is added to stack the two datasets for better visibility for each
subplot. The PL peak of MoS2/SiO2 is approx. ×4 higher than MoS2/FLG.

A large change in the surface topology of the substrate can cause a shifted, asymmetric

A excitonic peak of MoS2.2 However, this should be reflected by a shift in the in-plane

Raman mode, owing to local strain [described in2]. In the Raman spectra we have collected,

no such shift in the E2g peak is observed [see Fig. 1 (c) of the manuscript]. Further, a

bimodal distribution from the temperature-dependent behaviour, where a selective increase

of the lower energy peak is observed strongly indicates trion formation in MoS2/FLG. We

perform measurements across various samples and spots where the expected trends of trionic

behaviour are observed. Within the confocal volume of ∼1 µm, identical behaviour of surface

topology over different samples is highly unlikely, leading us to believe that the lower energy

peak arises from trion contributions to the PL. Finally and most importantly, we obtained

the power laws ∼ Pα, where α is close to 1 and α > 1 for exciton and trion as a function

of laser power density, respectively. This matches the expected trends for exciton and trion

intensities as a function of incident power [described in Sec. 2.2]. If the double peak arose

through PL peaks from the same quasiparticle, i.e., excitons, the power laws should reflect

linear behaviour for both peaks. In Fig S4 (a)-(b) we show the PL intensities in the same
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scaled and normalized by their peaks, respectively, from MoS2/SiO2 and MoS2/FLG (blue

and red). All the peaks are demarcated clearly. The expanded view of the B exciton in

shown in the inset of Fig. S4 (a) for both MoS2/SiO2 and MoS2, which behaves similarly to

the A exciton, as expected.3

5 Photoluminescence: Reproducibility & Fitting Method

We present the temperature-dependent PL measurement which is crucial for evidence of

trion formation and is an essential part of our analysis. Following are the sample images and

measurements conducted at various spots and temperatures:

10 μm
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Figure S5: Optical micrographs of MoS2/FLG heterostructures with the circles highlighting
the various measurement spots [S1: spot 1, S2: spot 2, S3: spot 3] on the MoS2/FLG (white)
and MoS2/SiO2 [S1: spot 1, S2: spot 2] portions.

Corresponding to the measurement spots indicated in Fig. S5, we show the temperature-

dependent PL measurements conducted in the following figures.

As can be seen from Figs. S6 and S7, trion peaks are observed for MoS2/FLG portion of

the heterostructure as opposed to the MoS2/SiO2 portion. We have tried performing peak

deconvolution with the two Gaussian functions to find if there are two peaks in the observed

PL from MoS2/SiO2. However, we find the peak centers of the two Gaussians functions

overlap for MoS2/SiO2 PL.

We deconvolve the primary intensity peak (A exciton) of our measured data for photo-

luminescence (PL) at various temperatures using the equation:

I(E) = A1e
−(E−E1)2/2σ2

E1 + A2e
−(E−E2)2/2σ2

E2 (1)
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Figure S6: Temperature-dependent PL measurements for the MoS2/FLG portion [top row:
sample 1; bottom row: sample 2] of the heterostructure samples and measurement spots
shown in Fig. S5. All plots are provided in absolute scales and a manual offset (equal for all
plots) is provided to stack the PL spectra for various temperatures for better visibility. By
peak deconvolution, trion and exciton peaks are extracted and peak maxima for all measured
spots are joined by the line marked T and A, respectively.

where I(E) signifies the intensity as a function of photon energy, A1, A2 are the am-

plitudes of the two deconvolved peaks with ∼ σE1 , σE2 FWHM. We accounted for inhomo-

geneous broadening by using the fit function comprising two Gaussians. To fit the model

function I(E) to our measured intensity, we use scipy.optimize.curve_fit in Python,

where we use non-linear least squares to fit a function. Thus, the data are fitted by a method

of successive approximations. The advantage of this method is that it provides a complete

description of the residuals associated with all the fit parameters by providing the Jacobian

matrix.

Thus, we ensure a correct fitting algorithm by extracting an initial guess from the data

sets’ peak amplitude and FWHM. For the MoS2/FLG heterostructure, the measured PL

data start showing separable peak centers at temperatures below 160 K, see Fig. S8 [A, C,

E]. Thus, our objective function given by Eq. 1 easily converges to the optimal parameters

and describes a good fit to the measured data.

For the MoS2/SiO2 portion, we choose the initial parameters for Eq. 1 such that we
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Figure S7: Temperature-dependent PL measurements for the MoS2/SiO2 portion [top row:
sample 1; bottom row: sample 2] of the heterostructure samples and measurement spots
shown in Fig. S5. All plots are provided in absolute scales and a manual offset (equal for all
plots) is provided to stack the PL spectra for various temperatures for better visibility. By
peak deconvolution, exciton peaks are extracted and peak maxima for all measured spots
are joined by the line marked A.
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Figure S8: Temperature dependent PL spectra measured from MoS2/FLG (rows A, C, E)
and MoS2/SiO2 (B, D, F) heterostructure. The data depicts the increase in the concentra-
tion of trions in MoS2/FLG, inversely with temperature, whereas no trions are observed in
MoS2/SiO2. The fittings are performed for the A excitonic peak (which splits into 2 peaks
for MoS2/FLG) only.
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constrain the two Gaussians to have the same peak center. However upon iteratively trying

to optimize the fit, we find the function that fits better to the primary peak in the curves

shown in Fig. S8 [B, D, F] is a single Gaussian:

I(E ′) = Ae−(E′−E)2/2σ2
E (2)

Thus, the observation of trions in MoS2/FLG indicates the selective formation of these

quasiparticles due to either excess electron doping from FLG or change in the surrounding

dielectric environment. Further, we deduce that the MoS2/SiO2 portion does not show

formation of trions even at temperatures below 133 K, in contrast to earlier reports.3

6 PL Spectral Characteristics
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Figure S9: Variation of the A exciton (in MoS2/SiO2 and MoS2/FLG) and trion (only in
MoS2/FLG) (a) PL peak energies and (b) FWHM as a function of temperature.

We extract the spectral properties of the PL measured from MoS2/FLG and MoS2/SiO2.

The PL peak energy (peak center from the fit) shown in Fig. S9 (a) for A excitons and trions

in MoS2/FLG and A excitons in MoS2/SiO2 as a function of temperature. We observe that

all curves show a gradual red-shift with the increase in temperature. This can be attributed
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to the bandgap renormalization and because the zero-momentum trion energy dominates

(only for MoS2/FLG) as temperature increases.3

In Fig. S9, the FWHM of the two peaks for MoS2/FLG and the single peak of MoS2/SiO2

is shown. The FWHMs reduce as temperatures decrease due to the lessening of inhomoge-

neous broadening, as expected.

7 Optical control of trions

We show the control of trion densities as a function of optical excitation power in Fig. S10.

At 4 different temperatures, the PL spectra is measured for MoS2/FLG (top row) and

MoS2/SiO2 (bottom row) and vertically stacked for comparison. We observe that in the bot-

tom row corresponding to all measurements done for MoS2/SiO2, at low temperatures and

high optical power densities, trion formation is yet not observed. Whereas, for MoS2/FLG,

the intensities of the doublet primary peak increase as a function of optical power. We

show the extracted peak amplitudes for trions and excitons in MoS2/FLG as a function of

optical power density in the main manuscript Fig. 4 (a) and (b). The absence of trions

in MoS2/SiO2 acts as a control measurement for deciphering the nature of the secondary

peak in MoS2/FLG, i.e., if a secondary peak would be observed for MoS2/SiO2, this could

eradicate our argument of selective trion formation in MoS2/SiO2.

8 MoS2 Raman spectra at various temperatures

Temperature-dependent Raman spectra for MoS2/FLG and MoS2/SiO2 is shown in Fig. S11.

The difference in intensity of MoS2/SiO2 and MoS2/FLG Raman modes is due to substrate-

dependent interference effects.4 A clear observation of change in the MoS2/FLG and MoS2/SiO2

Raman peaks is the inversion of relative intensity between the A1g (right peak) and E2g (left-

peak) for MoS2/FLG at 79 K. We see that the A1g peak (sensitive to electron doping) is

greater than the E2g (sensitive to in-plane strain) throughout all temperatures for both por-
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Figure S10: Excitation power dependent PL spectra measured at various temperatures for
MoS2/FLG (top row) and MoS2/SiO2 (bottom row). We observe that even on increasing
power, trions are not formed in MoS2/SiO2.

Figure S11: Temperature dependent MoS2 Raman spectra measured from MoS2/SiO2 and
MoS2/FLG in the range 79 - 300 K. The dashed circle in the first panel indicates the increase
in E2g mode’s intensity w.r.t A1g for 79 K. For rest of the measured temperatures, A1g mode’s
intensity dominates that of E2g.
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tions of the heterostructure. However, at 79 K the A1g mode softens and shows an increased

linewidth (indicated with a dashed oval in first panel of Fig. S11). This is indicative of an

increase in electron doping at 79 K.5 We plot the relative intensities of the two Raman modes

as a function of temperature in Fig. 4 (d) of the main manuscript.

9 MoS2 Raman spectra characteristics
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Figure S12: Extracted fit parameters from the measured MoS2 Raman spectra as a function
of temperature. (a), (b) shows the Raman mode frequencies of the A1g and E2g modes,
respectively. (c), (d) show the linewidths of the A1g and E2g modes. While the frequen-
cies show a linear trend which is expected for temperature-dependent Raman studies, the
linewidths for each mode remain constant. This may be indicative of doping in MoS2.

We fit the Raman spectra with a combination of two Lorentzian functions for the curves

shown in Fig. S11 and extract the fitted parameters. Next, we plot the frequencies of the A1g

and E2g Raman modes as a function of temperature, in Figs. S12 (a) and (b), respectively,

for both portions of interest of the heterostructure. The frequencies are fitted to the linear

function ωX(T ) = ωX(0) + AXT , where ωX(0) and AX are the peak position at absolute

zero temperature and the first-order temperature coefficient for X (X = A1g or E2g) Raman
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mode. We obtain the value of AA1g = −1.24±0.1×10−2 cm−1/K, which is similar to previous

reports.5

The E2g mode is insensitive to any change in temperature which is expected as it is

insensitive to electron doping. In Figs. S12 (c) and (d) we show the linewidths of the A1g

and E2g modes as a function of temperature. While the linewidth of the E2g mode may

remain constant due to its insensitivity to doping, the approximate constancy of A1g mode

indicates coupling of temperature-dependent and doping effects in the properties Raman

spectra.
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