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Strong Coulomb interaction could lead to strongly bound exciton with high-order 

excited states, similar to the Rydberg atom. The interaction of giant Rydberg 

excitons can be engineered for correlated ordered exciton array with Rydberg 

blockade, which is promising for realizing quantum simulation. Monolayer 

transition metal dichalcogenides, with its greatly enhanced Coulomb interaction, 

is an ideal platform to host the Rydberg excitons in two-dimension (2D). Here, we 

employ helicity-resolved magneto-photocurrent spectroscopy to identify Rydberg 

exciton states up to 11s in monolayer WSe2. Notably, the radius of the Rydberg 

exciton at 11s can be as large as 214 nm, orders of magnitude larger than the 1s 

exciton. The giant valley-polarized Rydberg exciton not only provides an exciting 

platform to study the strong exciton-exciton interaction and nonlinear exciton 

response, it also allows the investigation of the different interplay between 

Coulomb interaction and Landau quantization, tunable from a low to high magnetic 

field limit.  
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The Rydberg atom1–5, with its large size of hundreds of nanometers, can be easily 

controlled and probed with light. As a result, the Rydberg atom can be used to generate 

artificial molecules to study molecular dynamics6. The giant size of Rydberg atoms also 

results in enhanced interaction that leads to large nonlinearity and exciton Coulomb 

blockade, which can be utilized for quantum information processing and quantum 

simulation7,8. Despite the significant experimental progress for creating Rydberg atom in 

optical traps, its analog in a solid-state system is still highly desirable for better integration 

into modern electronic technology. Exciton, a ubiquitous quasiparticle in the optically 

excited semiconductor, is consisted of a negatively charged electron and a positively 

charged hole bound together through Coulomb interaction3–5. In bulk semiconductors, 

excitons would also have Rydberg series like the hydrogen atom, which has been 

identified by the serial absorption peaks below the bandgap with energy spacing matching 

the Rydberg description 𝐸𝑏 = −
𝑅𝑦

𝑛2
, where 𝐸𝑏  is the binding energy, 𝑅𝑦  is the Rydberg 

constant, and n is the principal quantum number9–12. For large principal number n, the 

corresponding Rydberg exciton would have a large radius extension and thus strongly 

enhanced exciton-exciton interaction, which is critical for realizing large optical 

nonlinearity needed for quantum optoelectronics. One such example is the Rybderg 

blockade that can be utilized for quantum computing and quantum sensing1–5, in  which 

the exitence of a large size Rydberg exciton will exclude the possibility of another Rydberg 

exciton nearby.Rdyberg exciton blockade has been shown for a n=25 exciton found in 

the crystal of copper oxide (Cu2O)9, which has a corresponding Bohr radius of 1.04 µm. 

The ordered array of Rydberg excitons can be utilized as a quantum simulator3 and for 

quantum computing7 as well. However, generating such an ordered array in a bulk 

semiconductor is extremely challenging, if feasible at all. The emergence of the 

monolayer transition metal dichalcogenides (TMDCs) provides a promising platform to 

address the challenge13. The strongly enhanced Coulomb interaction in 2D leads to 

robust exciton with large binding energy, which renders the highly excited state of the 

exciton possible. The 2D nature of the TMDCs allows patterning it with periodic potential 

to form the ordered array of Rydberg excitons. Also, the valley degree of freedom of the 

exciton brings additional control of the Rydberg exciton. Nevertheless, the existence of a 

giant Rydberg exciton with a size comparable to the optical wavelength remains elusive. 

So far, only excited exciton state up to 5s has been revealed in TMDCs14, which requires 

an extremely strong magnetic field (~ 91 T)14 and is still too small for convenient optical 

readout. Will a higher-order Rydberg exciton with the size comparable to optical 

wavelength exits in TMDCs at all? That is the central question we want to address in this 

work.  

Here, we employ a helicity-resolved magneto-photocurrent spectroscopy technique to 

reveal the exciton excited states up to 11s in a high-quality WSe2 monolayer device under 

a ~17 T magnetic field, which, to the best of our knowledge, is the highest excited state 

of exciton ever reported for any 2D semiconductor. Under an out-of-plane magnetic field, 

the energy degeneracy of the K and K’ valleys is lifted, which can be exploited to improve 

the signal to noise ratio further. The extensive information about the size and energy of 



3 
 

the Rydberg series of the exciton, from 1s to 11s, is in excellent agreement with numerical 

simulations using the non-hydrogenic screened Keldysh potential. Being able to resolve 

the highly excited state up to 11s, we can accurately determine the exciton binding energy 

of the A exciton (1s) in WSe2 to be 168.6 meV, consistent with previous reports4,15–18. 

Notably, the size of the 11s exciton is determined to be 214 nm, orders of magnitude 

larger than that of the ground state exciton (1.75 nm for the 1s state, see Table 1) and 

comparable to the wavelength of light, especially with the consideration of the dielectric 

environment. The unveiling of the valley-polarized giant Rydberg excitons in monolayer 

WSe2 would enable further investigation of the enhanced exciton-exciton interactions. In 

addition, the two orders of magnitude difference of the binding energy between different 

Rydberg excitons allows the investigation of the interplay between Coulomb interaction 

and Landau quantization, which transition from a low to high magnetic field limit for 

increasing n. It is worth noting that the high magnetic field limit can be reached at a 

reasonable magnetic field of ~10 T for n ≥ 9, owing to the small binding energy of the 

high-order Rydberg exciton (Table 1). 

The boron nitride (BN) encapsulated monolayer WSe2 device was fabricated through the 

method described previously19–21, and the schematic is shown in Fig. 1a. Two pieces of 

few-layer graphene were used as the source and drain electrodes of the WSe2 layer, and 

one piece of few-layer graphene was used as the top gate electrode, gating the monolayer 

WSe2 through the top BN layer. The microscope image of the device is shown in Fig. 1b. 

The conductance of the WSe2 device, without light illumination, was measured as a 

function of the top gate voltage at both room temperature and 4.2 K, as shown in Fig. 1c. 

It is evident that the WSe2 device exhibit bipolar behaviors and is charge neutral at the 

gate voltage of 0 V. We then performed spatially resolved photocurrent measurement at 

77 K with zero bias voltage applied, by scanning a focused laser spot (~ 2 µm) across the 

sample and measured the resulting photocurrent response as a function of the spatial 

location of the laser spot. As shown in Fig. 1d, it is clear that the photocurrent response 

at zero bias is mainly from the junction of the few-layer graphene electrode and the 

monolayer WSe2, with a photoresponsivity as large as 4.4 µA/W, with the continuous 

wave (CW) photoexcitation centered at 1.959 eV and an excitation power of 1 µW.  

II. Rydberg exciton revealed by magneto-photocurrent spectroscopy 

Photocurrent is a sensitive probe of the absorption information of 2D semiconductor with 

a large signal to noise ratio, due to the large photocurrent response and negligible dark 

current17,22–24. Here we investigate the photocurrent response from the monolayer WSe2 

device as a function of the excitation photon energy. We also choose light excitation with 

a particular helicity (σ+)  to selectively excite a particular valley (K). Shown in Fig. 2a and 

2b, we found that, even at the absence of the external magnetic field (blue curve in Fig. 

2b), the photocurrent response exhibits resonance response at a few particular excitation 

photon energies. The most pronounced one is at 1.730 eV, the same as the absorption 

resonance of the 1s state of the A exciton in WSe2 (see Supporting Information 2). The 

second pronounced resonance peak is located at 1.861 eV, which we assign as the 2s 
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state of the A exciton due to the agreement with the absorption spectra (Supporting 

Information 2). There is a third peak smaller in magnitude but clearly visible at 1.880 eV, 

which we will show in the following discussion to be the 3s state of the A exciton. As we 

increase the magnitude of the out-of-plane magnetic field, it is evident from Fig. 2b the 

resonance at 3s is enhanced at the magnetic field of 15 T (-15 T), with even higher order 

excited exciton state, up to 8s, is visible at 4.2 K. The detailed photocurrent spectra as a 

function of the out-of-plane magnetic field is shown in Fig. 2a, with all the resonance 

peaks (bright line) exhibiting distinctive dependence on the magnetic field. These 

dependences, as we show below, is consistent with the expected absorption resonance 

for different exciton state, from 1s to 8s. We note that the photocurrent spectra are taken 

at the zero gate voltage, when the WSe2 is charge neutral. As soon as we change the 

gate voltage to electron or hole dope the WSe2, all the resonance peaks disappear quickly 

(see Supporting Information 10 for details).  

III. Magnetic field dependence of Rydberg exciton resonance  

We then use optical excitation with different helicities to access the photocurrent spectra 

of K and K’ valleys, mainly focusing on the exciton excited state starting from 2s. We 

normalize the photocurrent with the excitation laser power, and the normalized 

photoresponsivity spectra were further subtracted background and shown in Fig. 3a and 

3b. It is evident from Fig. 3a and 3b that, starting from 3s, the resonance peak position is 

approximately a quadratic function of the magnitude of the magnetic field B, significantly 

different from the 2s. This distinct difference of the magnetic field can be understood by 

considering the energy shift of Rydberg (ns) exciton in the presence of the magnetic field9–

12. In the low magnetic field limit where Landau quantization does not need to be 

considered, the resonance energy for each ns exciton state can be expressed as a 

function of the magnetic field as 

𝐸𝑛𝑠 = 𝐸𝑛𝑠
0 +

1

2
𝜎𝑔𝜇𝐵𝐵 + ∆𝐸𝑑𝑚(1), 

where 𝐸𝑛𝑠
0  is the energy of the ns state at zero magnetic field, 𝜎 is the valley index that is 

+1 for K valley and -1 for K’ valley,  𝜇𝐵 is the value of Bohr magneton and g is the Landé 

g-factor. The third term ∆𝐸𝑑𝑚 is the diamagnetic shift. In the low magnetic field limit, where 

the cyclotron resonance energy ħ𝜔𝐵 =
𝑒ℏ

𝑚𝑟
|B| is much smaller than the exciton binding 

energy, the diamagnetic shift ∆𝐸𝑑𝑚 can be expressed as 
𝑒2

8𝑚𝑟
〈𝑟2〉𝑛𝑠𝐵

2, with 𝑚𝑟 being  the 

reduced mass of exciton and 〈𝑟2〉𝑛𝑠 being the square of the expected ns exciton radius. 

For ground state 1s, as the exciton is strongly bounded, 〈𝑟2〉1𝑠 is small and the energy 

shift ∆𝐸 = 𝐸𝑛𝑠 − 𝐸𝑛𝑠
0  is dominated by the valley-Zeeman term that linearly depends on the 

magnetic field. Even for the 2s state, the linear term is still more significant (Fig. 3a, b). In 

contrast, for the higher order excited state starting from 3s, 〈𝑟2〉𝑛𝑠 increases significantly 

and the diamagnetic shift term will dominate. Therefore, the exciton energy shift will be 

an approximately quadratic function of the magnetic field. The distinctive difference in the 

magnetic field dependence for different ns state is evident in Fig. 3a and 3b.  
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In the extremely high magnetic field limit, though, the Landau levels (LLs) will form. If 
𝑒ℏ

𝑚𝑟
|B| is much larger than the binding energy, and the absorption is dominated by the 

inter-LL transitions, which is valley-selective due to the nontrivial Berry phase25–29. The 

diamagnetic shift term ∆𝐸𝑑𝑚 will be (n −
1

2
)
𝑒ℏ

𝑚𝑟
|B|, where n is the number of allowed inter-

LL transition for each valley. As a result, the energy shift ∆𝐸 = 𝐸𝑛𝑠 − 𝐸𝑛𝑠
0  will again be a 

linear function of the magnetic field in the high field limit14–16. We note here that, as the 

binding energy of the high order excited state decreases, the high field limit can be easier 

to achieve for ns state when n≫1. We will discuss this further later with our data from high 

order excited state.  

The Equation (1) allows us to quantitatively analyze the experimental data. From the 

photocurrent spectra of the K and K’ valleys (Fig. 3a, b), the energy difference of the 

resonance peaks ∆𝐸 = 𝐸𝑛𝑠 − 𝐸𝑛𝑠
0  is given by the expression of 

1

2
𝑔𝜇𝐵𝐵, which is the valley-

Zeeman shift for different excited exciton states. Therefore, we extract the energy 

difference of the resonance for the K (Fig. 3a) and K’ valley (Fig. 3b) for the exciton with 

the same principal number (n), and we plot it as the function of the magnetic field as 

shown in Fig. 3c. We can see that the resonance energy difference up to 8s can all be 

well fitted with a linear fitting, which gives a g-factor between 4 to 5. The g-factor of the A 

exciton has been reported to be in this range for the excited state up to 5s15,16. Here we 

show that the g-factor value of the 8s is also similar. This insensitive dependence of g 

factor on the quantum principal number suggests that the Zeeman shift of exciton mainly 

originates from the Zeeman shift of band edges. 

IV. Fitting with numerical calculation 

Also, from Equation (1), the average energy of the resonance peaks from the 

photocurrent spectra of the K and K’ valley, 𝐸̅𝑛𝑠 =
1

2
(𝐸𝐾 + 𝐸𝐾′).  can be expressed as 

𝐸𝑛𝑠
0 + ∆𝐸𝑑𝑚, noting that ∆𝐸𝑑𝑚 is an even function of the magnetic field, and the valley-

Zeeman shift from K or K’ valleys is an odd function of the magnetic field that cancels 

each other. As a result, the shift of the average resonance energy for ns, ∆𝐸̅𝑛𝑠 = 𝐸̅𝑛𝑠 −

𝐸𝑛𝑠
0 , will only be determined by the diamagnetic shift, and the experimentally extracted 

value is shown in Fig. 3d (solid dots).  

In the most range of our data, we are dealing with the scenario that the strong Coulomb 

interaction and Landau quantization coexist, which gives rise to the intriguing question of 

the exciton behavior in a strong quantizing magnetic field. Since neither Coulomb 

interaction or the Landau quantization energy can be treated as a perturbation, we do not 

have an analytical solution. Instead, we can numerically calculate average resonance 

shift ∆𝐸̅𝑛𝑠 as a function of the magnetic field. Here, we adopt a nonhydrogenic screened 

Keldysh potential16,30–32, which is given by 

V(𝑟) = −
𝑒2

8𝜀0𝑟0
[𝐻0 (

𝜀𝑟

𝑟0
) − 𝑌0 (

𝜀𝑟

𝑟0
)], 
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where 𝜀 = (𝜀𝑡𝑜𝑝 + 𝜀𝑏𝑜𝑡𝑡𝑜𝑚)/2 is the averaged relative dielectric constant of surrounding, 

𝜀0 is the vacuum permittivity, and 𝑟0 = 2𝜋𝜒2𝐷 is the screening length with 𝜒2𝐷 being the 

2D polarizability. 𝐻0  and 𝑌0  are the Struve and Bessel functions of the second kind, 

respectively. The numerically calculated ∆𝐸̅𝑛𝑠  as a function of the magnetic field is best 

fitted with our experimental data with the fitting parameters 𝜀=4.3, 𝑟0=4.5 nm, and 

𝑚𝑟=0.2𝑚0, where 𝑚0 is the free electron mass in vacuum (See Supporting Information 5 

for details). Fig. 3d shows that the numerical calculation is in excellent agreement with 

the experimental data for the exciton state from 2s to 8s. The fitting parameter, screening 

length 𝑟0=4.5 nm, is consistent with the theory33,34 and previous experimental work15. Our 

obtained fitting result of the BN dielectric constant,  𝜀=4.3,  is consistent with previous 

infrared measurements35. 

V. Discussion and photocurrent valley polarization 

It is worth noting that even higher order exciton excited states (n>8) are also vaguely 

visible in the color plots (Fig. 3a,b), especially for the magnetic field near -17 T. To extract 

this information out, we exploit the valley degree of freedom to better subtract the 

background. 

As we can see from Equation (1), the valley degree of freedom helps lift the energy 

degeneracy of the exciton states at the K and K’ valley. Hence, we define the valley 

polarization of the photocurrent as 𝑃𝑃𝐶 =
𝑃𝐶𝐾−𝑃𝐶𝐾′

𝑃𝐶𝐾+𝑃𝐶𝐾′
, where 𝑃𝐶𝐾 (𝑃𝐶𝐾′) is the photocurrent 

response from the K (K’) valley. If the separation of the resonances from the K and K’ 

valley is much larger than the linewidth of the resonance, the photocurrent valley 

polarization, 𝑃𝑃𝐶, will have the extreme value of 50% for the K valley resonance and -50% 

valley resonance. In reality, the linewidth broadens for the higher order excited states, 

and the peak value of the photocurrent valley polarization becomes smaller but we can 

still use the positive or negative peak to track the shift of the resonance of the K and K’ 

valley (see Supporting Information 4 for details).  

The experimentally extracted valley polarization as a function of the magnetic field can 

be found in the color plot of Fig. 4a. It is evident that higher excited exciton state with the 

principal number n>8 is visible, especially for the magnetic field <-15 T. The valley 

polarization for different negative magnetic fields from -10 T to -17.5 T can also be found 

in the line traces shown in Fig. 4b (line traces for other magnetic fields can be found in 

Supporting Information 4), which shows that we can identify the excited exciton states up 

to 11s. The average resonance energy, which corresponds to the node of zero 

photocurrent valley polarization, is in excellent agreement with the numerical calculation, 

as shown in Fig. 4c, with the fitting parameters obtained in the previous discussion (𝜀=4.3, 

𝑟0=4.5 nm, and 𝑚𝑟=0.2𝑚0). We can thus obtain the binding energy and radius extension 

for all the excited exciton state up to 11s (Table 1), which is the most comprehensive 

study of the Rydberg exciton in TMDC up to date. It is worth noting that the binding energy 

of 11s exciton (1.2 meV) is significantly smaller than the Landau quantization energy 
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ħ𝜔𝐵 =
𝑒ℏ

𝑚𝑟
|B| at 15 T (~8.69 meV), which suggests that we are in the high magnetic field 

limit. Per our previous discussion, in the high filed limit, the average energy shift will be a 

linear function of the B field, with the slope asymptotically approaching (n −
1

2
)
𝑒ℏ

𝑚𝑟
. 

Therefore, we could obtain the reduced mass of the exciton solely from experimental data. 

Fitting all Rydberg exciton data shows that, starting from 9s, we reach saturating reduced 

mass of 0.2𝑚0 (see Supporting Information 8 and 9 for details), in excellent agreement 

with fitting result mentioned above, confirming that we are in the high field limit for n ≥ 9 

excitons even with a magnetic field as low as ~10 T. Monolayer WSe2, therefore, provides 

an intriguing platform to investigate the different interplay between Coulomb interaction 

and Landau quantization. By tuning the principal number n of Rydberg excitons, we can 

smoothly transition from a low to high magnetic field limit with a reasonable magnetic field 

between 10 to 17 T,  which is drastically advantageous for detailed investigations 

considering the extremely strong magnetic field (~91 T) needed in the previous study14. 

Finally, this giant valley-polarized Rydberg excitons in monolayer WSe2 set up the stage 

to the future investigation of the greatly enhanced exciton-exciton interaction in 2D. 
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Excited states Binding energy 
(meV) 

Radius (nm) 

𝒓𝒏𝒔 = √〈𝒓𝟐〉𝒏𝒔. 

1s 168.6 1.75 
2s 40.0 6.80 
3s 17.4 15.45 
4s 9.7 27.68 
5s 6.1 43.51 
6s 4.2 62.94 
7s 3.1 85.96 
8s 2.4 112.6 
9s 1.9 142.9 

10s 1.5 176.7 
11s 1.2 214.0 

 

Table 1. Binding energy and radius for each Rydberg exciton state at B=0 T, obtained 

by fitting the experimental data with the numerical calculations. 
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Figure 1. Photocurrent response from BN encapsulated monolayer WSe2 device. (a) 

Schematic of the BN encapsulated monolayer WSe2 device. Two pieces of few-layer 

graphene are used as the source and drain electrodes, and one few-layer graphene is 

used as the top gate electrode, with the top BN layer working as the gate dielectric. (b) 

Optical microscope image of the device. (c) Source-drain current of the WSe2 device as 

a function of the top gate voltage, with the applied bias of 100 mV, at room temperature 

(black line) and 4.2 K (red line). (d) Spatially resolved photocurrent image of the boxed 

region in (b), with the CW excitation centered at 1.959 eV and excitation power of 1 µW.   

The color represents the photocurrent magnitude. The red and white dash line outlines 

the boundary of the WSe2 and few-layer graphene electrode, respectively. The few-layer 

graphene electrode on the right is on top of the monolayer WSe2 and is denoted as 

WSe2/Gr.  
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Figure 2. Photocurrent spectroscopy of exciton Rydberg series in BN encapsulated 

monolayer WSe2. (a) Photocurrent response of the monolayer WSe2 device as a function 

of the excitation photon energy and magnetic field for the σ+ photoexcitation (K valley). 

The color represents the photocurrent magnitude, which is most pronounced as the 

excitation photon energy is in resonance with the 1s state (1.725 eV) of the A exciton of 

monolayer WSe2. The resonance corresponding to the Rydberg series from 2s to 8s is 

clearly visible on the right. (b) Photocurrent response as a function of the excitation photon 

energy for the different magnetic fields. All the measurements are taken with 100 mV bias 

voltage and a temperature of 4.2 K.  
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Figure 3. Photocurrent spectroscopy of exciton Rydberg series from the K and K’ 

valleys. (a) and (b) are photocurrent responsivity of the monolayer WSe2 device as a 

function of the excitation photon energy and magnetic field for K (a) and K’ valley (b). 

Background of photocurrent is subtracted in (a) and (b) for better illustration (see 

Supporting Information 7 for details). (c) Difference of the peak energy for different 

Rydberg excited states (Zeeman splitting) as a function of the magnetic field. (d) Average 

of the peak energy for different Rydberg excited states at K and K’ valley (Zeeman splitting) 

as a function of the magnetic field. The solid dots are extracted from experimental data, 

and the solid lines are from theoretical fittings. All the measurements are taken with a 

bias voltage of 100 mV and a temperature of 4.2 K. 
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Figure 4. Photocurrent spectroscopy of valley polarization for exciton Rydberg 

series of monolayer WSe2. (a) Color plot of the photocurrent valley polarization, defined 

as 
𝑃𝐶𝐾−𝑃𝐶𝐾′

𝑃𝐶𝐾+𝑃𝐶𝐾′
, as a function of the excitation photon energy and magnetic field. (b) Line 

traces of photocurrent valley polarization for different magnetic fields. The dashed lines 

are the eye guide to track the peaks associated with different Rydberg excited states up 

to 11s. (c) The energy position of the node in (a), where the photocurrent valley 

polarization is zero, as a function of the magnetic field. The solid dots are extracted 

experimental data, and the solid lines are from the numerical calculations.   
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