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Material and Methods

Device Fabrication

Samples were fabricated by mechanically exfoliating hBN, graphene, and monolayer MoSe2 from 

bulk crystals (hq-graphene and 2D semiconductors) onto polydimethylsiloxane (PDMS) stamps 

using blue Nitto tape. Electrical contacts on SiO2(285nm)/Si(500 μm) were written with electron 

beam lithography at an acceleration voltage of 100 keV and a beam current of 1nA (area dosage 

of 1350μC/cm2), developed in MIBK:IPA 1:3 for 1 minute and then rinsed in IPA for 30s 

(followed by blow dry with N2). Metal (Ti/Au 5nm/95nm) was evaporated at 0.5Å/s and 1Å/s 

respectively, at a base pressure of 7e-8 Torr. The graphene/hBN/MoSe2/hBN heterostructure was 

then sequentially transferred from the PDMS to the SiO2/Si using the all-dry transfer technique. 

Thicknesses of the flakes were estimated from the optical contrast and confirmed with atomic force 

microscopy (Asylum Research). 

Carrier Density Calculation

We calculate the carrier density by using a simple parallel plate capacitor model. In the device, 

the bottom hBN is the dielectric capacitor, which enables the formation of a two-dimensional 

electron gas at the MoSe2 monolayer. Hence, the capacitance is calculated as follows : 

𝐶 =
𝜖0𝜖ℎ𝐵𝑁𝐴

𝑑 =
𝑄

Δ𝑉

where,  = capacitance,  = vacuum permittivity,  = relative dielectric permittivity of hBN2 𝐶 𝜖0 𝜖ℎ𝐵𝑁

(  = 4.7),  = area of the capacitor,  = thickness of the hBN flake, and Q is the charge. Thus, 𝜖ℎ𝐵𝑁 𝐴 𝑑

the charge density for electrons can be calculated from the capacitance per unit area between the 

graphene gate and the sample by:

𝑛𝑒 =
𝑄
𝐴 =

𝐶
𝐴 ∗ (𝑉 ― 𝑉𝐶𝑁𝑃)
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where the charge neutral point,  = -2.5 V, is the gate voltage that maximizes the exciton 𝑉𝐶𝑁𝑃

absorption, which corresponds to a flat-band condition. In our gating schematic, shown in Figure 

1, when Vg< VCNP , the sample is hole doped and for Vg > VCNP, the sample is electron doped.

PL and Reflectance Measurements

Temperature-dependent optical spectroscopy was performed using an attoDRY800 system, which 

allows for low temperature control. The sample was mounted on a piezo-stage using Apiezon 

thermal grease and the stage was cooled by closed-cycle circulating liquid helium. A vacuum and 

low temperature compatible attocube objective (LT APO VISIR, NA = 0.82) was used to focus a 

white light source (SLS 201L – Thorlabs) for reflectance measurements and a 532 nm fiber-

coupled laser for PL measurements onto the sample. Both the reflectance and PL spectra were 

taken using a 150 grooves per mm grating-based spectrometer (Silicon CCD) from Princeton 

Instruments HRS300.

For the temperature and gate dependent reflectance measurements, we normalize the spectra of the 

monolayer to the spectrum off the gold electrode. The normalized spectra for 4K is shown in Figure 

2 in the main text and the spectra for 50 K, 100 K, and 150 K are shown in Figure S1-S3, where 

the spectrum corresponding to -6V shows the absolute reflectance values and the spectra at higher 

voltages are offset for clarity.

Phase measurements

After performing reflectance measurements on the monolayer, we measure the phase shift of the 

reflected light under applied bias. For our phase shift measurements, we employ an interferometer 

measurement set up where we analyze interference fringes recorded by a CCD camera on and off 

the monolayer flake (Figure S11a). To analyze the phase shift of the light reflected from our flake, 

we process the images captured by the camera under different applied biases. In these images, we 

select one spatial cross-section from the flake interference fringes and another one from the 

substrate reference fringes area. The intensity values at the crosssections are then interpreted as 

the curves which are then smoothened by a moving average filter (Figure S11b). Figure S11c 



shows the sinusoidal functions fitted to the two mentioned fringe regions. Considering the offset 

between these two sinusoidal functions, one can calculate the phase shift for each applied bias via

Phase shift =
Δp
p0

 where 𝛥p is the distance between the two peaks of sinusoidal functions that correspond to the 

flake fringes and reference fringes, and p0 is the period of the sinusoidal wave. Accordingly, the 

measured interference fringe displacements are converted into a relative phase shift. 

Transfer Matrix Calculation for Reflectance and Phase

The reflectance and phase of multi-layer thin films can be treated with the transfer matrix method 

to account for the multiple reflections in our device. At normal incidence, we consider a single 

polarization of the electric field. The field in each layer can be decomposed into forward and 

backward traveling waves that form the basis and can be computed by matrix multiplication where 

each matrix describes the light propagation at an interface between two dielectrics. The (i+1)th 

amplitude can be related to the ith amplitude by the relation:

( 𝑒𝑖𝑘𝑖𝑧𝑖 𝑒 ―𝑖𝑘𝑖𝑧𝑖

𝑘𝑖𝑒𝑖𝑘𝑖𝑧𝑖 ― 𝑘𝑖𝑒 ―𝑖𝑘𝑖𝑧𝑖)
𝑀1

(𝐴𝑖
𝐵𝑖) =  ( 𝑒𝑖𝑘𝑖 + 1𝑧𝑖 𝑒 ―𝑖𝑘𝑖 + 1𝑧𝑖

𝑘𝑖 + 1𝑒𝑖𝑘𝑖 + 1𝑧𝑖 ― 𝑘𝑖 + 1𝑒 ―𝑖𝑘𝑖 + 1𝑧𝑖)
𝑀2

(𝐴𝑖 + 1
𝐵𝑖 + 1)

(𝐴𝑖 + 1
𝐵𝑖 + 1) =  𝐽𝑖(𝐴𝑖

𝐵𝑖) 𝑤ℎ𝑒𝑟𝑒 𝐽𝑖 = 𝑀 ―1
2 𝑀1

⇒𝐽𝑖 =
1
2(𝑒𝑖(𝑘𝑖 ― 𝑘𝑖 + 1)𝑧𝑖(1 +

𝑘𝑖

𝑘𝑖 + 1) 𝑒 ―𝑖(𝑘𝑖 + 𝑘𝑖 + 1)𝑧𝑖(1 ―
𝑘𝑖

𝑘𝑖 + 1)
𝑒𝑖(𝑘𝑖 + 𝑘𝑖 + 1)𝑧𝑖(1 ―

𝑘𝑖

𝑘𝑖 + 1) 𝑒 ―𝑖(𝑘𝑖 ― 𝑘𝑖 + 1)𝑧𝑖(1 +
𝑘𝑖

𝑘𝑖 + 1)) 

where  is the wavevector,  is the thickness, and  is the layer index. The wavevector  is scaled 𝑘 𝑧 𝑖 𝑘𝑖

by the complex index of refraction  of the material so that .  Then, for a stack 𝑛𝑖 = 𝑛𝑖 +𝑖𝜅𝑖 𝑘𝑖 =
2𝜋𝑛𝑖

𝜆

consisting of N layers, we have:



(𝑡
0) = 𝐽𝑁𝑡𝑜𝑡𝑎𝑙(1

𝑟) , 𝑤ℎ𝑒𝑟𝑒 𝐽𝑁𝑡𝑜𝑡𝑎𝑙 =
𝑁

∏
𝑖 = 1

𝐽𝑖.

and the reflectance and phase of the entire stack given by

  𝑟 = |𝑟|𝑒𝑖𝜙 ⇒𝑅 = |𝑟|2.

Phase Calculations for Freestanding Monolayer

For normally incident light, the complex reflection coefficient r of a thin layer with thickness d 

placed upon a semi-infinite substrate can be written as1:

𝑟 =

(1 ― 𝑛𝑠)𝑐𝑜𝑠𝜙 ― 𝑖(𝑛𝑠 ― (𝑛 + 𝑖𝑘)2)𝜙0(sin ((𝑛 + 𝑖𝑘)𝜙0)
(𝑛 + 𝑖𝑘)𝜙0 )

(1 + 𝑛𝑠)𝑐𝑜𝑠𝜙 ― 𝑖(𝑛𝑠 + (𝑛 + 𝑖𝑘)2)𝜙0(sin ((𝑛 + 𝑖𝑘)𝜙0)
(𝑛 + 𝑖𝑘)𝜙0 )

 𝑒 ―2𝑖𝜙0 = |𝑟|𝑒𝑖Φ#(2)

where  and  are the refractive index of the substrate and MoSe2, respectively and  is the 𝑛𝑠 𝑛 + 𝑖𝑘 𝜙0

vacuum phase shift . Note that the phase  describes the optical field reflected off the 𝜙0 =
2𝜋𝑑𝑀𝑜𝑆𝑒2

 𝜆 Φ

sample while is the phase evolution in vacuum. For a freestanding monolayer of MoSe2, we set 𝜙0 

. For each temperature, a working wavelength that maximizes the phase difference is chosen 𝑛𝑠 = 1

and the calculated changes in phase from the charge neutral point  are ΔΦ =  Φ(ne) ― Φ(ne = 0)

shown in Figure 4d.

Cavity and Metasurface Antennas Coupled to MoSe2: Calculations and FDTD Simulations

To demonstrate the potential of using MoSe2 as an active material for tunable device 

applications, we propose two structures that would both give a gate-tunable phase shift of over 

220° of the reflected light. We first design a planar cavity structure where we place a monolayer 

MoSe2 encapsulated between 40 nm top hBN and 84 nm bottom hBN in a silver cavity (Figure 

S12a). The thickness of the top silver layer is 32 nm. To calculate the gate-dependent phase shift 

of the planar structure, we use the transfer matrix method above and model the MoSe2 with the 

refractive index at 4 K. As shown in Figure S12c and e, the phase shift can be tuned above 270°.



In order to calculate the gate dependent optical response of the MoSe2 coupled to metasurface 

antennas (Figure S12b), we use full-wave electromagnetic calculations using finite difference 

time domain (FDTD) in Lumerical. In our simulation, the MoSe2 monolayer is encapsulated 

between two hBN monolayers. The heterostructure is placed on top of a gold back reflector with 

a 30 nm thick SiO2 spacer layer. Directly on top of the heterostructure is an array of gold 

antennas that are 45 nm thick and 100 nm wide placed 400 nm apart. The metasurface is 

illuminated by a normal-incidence plane-wave with an electric field along the direction of the 

antennas. When performing electromagnetic calculations, the mesh sizes are adjusted in different 

layers and the MoSe2 is modelled using the refractive index data for 4 K. Figure S12d shows the 

phase shift spectra of the metasurface under different applied biases. Here, the phase shift is 

defined as a difference between the phases of the reflected and incident plane-waves calculated 

at the same spatial point. As seen in Figure S12d and e, we observe a phase modulation of over 

220° near the A exciton resonance. 



Figure S1. Gate-dependent reflectance spectra and refractive index at T = 50 K. (a) Reflectance 
spectra of monolayer MoSe2 at 50 K for different gate voltages. The colored points are 
experimental data and solid black lines are fits from transfer matrix calculations where the 
MoSe2 dielectric function is modeled using the multi-Lorentzian model. (b) Fitted real ( ) and 𝜖1
imaginary ( ) part of the dielectric function at different voltages. 𝜖2

Figure S2. Gate-dependent reflectance spectra and refractive index at T = 100 K. (a) Reflectance 
spectra of monolayer MoSe2 at 100 K for different gate voltages. The colored points are 
experimental data and solid black lines are fits. (b) Fitted real ( ) and imaginary ( ) part of the 𝜖1 𝜖2
dielectric function at different voltages. 



Figure S3. Gate-dependent reflectance spectra and refractive index at T = 150 K. (a) Reflectance 
spectra of monolayer MoSe2 at 150 K for different gate voltages. The colored points are 
experimental data and solid black lines are fits. (b) Fitted real ( ) and imaginary ( ) part of the 𝜖1 𝜖2
dielectric function at different voltages. 



Figure S4. Characterization of MoSe2 heterostructure at T = 100 K. (a) Gate-dependent PL 
spectra showing a prominent peak corresponding to the A exciton around 757 nm and a lower 
intensity peak corresponding to the trion around 771 nm. (b) Gate-dependent reflectance spectra 
on the same device with two peaks corresponding to the A exciton at 756 nm and B exciton at 
677 nm. 

Figure S5. Characterization of MoSe2 heterostructure at T = 150 K. (a) Gate-dependent PL 
spectra showing a distinct peak corresponding to the A exciton around 762 nm. The trion peak is 
no longer observed. (b) Gate-dependent reflectance spectra on the same device with a peak 
corresponding to the A exciton at 762 nm and a less prominent peak for the B exciton at 680 nm.



Figure S6. Change in phase spectra as a function of wavelength and voltage for 4 K, 50 K, 100 
K, and 150 K around the (a) A exciton and (b) B exciton energy. 

Figure S7. Gate-dependent A exciton fitting parameters at T = 4 K (a) Fitted radiative and 
nonradiative linewidths, (b) A exciton resonance wavelength, and (c) imaginary part of the 
dielectric permittivity as a function of carrier density.



 

Figure S8. Photoluminescence at T = 4 K. (a) Spatial PL map of graphene/hBN/MoSe2/hBN 
heterostructure. Region of the monolayer device is enclosed in the dashed lines. (b) PL spectra 
and resulting double Voigt fit. (c,d,e) Gate-dependent double Voigt fit parameters for the A 
exciton and trion.



Figure S9. Carrier dependence of A exciton (a) oscillator strength (b) and resonance wavelength 
for different temperatures. Carrier dependence and temperature dependence of A exciton 
linewidth is given in main text Figure 4c. 

Figure S10. Carrier dependence of B exciton (a) oscillator strength, (b) resonance wavelength, 
and (c) linewidth for different temperatures. 



Figure S11. The interferometer  measurement results used to extract the phase shift of the light 
reflected from the monolayer under applied bias. (a) The interference fringe patterns captured by 
the camera. The white dashed lines shows the flake edge, and the blue and red line is the line cut 
of the interference fringe on the flake and on the reference, respectively. (b) Extracted intensity 
data (gray) from the flake and reference fringe and their smoothened curves (blue for flake, red 
for reference). (c) Fitted sinusoidal waves for flake and reference fringe cross-sections. Here, 𝛥p 
is the distance between the two fixed peaks of the sinusoidal functions fitted from flake and 
reference fringe cross-sections, and p0 is the period of the sinusoidal wave.



Figure S12. Phase shift for monolayer MoSe2 coupled to cavity and metasurface antennas under 
applied bias. (a) Schematic of cavity structure with planar silver reflectors. (b) Schematic of 
metasurface used in FDTD Lumerical simulations with gold back reflector and antennas. (c) 
Phase shift spectra for reflected light off of the silver cavity. The phase modulation is maximized 
at around 760 nm. (d) Phase shift spectra for reflected light off of the gold metasurface antennas. 
The phase modulation is maximized at around 750 nm. (e) Voltage dependent phase modulation 
for both the cavity and metasurface for a fixed wavelength (  = 760 nm for cavity,  = 750 nm 𝜆 𝜆
for metasurface). 



Figure S13. (a) Reflectance spectra on sample 2 for different temperatures. (b) First derivative 
of reflectance spectra for sample 2 (Dev 2) and the gated device studied in the manuscript (Dev 
1). Both samples show similar temperature dependent trends in the A and B exciton linewidths 
and peak shifts. 
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