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BP band-edge and subband spectrum: 

To display the band-edge and the higher subband regime for BP with better clarity, we take advantage of 
the known lack of optical response in BP along the ZZ direction and present the differential change in 

reflectance in Fig. S1, calculated as = . In this case the ZZ direction acts as a dielectric 

background and one can see a very strong dip associated with the band edge (optical gap) which is 
convoluted with a reflectance dip associated with optical interference in the complete heterostructure.  
Weaker but clear spectral variations are also visible, coming from the higher subbands. 

 

 

Fig. S1. Differential reflectance change in BP. The band-edge is convoluted with the interference dip. 

 

Characterization of the crystal axes: 

Polarized Raman measurements were performed shown in Fig. S2, to identify the AC and ZZ axis in our 
device. 



 

 

Fig. S2.  Polarized Raman spectra measured for the BP device presented in the main manuscript. 

Discussion about  electro-optic effects at the band edge in BP: 

1. Pauli blocking/Burstein Moss shift. 
The fermionic nature of electrons and holes in a semiconductor dictates that optical transitions between 
occupied states in the valence band and unoccupied states in the conduction band are blocked if the  
electron states at the same energy and momentum are already filled, leading to reduced absorption. This 
effect is known as Pauli blocking/Burstein Moss shift. Additionally, since BP has a quantum well 
electronic bandstructure, characteristic absorption dips are seen for different subbands as they are filled 
with increasing doping. 
 

2. Quantum confined Stark effect. 
When a quantum well is subjected to an external electric field, the electron states shift to lower energies 
and the hole states to higher energies thereby reducing the effective optical bandgap. Additionally, 
electrons and holes shift to the opposite sides of the well reducing the overlap integral which reduces 
the oscillator strength of each transition. 
 

3. Forbidden transitions /‘mixed’ transitions. 
In an unperturbed quantum well system, certain transitions have allowed dipole transitions and optical 
matrix elements which do not vanish. From symmetry arguments those transitions happen to be 
between subbands of equal principal quantum number index (j=1 VB to j=1 CB, etc.). However, upon 
the application of an external electric field, modification of the overlap integral between electrons and 
holes causes the previously vanishing optical transitions to be allowed and they appear as mixed 
transitions. 
 

4. Band bending. 
In multilayer systems for a typical field effect heterostructure geometry, a degenerate charge gas is 
induced at the interface of the active material and the gate dielectric; in our case, the BP/b-hBN 
interface. However, the charge is not distributed equally in the out of plane direction because the first 
layer of charge screens the remaining charges. This gives rise to a thickness-dependent charge profile 
approximated by the Thomas-Fermi screening model. For BP it can be seen from calculations for a 
charge density of about 5-7x1012/cm2 the effective channel thickness is about 2.9 nm- meaning the 



 

induced electron/hole gas is two-dimensional in nature and not three-dimensional. In all our fitting 
routines, it is assumed this is the case, and a sheet conductivity for the 2DEG is used (with a static 
dielectric constant as a background for the whole BP). 
 

We explain our observation in Figs. 1(H) and (I) (in the main text) as follows. As we dope the system with 
electrons we see a suppression of absorption along the AC direction (appearing as a dip) due to Pauli 
blocking which increases with applied voltage. Higher lying features such as subbands show very weak 
modulation. Additionally, a mild red shift of the band edge is seen at the highest positive voltages indicative 
of a Stark shift. However, on the hole side, not only do we see a strong dip at the onset of band-edge 
transition and at the subband energies we also see a stronger red-shift of the band gap due to a more 
dominant Stark shift. The band-edge shifts to about 2800 cm-1 which is ~30meV below the pristine gap on 
the hole side, and to about 2900 cm-1 which is ~15meV below the optical gap on the electron side. This 
asymmetry in the Stark shift might be from impurities/residual doping in the system causing an additional 
field which cancels out in the electron doped case but adds up in the hole doped case. These impurities 
could also be causing the reduction of prominent subband oscillations on the electron side. Further 
nanoscale studies would be needed to elucidate more about the underlying mechanism. The noisy weak 
modulation for ZZ around 3000 cm-1 arises from the fact that the interference dip of the entire stack in our 
device (which also happens serendipitously to be around the same energy as the band-edge) results in low 
signal.  

 

 
 

Fig. S3. Quantum Well electro-optic effects. Schematic of different electro-optic effects occurring 
at energies near and above the band-edge of a multilayer BP thin film. 

 
 
Unpolarized measurements: 
 
We also repeated measurements on our device without a polarizer and were able to see consistent 
modulation data both in the interband and the intraband regime. From the fits to the Drude weight, effective 



 

masses that are close to the average of the effective masses of the AC and ZZ axis were obtained, as shown 
in Fig. S4.  
 

 
 
Fig. S4. Unpolarized response from BP device. (A) Unpolarized reflection modulation at the band-edge 
for different electron and hole densities. (B) Same for below the band-edge region along with fits (dotted 
black lines).(C) Assuming a parallel plate capacitor model, extracted effective mass of free carriers (D) 

Fits to the experimental data (some curves at very low voltages [close to MCP] don’t fit well due to 
extremely low signal and have been avoided) 

 
 
Discussion about the reduction on Drude weights: 
 
From our experiments we are able to extract Drude weights for both polarization (AC and ZZ) and 
unpolarized light. In order to explain the trends we look carefully at how Drude weight should evolve for a 
quantum well like system - (𝐷 = 𝜋𝑒 ∑ 𝑛/𝑚∗ , 𝑖 = 𝑠𝑢𝑏𝑏𝑎𝑛𝑑𝑠). Our measured values for the effective 
mass is slightly higher than that expected for few layer BP. As mentioned in the main text, the origin can 
be two fold. One can come from the electron confinement. When the doping density is low (near charge 
neutral), the screening length is ~100nm, which means the whole system is uniformly doped and behaves 
as bulk. However as we dope the system the screening length goes down to ~2-5nm (most of the charge 
resides in the first 2-3 layers) and the system becomes highly confined (2D). Previous quantum transport 



 

measurements revealed rather anomalously large average in plane effective masses for BP due to such 
confinement effects. Another important factor could be the increasing less dispersive nature of the subbands 
in BP along the AC axis. When we dope the system i.e. increase/decrease its Fermi level we fill up not only 
the first subband, but also higher subbands. From our reflection modulation data in the interband regime, 
subband oscillations from the first 4-5 states can be seen, which means the Fermi tail is broad enough to 
have significant occupation in those states. If we calculate the transition energies based on the thickness of 
our sample, we find that the subbands are  closely spaced. When we then proceed to calculate the effective 

mass for these subbands (given by 𝑚 =
ℏ

 , 𝑤ℎ𝑒𝑟𝑒 𝛿  𝑖𝑠 𝑡ℎ𝑒 𝑠𝑢𝑏𝑏𝑎𝑛𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 𝑔𝑎𝑝) we see an 

increase for higher energy states. It is possible that participation of those fermions leads to an overall 
increase in the measured effective mass. This can be understood as filling up of the different bands in the 
system. Since our sample is ~18nm thick, the subbands are placed closely (lying within a few kBT of each 
other) and as we gate the heterostructure we move the Fermi level from one subband to the next (also 
evident from our band edge modulation data). For the ZZ direction any increase can come only from 
confinement  since from theory we don’t expect a subband dependent effective mass (given by 𝑚 =

ℏ /2𝜈 ). For a more quantitative prediction of how the effective mass evolves, a first-principles theoretical 
framework would be required which accounts for all the electro-optic effects at work, and this is beyond 
the scope of the present paper. A table summarizing the possible bounds on effective mass is presented 
here. The values are a based both on our calculations and previous results(28): 
 
Table T1: Bounds on effective masses. The effective masses for electrons and holes in BP can be 
bounded both due to the screening effect leading to highly confined carriers and also due to different 
carrier masses coming from higher subbands as the BP is electrostatically gated (i.e. Fermi level is pushed 
into the conduction or valence subbands). The bounds are presented in this table. 

Type of 
carrier(polarization) 

Subband lower 
bound 

Subband higher 
bound 

Confinement 
lower bound 

Confinement 
higher bound 

electron (AC) 0.14m0 0.23m0 0.14m0 0.17m0 
electron (ZZ) - - 0.71m0 1.16m0 
hole (AC) 0.12m0 0.23m0 0.12m0 0.15m0 
hole (ZZ) - - 0.72m0 1.2m0 

 
The transition energies are calculated from the equation2: 

𝛿 = 𝐸 − 2(𝛾 − 𝛾 )cos (
𝑛𝜋

𝑁 + 1
) 

Where 𝐸  is the monolayer optical gap, 𝛾 (𝛾 ) is the nearest neighbor coupling between adjacent layers 
for conduction (valence band), n is the index of transition, N is the number of layers in the system. 
For our case 𝐸  = 1.82eV,  𝛾 − 𝛾 = 0.73 eV. We plot the transition energies and the corresponding 
calculated effective mass for the AC direction in Fig. S5. 
 



 

 
 
Fig. S5. Subband effect in BP dispersion. (A) Calculation of transition energies in 18.68nm BP. (B) 
Corresponding effective mass along the Armchair direction. 
 
Transfer matrix model: 
We employed a transfer matrix model to account for the multiple reflections in our device. It is formulated 
as follows – 
For a stack consisting of N layers, we have 

𝑡
0

= 𝐽
1
𝑟

 , 𝑤ℎ𝑒𝑟𝑒 𝐽 = 𝐽  

𝐽 =
1

2

⎝

⎜
⎛

𝑒 ( ) 1 +
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𝑘
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𝑘
𝑒 ( ) 1 +
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⎟
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 , 

 
 𝑘 = 𝑤𝑎𝑣𝑒𝑣𝑒𝑐𝑡𝑜𝑟, 𝑧 = 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠, 𝑖 = 𝑙𝑎𝑦𝑒𝑟 𝑖𝑛𝑑𝑒𝑥 

 
The term 𝝎𝝁𝟎𝝈 is invoked only at interfaces containing the 2DEG, else excluded. 
Reflection and transmission is given by :  
 

𝑇 =
𝑛

𝑛
|𝑡|  , 𝑅 = |𝑟| , 𝑤ℎ𝑒𝑟𝑒 𝑛  = 𝑐𝑜𝑚𝑝𝑙𝑒𝑥 𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑣𝑒 𝑖𝑛𝑑𝑒𝑥 𝑜𝑓 𝑙𝑎𝑦𝑒𝑟 − 𝑚  

The complex permittivity of SiO2 is adopted from Kischkat et al. shown in Fig. S6, and that of Si is adopted 
from Salzberg et al (61-63). The permittivity of hBN is modelled using a single Lorentzian oscillator (we 
only probe the in-plane phonon since the incident E-field is perpendicular to the c-axis), extracted by fitting 
the reflection data near the hBN phonon.  



 

 

𝜖 =
𝜖 1 + 𝜔

𝜔 − 𝜔 − 𝑖𝛾𝜔
  

                            𝜖 =  4.95, 𝜔 = 841.25 𝑐𝑚 , 𝜔 =  1368.4 𝑐𝑚  , 𝛾 = 9.42 𝑐𝑚     (top hBN) 

                            𝜖 =  4.95, 𝜔 = 850.12 𝑐𝑚 , 𝜔 =  1364.1 𝑐𝑚  , 𝛾 = 9.31 𝑐𝑚  (bottom hBN) 
 

The 2DEG formed simultaneously of opposite charge in the Si is modelled as : 𝜎 =  , where nSi is 

equal to nBP, meff = 0.26m0 (for electrons), 0.386m0 (for holes), Γ=130cm-1. 
 

 
 

 
 

Fig. S6. SiO2 refractive index. n,k data adopted for SiO2 (dominated by phonons). 
 

Modulation line shape: 
 
The observed modulation line shapes below the band edge are reminiscent of Fano-like resonances in our 
measurements. A Fano resonance occurs when there is an optical coupling between a sharp resonance like 
a narrow linewidth phonon and a broad continuum like the intraband Drude absorption in BP. We neglect 
the effect of Si 2DEG to simplify our analysis (it behaves similar to the BP 2DEG except the anisotropy). 
We examine the Fano lineshape in the presence of each phonon system (namely, hBN and SiO2) with BP 
in Fig. S7. For hBN a sharp phonon dominates the Fano resonance; however for SiO2 several phonons 
contribute to the Fano resonance. Overall, we see a superposition of these resonances in the experimental 
data, since both materials are present in our heterostructures. For clarity, the charge density in BP was 
assumed to be 1013/cm2 with the polarization along the AC direction. 
 



 

 
 
Fig. S7. Fano response in the system. (A) Fano like response for BP/SiO2 system. (B) Same for BP/hBN 
system. 
 
 
Refractive index and optical conductivity for BP 2DEG: 
 
In order to account for screening, we model the BP as two parts – 1. An actively electronically modulated 
2DEG (thickness extracted from Thomas-Fermi screening calculations done in S13) and 2. A non-
modulated bulk region. It is schematically shown in Fig. S8. 
We also extract refractive index (n,k) data for the modulated 2DEG (with an assumed thickness of 2.9nm) 
from the obtained 𝜎 and plot them in Fig. S9 and S10, respectively. The static contribution to the anisotropic 
dielectric function is modelled by using contribution from higher energy oscillators, taken from bulk BP 
studies, previously shown to be a reasonable approximation for other two-dimensional systems. The results 
have been extrapolated to much lower photon energies for clarity since the Drude model is expected to 

suffice. Here, 𝜎 =
ℏ
 . 

 
The following relations are employed –  
 

   𝜖 (𝜔) =  𝜖 +
( )

 , 𝑛 (𝜔) =  𝜖 (𝜔) , 𝑤ℎ𝑒𝑟𝑒 𝑡 = 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 2𝐷𝐸𝐺  

𝜖 (𝐴𝐶/𝑍𝑍) = 12.5/10.2  



 

 
Figure S8. Schematic of electrostatic gating in BP device. The formation of an inversion layer is 

indicated at the interface of SiO2/Si and bottom hBN/BP (of opposite parity). The BP can be modelled as 
two separate parts – 1. Actively electronically modulated labeled as “BP 2DEG” which is ~2.9 nm thick 
from Thomas-Fermi screening calculations and 2. A non-modulated thick region labeled as “BP bulk” 
which extends to the remainder of the physical thickness of the BP flake as measured by atomic force 

microscopy (AFM). 
 

 
 
 

Fig. S9. Refractive index of doped BP. (A) Extracted real part of refractive index of BP 2DEG as a 
function of voltage for AC excitation. (B) Extracted imaginary part of refractive index of BP 2DEG as a 



 

function of voltage for AC excitation. (C),(D) Same as (A),(B) but for ZZ excitation. (E),(F) Same as 
(A),(B) but for unpolarized excitation. 

 
 
 

 
 

Fig. S10. Optical conductivity of doped BP. (A) Extracted real part of optical conductivity of BP 2DEG 
as a function of voltage for AC excitation. (B) Extracted imaginary part of optical conductivity of BP 

2DEG as a function of voltage for AC excitation. (C),(D) Same as (A),(B) but for ZZ excitation. (E),(F) 

Same as (A),(B) but for unpolarized excitation. Here, 𝜎 =
ℏ
 . 

 
AFM data: 
AFM scans to measure the thickness of BP, and top and bottom hBN flakes are shown in Fig. S11 



 

 

Fig. S11. AFM data. (A) AFM line scan for top hBN. (B) AFM line scan for BP flake. (C) AFM line 
scan for bottom hBN. 

 

Parallel plate capacitor model: 

The electrostatics of our device is modelled as follows – the voltage applied between BP and the Si causes 
the hBN and SiO2 to act as a dielectric between two parallel plates (BP and Si). The capacitance is calculated 
as :  

𝐶 =
𝜖 𝜖 , 𝐴

𝑑
 , 𝑖 − 𝑑𝑒𝑛𝑜𝑡𝑒𝑠 𝑡ℎ𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (ℎ𝐵𝑁 𝑎𝑛𝑑 𝑆𝑖𝑂 ) 

hBN and SiO2 are in series, so the capacitance adds up as 𝐶 =  . Assuming ϵ=3.9 for both hBN 

and SiO2, we obtain 𝐶 =10.7𝑛𝐹/𝑐𝑚 . Plugging this into 𝑞 = 𝐶 ∗ (𝑉 − 𝑉 ), we get the charge  

density in the induced gas in BP (𝑉 = 17𝑉), as plotted in Fig. S12. At the highest voltages on the 
electron side we induce upto 4.9x1012/cm2, and on the hole side we induce upto 7.2x1012/cm2. Even higher 
charge density may be had by going to higher voltages, however to be able to reliably repeat measurements 
on the same device without any breakdown, such regimes were avoided. 



 

 

Fig. S12. Capacitor model for BP. Charge density induced in BP as calculated from parallel plate 
capacitor model. 

 

Thomas Fermi screening model: 

The charge induced in BP is not uniformly spread over the entire thickness, rather concentrated in the first 
2-3 layers and then decaying exponentially. A Thomas-Fermi screening model is employed to understand 
the charge distribution in BP, shown in Fig. S13. A length scale of ~2.9 nm for a charge density of about 
5-7x1012/cm2 is obtained for the effective thickness of the 2DEG, which is then used to calculate the 
dielectric constant and the refractive index. 

 

Fig. S13. Band-bending in BP. Thomas Fermi screening calculation in BP as the charge density varies 
from 1011/cm2 to 1013/cm2. Inset – zoomed in upto 4 nm. 

 

 

 

 



 

Dirac- plasmonic point : 

We note that for the carrier densities obtained in the measurements there exists a Dirac-plasmonic point 
(DPP) where the isofrequency contour dispersion almost becomes linear. However, this happens at 
frequencies slightly below the cutoff of our measurements. The DPP is quite sensitive to the doping and 
also the frequency as summarized in Fig. S14.  

 

Fig. S14. Isofrequency contours (IFC) around Dirac-plasmonic point. IFCs are calculated for in-plane 
propagating plasmon (TM) modes at two frequencies – 676.7 cm-1 and 659.9 cm-1 and two carrier 
densities – 4.22x1012/cm2 (electron) and 6.51x1012/cm2 (hole). For higher doping densities the IFCs are 
less sensitive to small changes in the frequency, however for lower doping densities the IFCs are quite 
sensitive to small changes in the frequency and flip the sign of the hyperbolic dispersion. They also 
become almost linear adopting a Dirac-like nature.   
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