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We have developed a microspectroscopy technique for measuring gate-modulated reflectance to 

probe excitonic states in two-dimensional transition metal dichalcogenides. Through the use of 

gate-modulated spectroscopy, we were able to detect excited states of excitons and trions, which 

would typically have weak optical signals in traditional reflectance spectroscopy. Using the 

transfer matrix method for spectral analysis, the binding energy of trion 2s was successfully 

determined to be 26 meV. Because observing the Rydberg series of excitonic states provides 

fruitful information on the strong Coulomb interaction in two-dimensional systems, gate-

modulated spectroscopy can be a versatile tool for understanding underlying many-body physics 

as well as designing next-generation quantum optoelectronics based on two-dimensional materials. 

 

Various transient quasiparticles, such as excitons and trions, can form in solids in response to 

light excitation. An exciton, for example, is a bosonic quasiparticle in which a photogenerated 

electron and a hole form a bound state via attractive Coulomb interaction. Excitons, like phonons, 

carry momentum and excitation energies, moving in solids before radiative or nonradiative 

recombination. Electrically neutral excitons can bind an electron or a hole to form charged three-

body particles called trions.1–3 Because of the non-zero net charge, trions can be driven by an 
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electric field, leading to next-generation optoelectronic devices based on electrical 

manipulations.4–6 These excitonic quasiparticles usually emerge only at cryogenic temperatures in 

bulk semiconductors due to weak binding energy between electrons and holes.7–9 

Two-dimensional (2D) semiconductors provide an excellent platform for exploring exciton 

physics and excitonic devices.10,11 Due to the reduced dielectric screening arising from 2D 

structure, exciton binding energies in 2D semiconductors, such as monolayer transition metal 

dichalcogenides (TMDs), can reach hundreds of millielectronvolts, one to two orders of magnitude 

higher than in conventional semiconductors.12–14 For example, the binding energy of monolayer 

MoSe2 is determined to be 0.55 eV, which is more than 100 times larger than GaAs (4.2 meV),13,15 

enabling the formation of excitons even at room temperature. Due to the colossal binding energy, 

various excitonic quasiparticles, such as biexcitons,16,17 charged biexciton,18 and five-particle 

complexes,19,20 are generated in 2D TMDs upon light excitations. Furthermore, moiré excitons 

emerge in TMD-based moiré superlattices, attracting considerable research attention in the past 

five years.21–24  

Photoluminescence (PL) spectroscopy has been the primary method to study exciton physics 

in 2D TMDs. PL spectroscopy is a sensitive probe for low-lying excited states, whereas higher-

energy excited states, such as excitonic Rydberg states, are hardly observable.25 Also, PL 

spectroscopy detects only radiative recombinations that compete with nonradiative recombinations, 

and PL intensities can be tiny when nonradiative recombination dominates.26 Unlike PL 

spectroscopy, absorption or reflection spectroscopy is independent of the exciton relaxation and 

recombination processes. As a result, previous studies have successfully observed not only ground 

states (1s) but also higher-energy excited states (such as 2s) of 2D TMDs,12,25 which were 

inaccessible by PL spectroscopy, by measuring absorption or reflection contrast (RC). 
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Here, we have applied an advanced reflectance spectroscopy method, gate-modulated 

reflectance (GMDR) spectroscopy, to probe excitonic states, particularly higher-energy excited 

states, in 2D TMDs. GMDR spectroscopy selectively detects reflectance signals in response to 

carrier density modulation by AC gate voltage in field-effect transistors (FETs) with semiconductor 

channels. GMDR spectra show an almost flat background compared to standard reflectance 

spectroscopy because background signal insensitive to carrier density modulation do not contribute 

to GMDR signals. Optical background signals, such as those from polymer residues, are effectively 

filtered out in GMDR spectra. GMDR spectroscopy is, therefore, a versatile tool particularly for 

detecting weak signals arising from Rydberg states, in addition to ground states.27 Indeed, we have 

clearly identified the 2s states of exciton and trion in a monolayer WS2 sample, in which only 

ground states were observable in standard reflectance spectroscopy at cryogenic temperature. Our 

work has shown that GMDR spectroscopy is a sensitive method to explore exciton physics in 2D 

TMDs, leading to a further application for investigating exotic excited states, such as moiré 

excitons in 2D moiré superlattice. 

Figures 1(a) and 1(b) show an optical image and a schematic diagram of the device used for 

GMDR measurements. We used an hBN-encapsulated structure to improve the quality of the 

device, as hBN encapsulation has been shown to effectively narrow excitonic resonances in optical 

spectra approaching the intrinsic limit.28 Prior to encapsulation, hBN and WS2 flakes were 

prepared on Si substrates with a 270 nm SiO2 layer by the mechanical exfoliation method; hBN 

with a thickness of about 20 nm and monolayer WS2 were identified from optical images. The 

standard dry transfer technique was used to fabricate an hBN-encapsulated monolayer WS2 on a 

silicon substrate.29 Electrical contacts to the monolayer WS2 were made with 20 nm bismuth to 

maintain low contact resistance down to cryogenic temperatures.30 As shown below, gate 
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modulation can be applied to a WS2 device over the temperature range of 10 ~ 300 K. We also 

conducted GMDR spectroscopy on a monolayer of MoSe2 and found results that are comparable 

to WS2 (refer to Figures S1 and S2 in the supporting information). From this point forward, we 

will be concentrating on the findings related to WS2. 

Using the device shown in Fig. 1, we have carried out GMDR measurements. Figure 2 shows 

a diagram of the experimental setup. Monochromatic light with a particular wavelength extracted 

from a supercontinuum broadband light source was focused on the channel of the device. At the 

same time, an AC voltage with a specific amplitude and frequency, typically 2 V and 3533 Hz, was 

applied to the source and drain electrodes for modulating carrier density, while a DC voltage was 

applied to the Si back gate for controlling average carrier density. Carrier density modulation 

causes the dielectric function of monolayer TMDs to be modulated, resulting in reflectance 

modulation, and the lock-in technique was used to selectively detect the reflectance modulation. 

We made spectra, the modulation amplitude vs. excitation photon energies, by scanning the 

excitation wavelength with fixed AC amplitudes and frequencies. In this measurement, signals 

arising from background and impurities such as polymer residues, which are insensitive to the 

carrier density modulation, do not contribute to the modulation intensity, whereas excitonic peaks, 

whose oscillator strength, peak position, and peak width strongly depend on carrier density, give 

significant signals.  

Figures 3(a) and 3(b) show RC and GMDR spectra of monolayer WS2 measured at 10 K with 

zero gate voltage, respectively. The RC spectrum was measured with the same setup as the GMDR 

measurement, but the laser power was modulated with a light chopper in the RC measurement 

instead of carrier density modulation. In our measurements, RC is defined by (Rsample− Rsubstrate) / 

Rsubstrate. As shown in Fig. 3(a), no prominent peaks above the noise level were observed in the 2s 
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state energy region (~2.20 eV). Also, in addition to the 1s peaks of excitons (X1s) and trions (T1s), 

low-energy peaks (L), possibly due to impurities such as polymer residues, were widely observed 

in the RC spectrum. On the other hand, the GMDR spectrum shows an almost flat background and 

no low-energy signals which appeared in the RC spectrum.  

In contrast to the RC spectrum, we observed additional peaks at the energy region around 0.15 

eV higher than 1s peaks in the GMDR spectrum (Fig. 3(b)); AC amplitude does not alter spectral 

shapes in GMDR spectra (Fig. S3), and we conducted our analyses using a fixed amplitude of 1 V. 

Due to the interference in multi-layered structures, we analyzed reflectance by the transfer-matrix 

method (TMM).31–33 For analyzing GMDR spectra with TMM, the thicknesses of each layer are 

needed as input parameters. The thicknesses of the top hBN and bottom hBN were obtained by 

atomic force microscopy (AFM), whereas the thickness of monolayer WS2 was determined based 

on the interlayer spacing of bulk WS2 (0.618 nm).34,35 We also need to know the refractive indices 

of hBN, Si, and SiO2, as well as the complex dielectric function of WS2 over the spectral range. 

The dispersion of refractive indices of hBN, Si, and SiO2 was obtained from the literature.36–38 The 

complex dielectric function of monolayer WS2, ε(E), is approximated as a Lorentz oscillator-like 

model:39 

𝜖(𝐸) = 𝜖𝑏 +∑
𝑓j

𝐸0j
2 −𝐸2−𝑖𝛾j𝐸

𝑗                                                    (1) 

where i and E represent the imaginary unit and photon energy, respectively. Also, εb represents the 

background complex dielectric function of monolayer WS2 in the absence of excitons, which is 

assumed constant and the same as the bulk WS2.
40 The index j represents different excitonic species 

with oscillator strength f, resonant energy E0, and linewidth γ. In this formalism, each excitonic 

resonance has three parameters, f, E0, and γ, which can be determined by least-square fitting. 

Figures 3(c) and 3(d) show GMDR spectra in 1s and 2s energy regions measured at 10 K with 
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a gate voltage of 30 V. Least-square fitting of the 1s energy region reproduces the observed GMDR 

spectra well, yielding resonant energies of 2.072 and 2.041 eV for exciton 1s and trion 1s, 

respectively. The trion binding energy derived is 31 meV, consistent with PL results.25,41,42 The 

peaks in the 2s energy region were also fitted well, assuming the coexistence of 2s exciton (X2s) 

and trion (T2s) with resonant energies of 2.215 eV and 2.189 eV, respectively. The energy difference 

between 1s exciton and 2s exciton is 143 meV, consistent with previous reports.12,25,43 The binding 

energy of 2s trion is 26  3 meV, also consistent with a previous report (22 meV).25 Using the 

fitting result, we can calculate the wavelength-dependent absorption coefficient of monolayer WS2 

α(λ): 

𝛼(𝜆) =
4𝜋𝑘

𝜆
                                                                (2) 

where k is the imaginary part of the complex refractive index n(λ); n(λ) = (ε(λ))0.5, where ε(λ) 

represents the complex dielectric function of WS2 as a function of wavelength λ. The calculated λ-

dependent absorption coefficients, which are identical to the absorption spectra, are presented in 

the inset, where exciton and trion resonances can be seen as Lorentzian peaks. While the dielectric 

function (refractive index) can also be obtained using spectroscopic ellipsometry, GMDR 

spectroscopy can selectively detect optical signals that respond to changes in carrier density, 

allowing for the observation of the trion excited state, which typically has weak signals in the usual 

optical spectra. 

Figure 4(a) shows a color plot of a gate voltage dependence of the GMDR spectrum in the 2s 

resonant energy region. As seen in the plot, the GMDR signal vanishes below the gate voltage of 

-20 V due to the depletion of electrons in our naturally n-type WS2 sample. The electron density 

becomes insensitive to the gate voltage when it drops below the threshold voltage of -20 V, and 

the GMDR signal is no longer present. As electron density increases, the resonant energy of exciton 
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2s shifts to the higher energy side (Fig. 4(b)). The resonant energy of trion 2s almost keeps constant, 

indicating the increasing binding energy of trion 2s as electron density increases. The observed 

increase in the binding energy of trion 2s is consistent with previous reports.44 

Figure 5(a) shows the temperature dependence of the GMDR spectra around the 2s-energy 

region from 10 K to 300 K. As can be seen in the figure, the peaks shift to the lower energy side 

as the temperature increases, corresponding to the decrease in bandgap; when the temperature is 

above 50 K, the signature of 2s trion is negligible, which is also consistent with previous reports.25 

We fitted the temperature dependence of exciton 2s peak positions using the Varshni equation: 

𝐸𝑔(𝑇) = 𝐸𝑔(0) +
𝛼𝑇2

𝛽+𝑇
                                                        (3) 

We fixed β to 200 K and obtained Eg (0) = 2.213 eV, α = -3.5  10-4 eV/K, which is similar to 

the value in the previous report (-4  10-4 eV/K).45 The fitting results again confirmed that the 

origin of the high-energy signals is 2s states of excitons. Although peak broadening occurs with 

increasing temperature, GMDR signals from 2s excitons are clearly visible up to room temperature. 

The existence of the 2s exciton peak at room temperature clearly demonstrates that electron-hole 

pairs form bound states even at room temperature. 

In conclusion, we have successfully applied GMDR spectroscopy to probe excitonic species 

generated in 2D TMDs. We observed higher-energy GMDR signals next to lower-energy signals 

from exciton and trion ground states; the higher-energy signals were not visible in RC spectra. The 

TMM-based spectral shape analyses and temperature dependence of peak positions confirmed that 

these high-energy signals originate from 2s states of exciton and trion. GMDR spectroscopy 

selectively detects signals that respond to carrier density modulation and is particularly sensitive 

to exciton Rydberg states compared to traditional optical spectroscopy methods. GMDR 
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spectroscopy combined with TMM-based spectral shape analyses is expected to contribute to the 

study of excitonic physics in 2D semiconductors and their heterostructures. 

 

See the supplementary material for the applicability of GMDR spectroscopy to monolayer 

MoSe2 and the AC voltage amplitude dependence of GMDR spectra measured with WS2 sample.  
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Figure 1. (a) Optical image of the two-terminal device of the hBN/WS2/hBN heterostructure. (b) Schematic 

representation of a cross-section of the device. Bi directly touches the WS2 flake to make contact resistance 

small. 

 

 
Figure 2. Schematic representation of the setup for gate-modulated reflectance spectroscopy. A broadband 

laser beam from a supercontinuum laser source is monochromated and focused onto a sample. The reflected 

light is detected by an avalanche photodiode (APD), and the voltage signal from the APD at the same 

frequency as VAC is detected by the lock-in technique. 
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Figure 3. (a, b) RC spectrum and GMDR spectrum of the sample measured at 10 K. (c, d) GMDR spectra 

of the 1s (c) and 2s (d) energy regions. Black dots are the experimental data and orange dashed lines are the 

fits with the TMM method. The insets show the calculated absorption coefficient of monolayer WS2. 

 

 

 
Figure 4. (a) Color plot of the gate-dependent GMDR spectra. (b) Plot of the gate dependence of exciton 2s 

(blue) resonant energies and trion 2s (red) states with error bars. Dashed line is the linear fit. 
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Figure 5. (a) Temperature-dependent GMDR spectra of the sample measured from 10 K to 300 K. (b) 

Temperature dependence of the resonant energy of exciton 2s state extracted from (a). Red dots are 

experimental results and the blue dashed line is a fitting curve with the Varshni equation. 


