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ABSTRACT: Monolayer transition metal dichalcogenide (TMDC) semiconductors exhibit strong excitonic
optical resonances, which serve as a microscopic, noninvasive probe into their fundamental properties. Like
the hydrogen atom, such excitons can exhibit an entire Rydberg series of resonances. Excitons have been
extensively studied in most TMDCs (MoS;, MoSe2, WS;, and WSe), but detailed exploration of excitonic
phenomena has been lacking in the important TMDC material molybdenum ditelluride (MoTe,). Here, we
report an experimental investigation of excitonic luminescence properties of monolayer MoTe; to
understand the excitonic Rydberg series, up to 3s. We report a significant modification of emission energies
with temperature (4 to 300 K), thereby quantifying the exciton-phonon coupling. Furthermore, we observe
a strongly gate-tunable exciton-trion interplay for all the Rydberg states governed mainly by free-carrier
screening, Pauli blocking, and band gap renormalization in agreement with the results of first-principles
GW plus Bethe-Salpeter equation approach calculations. Our results help bring monolayer MoTe; closer to
its potential applications in near-infrared optoelectronics and photonic devices.
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Introduction

Excitons?, excitations which consist of bound electron-hole pairs, in transition-metal
dichalcogenide (TMDC) semiconductors are a suitable platform to investigate a rich variety of condensed-
matter phenomena — such as Mott insulators?®, Wigner crystals*, and light-induced magnetic phases® — via
optical spectroscopy due to their high binding energy and large oscillator strength®2°. The pronounced
optical resonances due to excitons lie below the electronic gap and arise from the atomically thin, two-
dimensional nature of quantum confinement and weak dielectric screening®”*1, In monolayer TMDCs, a
valley degree of freedom*?* emerges from the crystal structure with Cs and broken inversion symmetries,
which gives rise to lowest-energy excitonic states with 2-fold degeneracy that display opposite chiral
selection rules. Beyond the lowest-energy optical excitations, excitons can also exist in hydrogenic internal
states®>*", known as Rydberg excitons, which by virtue of their relatively larger wavefunction”!® offer a
sensitive probe of exciton-electron, exciton-exciton, and other quasiparticle interactions — making them
attractive candidates for optical quantum sensing®®2!. Additionally, Rydberg excitons offer a way to realize
giant light-matter interaction (similar to Rydberg atoms) and can be studied in cavity quantum
electrodynamics and nonlinear optical measurements?2, While typically observed in resonant reflection
measurements!*?*, a number of recent studies on extremely high-quality TMDC samples have reported
Rydberg excitons in photoluminescence (PL)!*%5-28  Although such states have been extensively
characterized in MoS;, MoSez, WS, and WSe,, 1>162430 they have not been well explored in MoTe;, *°.

The 2H phase of monolayer MoTe; is semiconducting, with the smallest bandgap (in the near
infrared) amongst the Mo-based TMDC materials®*:3, Several studies have reported a phase transition to
the metallic-1T” phase, under high doping conditions, which may be useful in phase change photonics®**4°.
The optical properties of MoTe; change dramatically under the extreme conditions of high doping, but even



at lower doping densities (~10'1cm™2), the excitonic properties are significantly altered and yield
information about quasiparticle interactions — primarily exciton-electron dynamics?*-2241, Because of the
presence of heavy tellurium atoms, the spin—orbit coupling effects (~230 meV for valence band and ~43
meV for conduction band)* and bright—dark A-exciton splitting (~25 meV)® in MoTe, are much more
significant compared with the other Mo-based TMDCs. Additionally, MoTe; is one of the few van der
Waals materials to emit near the silicon band-edge, and hence, an accurate understanding of the
photophysics of the entire Rydberg series under different conditions of excitation density, temperature, and
doping can guide future development of near-infrared optoelectronic and photovoltaic components, such as
detectors, modulators, and light-emitting diodes.

In this work, we report results of experimental characterization of the optical properties of
electrostatically gated monolayer MoTe;, probed via photoluminescence measurements. Combining high-
quality heterostructures and a resonant back-reflector geometry, we identify different optical transitions
corresponding to the excitonic Rydberg series. The evolution of emission as a function of temperature,
reveals a semiconductor-like behavior with quantitative estimation of zero-temperature energies and
Rydberg exciton-phonon coupling strengths. By controlling the charge density in the monolayer MoTe;
from charge neutrality to electron (hole) densities of ~10'2cm~2, we find strong modulation of optical
transitions and continuous tuning of the ground and excited state excitonic manifold — which is computed
and illustrated in Figure la. We also perform first-principles calculations on the basis of many-body
perturbation theory (MBPT) to obtain the excited-state properties of monolayer MoTe,, including many-
electron interactions. First-principles GW plus Bethe—Salpeter equation (GW-BSE) calculations with a new
plasmon pole model developed*? to account for the dynamical screening of carriers show that the strong
tunability is attributed to enhanced screening of the excitonic states from the increased electron density, as
well as phase space filling, which leads to Pauli blocking of optical transitions. Our ab initio calculations
also capture well the trion binding energy close to charge neutrality. Additionally, a linear line width
broadening is observed, which is attributed to enhanced exciton-electron scattering with increasing carrier
density and is in qualitative agreement with explicit calculations that consider the scattering of excitons to
the degenerate Fermi sea.

Results

To efficiently probe the optical properties of monolayer MoTe, samples, we adopt a Salisbury-
screen®® geometry (electromagnetic simulation details are in the Supporting Information (SI) (B)), shown
schematically in Figure 1b. The MoTe; is placed approximately a quarter wavelength away, from a back-
reflector of optically thick gold, which also acts as the bottom electrode, to cause a destructive interference
of the electromagnetic field at the monolayer, thereby enhancing light-matter interaction. This configuration
results in a mild Purcell enhancement of the emission* (F,~2, where F, is the Purcell factor; SI (C allows
efficient tuning of the Fermi level in MoTe; with the application of a gate voltage across the bottom hBN.

Measurements of the spatial dependence of PL at T = 4 K vyield bright, uniform emission from the

monolayer regions of the device. Figure 1c shows integrated PL counts, Ip; = f;j:g::ml(/l)dl, over a

bandwidth from 800nm (~1.55eV) to 1150nm (~1.07eV). The bilayer regions exhibit lower emission and a
broader peak, while very faint emission is seen from the multilayer regions. There have been reports
investigating whether bilayer can become direct gap semiconductor at lower temperatures using emission
spectroscopy because of the similar photoluminescence quantum yield®, PLQY = y,./(¥y + ¥nr), Where
¥ Ynr are the radiative and non-radiative rates, respectively. From our measurements (shown in Sl (D)),
we find the ratio of the PLQY of the monolayer to bilayer to be three, indicating that the indirect to direct
gap transition might happen when MoTe; is thinned to a bilayer. A representative PL spectrum (Figure 1d)



from one of the brightest monolayer spots shows sharp emission around 1.172 eV and 1.149 eV with
linewidths of 7.13 and 8.77 meV, respectively, which we attribute to the Als exciton and trion, as previously
reported-34-8, Some of the cleanest regions of the sample show extremely narrow linewidths, narrowest
obtained being ~4.48 meV, indicating high sample quality (shown in Sl (E)).

Ab initio GW-BSE calculations using a modified plasmon pole model to account for dynamical
screening associated with free carriers42 support our understanding of the experimental spectra and enable
prediction of important optical properties, such as the quasiparticle band gap, optical resonance energies,
and exciton binding energies. Within this formalism, one- and two-particle excitations can be calculated
using state-of-the-art GW and GW-BSE approaches, respectively. Computational details are reported in S
(O-S) and elsewhere.*? In monolayer MoTe;, the lowest interband excitonic transition is bright and occurs
at the degenerate K and K’ points in the Brillouin zone (Figure 1a). Because of spin-orbit coupling effects,
a splitting of both the valence band maximum and conduction band minimum occurs, resulting into two
distinct series of excitons, often labeled as A and B excitons. The optical gap computed with the first-
principles GW-BSE approach, which also corresponds to the lowest-energy Als exciton energy, is found
at E,p; = 1.09 eV, in good agreement with the experimentally measured gap. The computed GW
quasiparticle gap is E; = 1.58 eV (see Sl (Q) for details). Thus, we predict an exciton binding energy of
Ep = E;g — E,pe = 490 meV for the lowest energy, optically bright excited state. Because of strong
Coulomb interactions in low dimensions, charged excitons (trions) are expected to form in monolayer
MoTe,. We calculate the binding energy of the negatively charged exciton from first-principles by solving
the corresponding equation of motion for three-quasiparticle-correlated bound states [see Sl (S) for details]
and obtain 20.6 meV [see SI (S)], which is in agreement with former reports® and measured values of ~23
meV.

Additional luminescence peaks are seen at higher energies at 1.269 eV, 1.29 eV and 1.315 eV, and
have been identified as the A2s trion, A2s exciton and A3s exciton, respectively, in accordance with
previous reports on MoTe,® and other TMDCs. The assignment of these excitonic and trionic peaks is in
accordance with nomenclature that reflects how the exciton wave function transforms under the crystal
symmetry in analogy with the hydrogen atom.* Our ab initio GW-BSE calculations [see SI (O,Q) for
details] predict higher excited state excitons at 1.31, 1.35, and 1.43 eV, which correspond to the A2s, B1s,
and A3s excitons, respectively. The slight discrepancy in the peak energies and reordering of the B1s and
A3s exciton is likely related to the enhanced screening of MoTe; by the hBN dielectric, which is not
considered in the calculations. The observation of Rydberg states up to 3s enables investigation of stronger
Rydberg interactions, as well as photon-matter coupling, in MoTe,. The line widths observed for these
excited states are exceptionally narrow and are ~10 meV and ~25 meV for the 2s and 3s exciton,
respectively. Additionally, the brightness of the 2s state is ~10% of the 1s state, which is comparable with
or higher than that for other TMDCs.

To verify that the emission is excitonic in nature, we performed pump-power-dependent
photoluminescence measurements. We scanned the incident pump fluence over two decades in intensity
and observed an increase in the emission intensity (Figure 2a). A mild spectral broadening is associated
with increasing pump density that originates from enhanced exciton—exciton interactions. We analyze the
peaks by fitting them to a Lorentzian line shape profile,
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where 4; is the oscillator strength, I; is the broadening and w; is the resonance frequency of each resonance,
respectively. We can extract the integrated PL intensity, [ Ip; ;(P) dw = C,;P%, where P is the incident



power and «; is the exponent for each resonance, Ip; ; is given by eq 1 and C ; is a dimensionless constant
as a function of pump power. Near-linear scaling is seen for all the excitonic states as shown in Figure 2b
with exponents as @ = 1,0.93,and 0.92 for the 1s, 2s, and 3s states, respectively. This excludes any defect
related emission as no saturation or non-linearity is observed over 2 orders of magnitude of incident pump
power.

Rydberg excitons in MoTe; also show strong temperature dependence, which is consistent with
previous observations in other TMDCs. While the lowest energy state has been investigated for MoTe,,
there is lack of knowledge about the excited state dynamics with temperature. Our measurements, in Figure
2 c,d, for the 1s and 2s exciton, respectively, show a redshift for excitonic states with increasing
temperature, which can be modeled with a semiempirical semiconductor band gap dependence of the form

Eexc(T) = Eexc(0) = § < hw > [coth (S22) - 1], )
B

where E,,.(0) is the resonance energy at zero temperature limit, S is a dimensional constant, kg is the
Boltzmann constant and < Aw > is the average phonon energy3. From the fits, we extract the parameters
summarized in Table T1, also shown in Figure 2 e,f. Furthermore, the PLQY drops with increasing
temperature, which is attributed to an increase in accessible non-radiative decay channels from the phonon
contributions (evident from the linewidth broadening with increasing temperature, shown in Sl (1)), while
the radiative contribution remains constant. The zero-limit exciton energy indicates the Rydberg state
energy levels, which are in close agreement with ab initio GW-BSE computed energy levels (Als = 1.09
eV and A2s = 1.31 eV), which correspond to T = 0 K. Interestingly, the relative intensity of the 2s exciton
state with respect to the 1s state grows with increasing temperature [see Sl (I)], which possibly stems from
weaker coupling with the phonons.

Table 1. Experimentally Measured Zero-Temperature Exciton Energy and Exciton-Phonon Coupling
Parameters for the Rydberg States

State index Energy (Eprc(0)) (eV) |S <hw> (MmeV)
1s 1.176 £ 0.019 1.22 £0.434 8.7 £7.009
25 1.292 + 0.018 1.08 + 0.304 6.7 £5.825

Reduced dielectric screening and strong electron-hole Coulomb interactions in two-dimensional
semiconductors make their electronic and optical properties highly sensitive to their dielectric
environments*!1:17:41:46748 1 particular, the presence of free carriers can significantly affect the electronic
landscape of a TMD monolayer.26-2%3141 A key finding of our study, summarized in Figure 3, is the carrier
dependence of the exciton-electron interaction, as quantified by the gate-voltage dependence of the exciton
and trion emission properties. We first focus near the 1s exciton resonance illustrated in Figure 3a-c. A
false color map shows the evolution of the 1s exciton and trion peaks as a function of applied gate voltages
(Vg =-10t0 10 V). At very low voltages, the neutral exciton peak dominates in emission, but with a very
small change in the carrier density, the trion peak rapidly emerges as a dominant feature on either side of
Vg = —0.65 V (which is identified as the charge neutral condition from the peak in neutral 1s exciton
emission intensity). At higher voltages, the emission from the neutral exciton is completely suppressed.
While trion emission grows in intensity for higher voltages, it eventually saturates and shows a slight
reduction at even higher voltages. Such changes are better visualized in the derivative of PL with respect
to energy (dPL/dE), as shown in Figure 3b,e for different regions of the gate voltage. The resonances
corresponding to the 2s and 3s excitonic states show a qualitatively similar doping dependence (Figure
3d—f). Line cuts corresponding to near-charge neutral condition and finite doping showing strong exciton



and trion emission spectra are plotted in Figure 3 panel (c) for the 1s state and in panel (f) for the 2s and 3s
states.

To quantitatively understand the doping-induced changes in the emission dynamics, the spectra are
fitted to a sum of multiple Lorentzian features, as given by (eq 1), which correspond to the different exciton
and trion states. The evolution of the peak intensity, line width, and energy are then extracted as a function
of carrier density, with the results presented in Figure 4. Figure 4a,b quantifies the changes in the PL
intensity of the different exciton and trion states, as discussed previously. A crossover density (N¢) is
defined where the exciton and trion intensities overlap and is identified to be Vy =0.296 V and Vg =—1.36
V on the electron and hole side, respectively, for the 1s state. This corresponds to [from a parallel plate
capacitor model, see Sl (G)] charge densities of N; = 2.08x10'! cm™2 and N} = 1.54x10''cm™2,
respectively. Additionally, as seen in Figure 4e, the exciton slightly blue-shifts (2s much more than 1s) with
increasing charge density, while the trion red-shifts [see SI (M)]. A qualitatively similar trend is seen for
the features corresponding to the 2s exciton state and a crossover density of V;, = 1.24V and V;, =
—2.42V, which corresponds to N; = 4.19x10% ¢m™2 and N = 3.95x10'¢m™2 that are identified
on the electron and hole side, respectively. The emission strength from the 3s trion state, which appears
red-shifted to the 3s excitonic state, is not high enough to perform further quantitative analysis. However,
from the derivative of PL measurements in Figure 3e,f, it is clear that a similar qualitative picture also holds
true for the 3s state. Further studies with magnetic fields are required to study quantitative dynamics of the
even higher states so that the visibility is improved. Our observations are consistent with previous reports
of gate-tunable exciton and trion intensities in other TMDCs.26" %8

The energy differences (AE = E . citon — Etrion) DetWeen the exciton and trion exhibit an unusual
gate dependence and show striking difference between the 1s and 2s states (Figure 4c). An overall slight
blue shift of the energy difference AE;,~1 meV, over a doping density of n~1x101? cm™2 is seen. A linear
fit for AE;; reveals a rate of change in the exciton energy 0.103 meV /(10! cm™2) (0.118 meV/
(1011 cm™2)) for the electron (hole) doping. A zero-density limit of the energy shift provides the trion
binding energy which is 21.94 meV (22.14 meV) for the negative (positive) trion. The energy shift is

highly exaggerated for the 2s state, where a much larger shift of AE,;~10 meV is seen over a smaller
mevV

doping density of n~5x101* cm™2. A similar analysis yields 1.57 meV /(101! cm™2) (2.56 ———;) for

1011 cm~=2

the electron (hole) doped case. The trion binding energies are estimated to 18.14 meV (13.67 meV) for
the negative (positive) side. The lower binding energy of the 2s trion compared with the 1s state follows
from the lower binding energy of the corresponding neutral state. This unusually larger energy shift is
understood as stemming from the larger wave function of the 2s state and, thus, higher susceptibility to the
electronic landscape, which also is evident from the stronger dependence of the oscillator strength with
doping density of the 2s state compared with the 1s state. These results are illustrated in Figure 4c and
summarized in Table 2. In general, we expect the sensitivity of self-doping to increase dramatically with
even higher-lying Rydberg states.

Table 2. Experimentally Measured Binding Energy and Energy Shifts for Rydberg Trions

State index | E} trion* (MeV) | Ep trion- (MeV) | AE/An*(meV/10* cm™?) | AE/An~(meV/10" cm?)

1s 2214+ 0.2 21.94+0.1 0.118 + 0.029 0.103 +0.023

2s 13.67 £0.12 18.14 +£0.09 2.56 £0.16 1.57+0.19




We also measure the linewidth evolution (Figure 4d) and observe that neutral exciton states exhibit
linewidth broadening as a function of doping density. Additionally, while the 2s trion broadens, the 1s trion
remains nearly unchanged with increasing carrier concentration.

Discussion

To better understand doping-induced changes in the optical properties, we use first-principles GW
and GW-BSE calculations with a modified plasmon pole model*? to compute the exciton spectrum under
different carrier densities. For optical excitations close to the band edge, we find two main effects to support
our experimental observation: (i) a doping-independent ground exciton energy (Figure 5b) and (ii) a
suppression of the exciton oscillator strength (Figure 5¢). Numerical results are reported in Table 3.

Table 3. Computed Rydberg Exciton Binding Energy and Relative Dipole Moment as a Function
of Doping Density

Doping Als A2s A3s

density (cm?) AE), Rel. Osc. AE, (meV) Rel. Osc. AE, (meV) Rel. Osc.
(meV)

0 0 1 0 0.25 0 0.09
2.3x10% -116 0.58 -64 0.08 -67 0.05
1.6x10%? -246 0.28 -166 0.05 -164 0.02
3.0x10* -301 0.10
4.5x10* -353 0.05 Not detectable
5.9x10* -366 0.02
8.7x10% -368 0.01

The evolution of the exciton energy with increasing doping density arises from an interplay of
various effects®*®, In the low-doping regime, the doping-independent exciton energy results from a
compensation between the band gap renormalization and exciton binding energy reduction (Figure 5a, b),
which is expected from the reduced electron-hole Coulomb interaction. At a higher doping concentration,
the ground exciton peak is expected to blue-shift slightly as the exciton binding energy saturates, while the
guasiparticle gap slightly increases because of an increase of the energy continuum with the free carrier
concentration.50 In addition, as the doping density increases, the exciton delocalizes in real space [exciton
wave function reported in SI (R)], and Pauli blocking prevents transitions around the K valley, which is
eventually reflected in a decrease of the oscillator strength of the exciton peak, as shown in Figure 5c. This
argument can be related to the intrinsically lower oscillator strength (and by reciprocity, lower PLQY) of
the higher order Rydberg states, which is also due to a more delocalized wave function in real space.
Similarly, the exciton binding energy and oscillator strength of the A2s and A3s excited states decrease
rapidly, and the corresponding peaks quickly vanish above a doping density of 2x10%2 cm™=2.

The average lifetime, 7, of an unstable particle is related to the decay rate y,as t = 1/y. The PL
linewidth L, obtained as L = h/t = hy, provides information about intrinsic contributions from radiative
exciton lifetime and dephasing from exciton-phonon scattering, as well as extrinsic inhomogeneous
broadening effects (e.g., doping, defects, and substrate-induced disorder). In MoTe, monolayer, the bright
exciton state is energetically below the dark states, which, at low temperature, prevents scattering toward
intervalley exciton states that would require the absorption of a phonon. Therefore, at low temperature, the
intrinsic contributions to the line width are dominated by radiative exciton decay.*? Using Fermi’s golden
rule,>® we compute a radiative exciton lifetime of 0.3 ps, which corresponds to a radiative line width of 2.2
meV for the ground exciton. The discrepancy with the experimental zero-doping line width of 7.13 meV



comes from inhomogeneous broadening effects, such as the presence of defects or substrate effects.
Furthermore, because of the presence of a back reflector, which gives rise to a slight Purcell enhancement
in emission, it is expected that the enhanced radiative rate is higher than the computed one in vacuum (by
approximately 2-fold). With increasing doping density, charged excited states, known as trions, emerge and
couple to the excitons. Using the microscopic many-body theory developed in previous studies, we expect
an approximately linear exciton line width broadening with doping density (~8.7 meV per 10*2cm2 doping
density, in our measurements) because of enhanced exciton-electron scattering.

Conclusions

In summary, we report on the optical luminescence features of a monolayer MoTe,, including
Rydberg excitons up to 3s states, by combining results of experimental photoluminescence measurements
and first principles calculations. We observe a linear dependence of the exciton peak energy with incident
pump fluence and a red shift with increasing temperature that follows a semiempirical semiconductor
relationship. The optical response can further be modulated with gate voltage due to an efficient exciton-
to-trion conversion. With increasing doping density, we predict (i) a reduction in the exciton oscillator
strength and (ii) a near-constant (mild blue shift) exciton energy, which supports our experimental
measurements. Our understanding of MoTe, photophysics creates a foundation for the understanding and
design of future optoelectronic devices in the near-infrared.

METHODS

Fabrication. SiO; (285 nm)/Si chips were cleaned with ultrasonication in acetone and isopropanol for 30
min each, followed by oxygen plasma treatment at 70 W and 300 mTorr for 5 min. Monolayer MoTe;, few-
layer hBN, and graphene flakes were directly exfoliated using Scotch tape at 100 °C to increase the yield
of monolayer flakes. Monolayer thickness was initially identified using optical contrast (~7% contrast per
layer) and later verified with atomic force microscopy. hBN thickness was confirmed with atomic force
microscopy. Flakes were assembled with a polycarbonate/polydimethylsiloxane (PC/PDMS) stamp with
pick-up at temperatures between 80 - 110 °C. The entire heterostructure stack was dropped on prefabricated
gates at 180 °C. The polymer was washed off in chloroform overnight, followed by isopropanol for 10 min.
Given the air-sensitive nature of MoTe, monolayers, the exfoliation and identification of MoTe; flakes and
the stacking of the entire heterostructures were done in a nitrogen-purged glovebox with oxygen and
moisture levels below 0.5 ppm. Gates were fabricated on SiO, (285 nm)/Si chips with electron-beam
lithography (PMMA 950 A4 was spun at 3500 rpm for 1 min and baked at 180 °C using a 10 nA beam
current and dosage of 1350 uC/cm2 at 100 kV) and developed in methyl isobutyl ketone/isopropanol (1:3)
for 1 min, followed by isopropanol for 30 s and electron beam evaporating with 5 nm Ti/95 nm Au ata 0.5
AJs deposition rate. Liftoff was done in warm acetone (60 °C) for 10 min, followed by rinse in isopropanol
for 5 min. The gates were precleaned before drop-down of heterostructure by annealing in high vacuum (2
x 107 Torr) at 300 °C for 6 h. The chip was then wire-bonded with aluminum wires onto a custom
homemade printed circuit board.

Optical Spectroscopy. Low-temperature confocal photoluminescence measurements were performed in
an attoDRY800 closed-cycle cryostat at base pressures of <2 x 10 mbar. The sample was mounted on a
thermally conducting stage with Apiezon glue, and the and stage was cooled using a closed-cycle
circulating liquid helium loop. The temperature was varied between ~4 and 300 K. A 532 nm (Cobolt)
continuous-wave laser was used as the excitation source, with power ranging between 10 nW and 1 mW
and focused to a diffraction-limited spot. Emission was collected in a confocal fashion with a cryogenic-
compatible apochromatic objective with an NA of 0.82 (for the visible and NIR range, LT APO VISIR)
and dispersed onto a grating-based spectrometer (with 150 grooves per mm with a Silicon CCD; Princeton



Instruments HRS 300). Voltage was applied using a Keithley 2400. Data was acquired with home-written
MATLAB codes.

Crystal Growth. MoTe; single crystals were grown by the chlorine-assisted chemical vapor transport
(CVT) method. A vacuum-sealed quartz ampule with polycrystalline MoTe, powder and a small amount
of TeCl, transport agent (4 mg per cm® of ampules’ volume) was placed in a furnace containing a
temperature gradient so that the MoTe, charge was kept at 825 °C, and the temperature at the opposite end
of the ampule was about 710 °C. The ampule was slowly cooled after 6 days of growth. The 2H phase of
the obtained MoTe; flakes was confirmed by powder X-ray diffraction and transmission electron
microscopy studies. Flakes obtained from the aforementioned source, as well as commercially available
MoTe; (2D Semiconductors), were investigated with similar results.

AFM Imaging. Atomic force microscopy (AFM) was performed using Bruker Dimension Icon in tapping
mode. Data analysis was performed in MATLAB.
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Figure 1. Electro-optic investigation of Rydberg excitons in monolayer MoTe2. (a) Excitonic energy landscape of
Rydberg series in monolayer MoTe2 with the quasiparticle band structure, exciton-state energies Q°, and exciton
binding energies E,° obtained using GW-BSE calculations. (b) Investigated device geometry consisting of hBN
encapsulated monolayer MoTe2 on Au substrate with applied gate voltage. (c) Integrated PL intensity map of
investigated sample at 4K. Bright spots indicate monolayer. Inset is an optical micrograph of sample. (d) Example PL
spectra with assigned Rydberg states.
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Figure 2. Pump power and temperature dependence of Rydberg excitons. (a) PL intensity variation with increasing
pump power for the 1s exciton. Inset, PL (x100) for the 2s and 3s exciton. (b) Semilog-scale plot of intensity
dependence of PL with pump power and corresponding fits to a power law showing excitonic emission (IpL = 1oP%).
(c,d) Temperature variation of normalized PL spectrum for the 1s and 2s exciton regions, respectively. (e,f) Fitsto a
temperature model estimating different parameters for the 1s exciton and 2s exciton.
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Figure 3. Gate-dependent PL spectra of Rydberg excitons. (a,d) PL intensity of different neutral exciton species and
their corresponding trion features as a function of gate voltage near the 1s and 2s/3s resonances, respectively. (b,e)
Derivative of the PL spectra, dPL/dE, shown in (a,d). (c,f) Line cuts of the PL spectrum at different voltages
showing the different exciton and trion resonances.
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Figure 4. Gate-tunable PL properties of Rydberg excitons. (a,b) PL intensity (normalized) of different neutral
exciton and trion species, respectively, as a function of charge density. (c) Energy shifts between the neutral exciton
and the trion for 1s and 2s states as a function of charge density. (d) Evolution of the line width and (e) resonance
energy of various exciton and trion states as a function of charge density.
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Figure 5. Doping dependence of (a) the variation in exciton binding energy, AE,,, for the ground Als
exciton, and the excited A2s and A3s states, (b) the variation in exciton energy AQS (black curve), the
exciton binding energy AE,, (blue curve), and the renormalization of the QP band gap AE,, (red curve) for

the ground Als exciton, (c) the oscillator strength for the Als, A2s and A3s states. Inset, same as ()

plotted in semilog-scale on the y axis.



