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Abstract 

Optically-thin nonlinear polaritonic metasurfaces created by coupling of intersubband 

nonlinearities in semiconductor heterostructures with optical modes in nanoresonators have 

recently demonstrated efficient three-wave-mixing at very low pumping intensities of the order of 

few tens of kW cm-2. In these subwavelength structures, the efficiency and the spectral bandwidth 

of the wave mixing depends solely on nonlinearity of the constituent meta-atoms. Here we exploit 

this property to demonstrate an electrically-tunable nonlinear metasurface that combines a 

plasmonic nanocavity and a quantum-engineered semiconductor heterostructure, in which the 

magnitude and the spectral characteristics of the nonlinear response are controlled by bias voltage 

through the quantum-confined Stark effect. We demonstrate tuning the peak second-harmonic-

generation (SHG) efficiency in the range of 8.7 – 10.75 μm and modulation of SHG intensity at a 

fixed pump wavelength by applying bias voltage. An SHG power conversion efficiency of 0.082 % 

was achieved using a peak pump intensity of only 80 kW cm-2. 
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Metasurfaces constructed through a two-dimensional array of engineered subwavelength 

structures, capable of controlling local scattering amplitude, phase, and polarization states, have 

opened an entirely new way of manipulating light1. In the past decade, researches on electrically 

reconfigurable metasurfaces that can overcome the static limit of passive flat optics have been of 

particular interest, since they can provide a platform enabling dynamic manipulation of light and 

on-chip integration with other electronics2. Based on electrically reconfigurable linear 

metasurfaces, interesting applications, such as intensity and phase modulation3-5, dynamic beam-

shaping6-8, varifocal lenses8, and programmable holography9, have been demonstrated. 

As a linear counterpart, nonlinear metasurfaces that generate nonlinear optical responses in 

engineered subwavelength-thin films open new avenues for flat nonlinear optics that can have 

significant advantages over bulk nonlinear crystals such as relaxed phase-matching constraint and 

the ability to engineer local nonlinear responses at a deep subwavelength scale10-13. Nonlinear 

metasurfaces provide new possibilities for innovative applications, including nonlinear 

holography14-18, optical encryptions19-21, nonlinear optical switching and modulation22, 23, and 

applications for generating new frequencies based on nonlinear frequency mixing13. To realize 

such applications, various nonlinear platforms using plasmonic24-26 or dielectric structures18, 27-30 

for efficient second or third harmonic generation (SHG or THG) in subwavelength films have been 

proposed. However, these structures are mostly composed of passive resonators using materials 

with intrinsically low nonlinear response, thus requiring a high-power ultrafast laser and limiting 

the electrical tuning of nonlinear response. Only a few studies employing plasmonic or dielectric 

metasurfaces demonstrated electrical modulation of nonlinear response based on electric-field-

induced SHG or optical rectification31-34.  
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Recently, a nonlinear intersubband polaritonic metasurfaces comprised of plasmonic 

nanocavities filled with a multiple quantum well (MQW) layer with giant nonlinear optical 

responses were studied35-40. Owing to the resonant nonlinearities associated with intersubband 

transitions (ISTs) between electron subbands in an n-doped conduction band of a semiconductor 

heterostructure, the MQW structures can produce giant 2nd and 3rd order nonlinear responses for 

the optical field polarized along vertical (z) direction with respect to semiconductor layers (
(2)

zzzχ

and 
(3)

zzzzχ , respectively)41. The values of these nonlinearities can be up to 4 - 5 orders of magnitude 

higher than that in natural nonlinear materials. Giant intersubband nonlinear response of MQW 

systems enables efficient frequency conversion in the nonlinear intersubband polaritonic 

metasurfaces using only moderate pump intensities of approximately few tens of kW cm-2 and  

SHG conversion efficiency of as high as 0.08 % was reported using a peak pump intensity of only 

11 kW cm-2 in the mid-infrared (MIR) range38. An ability to electrically tune the nonlinear response 

of the meta-atoms in the intersubband polaritonic metasurfaces allows one to extend their optical 

bandwidth and to control and modulate nonlinear response at the individual nanoresonators level. 

Here, we employ Stark tuning of intersubband nonlinearities42 to demonstrate for the first time 

the electrically tunable nonlinear response in the intersubband polaritonic metasurfaces. The 

MQW structure used in this work comprises a coupled three-quantum-well system in which three 

electron subbands are predominantly confined and controlled in each quantum well with different 

well widths, and broadband giant 
(2)

zzzχ  can be induced through the quantum confined Stark effect 

(QCSE). By combining plasmonic nanocavity structures capable of generating SHG in free-space 

and applying bias voltages to the MQW layer, broadly tunable efficient SHG was achieved in the 

MIR region for the input pump wavelength range of 8-11 μm. 

Results 
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Active nonlinear metasurface based on Stark tuning of intersubband nonlinearities. The 

concept underlying the operation of our electrically tunable nonlinear metasurface is illustrated in 

Fig. 1. The metasurface was constructed using an array of plasmonic nanocavity meta-atoms, with 

a 400-nm-thick MQW layer sandwiched between a top Au plasmonic nanoantenna and a bottom 

Au ground plane. The two metallic layers within the plasmonic nanocavity were used as contact 

layers for applying bias voltages to the MQW layer. In this configuration, SHG is produced in 

reflection and the maximum second harmonic (SH) wavelength is tuned by the bias voltage applied 

to the metasurface. In addition, it is possible to strongly modulate the SH signal generated from 

the metasurface at a fixed pump wavelength by using an applied voltage pulse. Electrical tuning 

of the SHG is achieved through Stark tuning of the intersubband nonlinearity of the MQW 

structure. Fig. 2a shows the unbiased (0V) conduction band diagram for a single period of the 

MQW structure, with four quantized electron subbands designed for the electrical tuning of the 

giant 2nd order nonlinear response. The MQW layer was designed by repeating the coupled three-

quantum-well structure twenty times using In0.53Ga0.47As/Al0.48In0.52As heterostructures, where 

first and fourth, second, and third electron subband are confined predominantly to the left, middle, 

and right well, respectively. In this structure, the IST energy, Eij, between electron subbands i and 

j can be tuned according to the bias voltage applied to the MQW layer through the QCSE. 

Supplementary Figs. 1a and 1b present the conduction band diagrams corresponding to applied 

bias voltages of +4V and -4V, respectively, over the 400 nm-thick MQW layer. The associated 

IST energies are shown in Supplementary Fig. 1c. The giant 2nd order nonlinear response of the 

MQW structure is produced principally by the resonant transitions occurring within the first three 

electron subbands; therefore, the intersubband nonlinear susceptibility tensor element of the MQW 

as a function of the bias voltage is expressed using the equation43: 
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where ω is the pump frequency, e is the electron charge, Ne,1 and Ne,2 are the averaged electron 

densities located at the first and second electron subbands, respectively. ( )ij ijV Eω =h , ( )ijez V , 

and ijγh  denote the IST energy, the transition dipole moment as a function of the bias voltage V, 

and the linewidth, respectively, for the transition between electron subbands i and j (cf. 

Supplementary Table 1). Fig. 2b shows the calculated
(2)

,1 3zzzχ − values as a function of both the bias 

voltage (ranging from -4V to +4V) and the pump wavelength. At 0 V, the 
(2)

,1 3zzzχ −  peak value of 

210 nm V-1 occurs at a wavelength of 9.7 μm. As the positive bias is applied to the MQW layer, 

the peak wavelength position of 
(2)

,1 3zzzχ −  shifts to a shorter wavelength owing to the increased E21 

and E31 (see Supplementary Fig. 1c), with the opposite trend observed for the negative bias. The 

calculation results indicate that a broadband giant 2nd order nonlinear response exceeding 120 nm 

V-1 can be induced in the 8 - 11 μm wavelength range by applying bias voltages. Although the 2nd 

order nonlinear response modulation of MQW structures by the QCSE has been reported 

previously42, this study represents the first instance of broadband 
(2)

zzzχ  peak tuning based on three 

quantum wells through the QCSE and its application to electrically tunable nonlinear metasurfaces. 

The MQW structure includes a fourth electron subband, and the ISTs among the second to fourth 

level electrons, with a non-zero electron population at the second level (Ne,2) due to the high doping 

level and thermal population, can also produce a strong 2nd order nonlinear response, 
(2)

,2 4zzzχ − , as 

shown in Fig. 2c. The 
(2)

,2 4zzzχ − exhibits a relatively weak nonlinear response for the positive bias 

voltage, but it increases to 22 nm V-1 for wavelengths reaching to 9 μm as the negative bias voltage 

increases as a result of the increased IST energies, E23 and E42, and their corresponding dipole 



7 

 

elements (see Methods for calculation details). The designed MQW structure was grown by 

molecular-beam-epitaxy on a semi-insulating InP substrate; its intersubband absorption 

measurement result is illustrated in Supplementary Fig. 2 with accompanying discussion. The 

measured E12 value was about 10 meV smaller than the calculated value shown in Fig. 2a, forming 

the intersubband absorption at a longer wavelength of 10.6 μm. 

To achieve efficient SHG based on the broadly tunable giant nonlinear response of the MQW, 

a meta-atom structure was designed, as shown in Fig. 3a. We designed the complementary V-

shaped nanoantenna with a gap in the x-direction between the neighboring unit cells in which 

plasmonic resonances at the fundamental frequency (FF) and SH frequency are tuned easily by 

adjusting the antenna length (L) and the bending angle (θ). The MQW region without the top Au 

nanoantenna was etched, which induces the enhanced Ez field mode following the top nanoantenna 

shape for an input pump beam44 and, simultaneously, uniform vertical current injection from the 

external bias voltage. The meta-atom structure was designed to induce the enhanced local Ez field 

in the MQW layer at the FF ω (Fig. 3b) and the SH frequency 2ω (Fig. 3c) for x- and y-polarized 

input beams, respectively. The electrically tunable effective nonlinear susceptibility out of the 

metasurface can be expressed as35: 

(2) (2) 2

( ) ( ) ( )( ) ( ) ( , , ) ( , , ) ( , , ) /
MQW

eff

yxx zzz z y z x z x unit
V

V V x y z x y z x y z dV Vω ω ωχ χ ξ ξ ξ =   ∫  (2) 

where ( )

or

z i

ω ωξ 2
is the Ez field enhancement in the MQW region normalized to the incident E field 

polarized in the i-direction at the FF ω or the SH frequency 2ω; Vunit and VMQW represent the MQW 

volumes in the unit cell before and after etching, respectively. In this configuration, the highest 

effective nonlinear susceptibility out of the metasurface is produced for yxx polarization 

combination where the first letter refers to the SH polarization and the last two letters refer to the 
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FF input pump polarization. As shown in Figs. 3b and 3c, a good modal overlap forms at both 

lateral ends of the meta-atom structure.  

To demonstrate the performance of our metasurface experimentally, we fabricated three 100 

μm × 100 μm two-dimensional arrays (M1, M2, M3) each incorporating slightly different 

dimensions of the meta-atom structure. According to their dimensions, the metasurfaces M1, M2 

and M3 were optimized to wavelengths of 10.6, 9.8, and 9.6 μm, respectively. The device 

fabrication process is provided in the Methods and illustrated in Supplementary Fig. 3. Scanning 

electron microscopy images, with top-down and tilted views, and an optical microscopy image of 

the fabricated M2 metasurface are shown in Fig. 3d-f, respectively. Fig. 3g shows simulated 

(dashed line) and measured (solid line) linear reflection spectra of the M2 metasurface for x- (black) 

and y-polarized (red) IR light at normal incidence. For the x-polarized IR light, polaritonic 

absorption peak splitting45 was observed near a wavelength of 10.5 μm, which is caused by a strong 

coupling of the plasmonic cavity mode and IST and represents a necessary condition for efficient 

SHG. For the y-polarized illumination, strong absorption was observed near a wavelength of 5 μm, 

representing another necessary condition for out-coupling of nonlinear polarization generated in 

the MQW region to free-space due to Lorentz reciprocity44. The results of the linear 

characterization of the M1 and M3 metasurfaces are shown in Supplementary Figs. 4 and 5. 

Electrical tuning of linear and nonlinear response of the metasurface. In the metasurface, the 

absorption peaks from the polaritonic splitting are modulated by the interplay between the 

electrically tunable ISTs and the fixed resonance of the plasmonic nanoantenna. To confirm the 

IST tuning and the corresponding polaritonic peak tuning, linear reflection spectra for the three 

metasurfaces were measured by applying DC bias voltages from -4 V to +4 V with 1 V step as 

shown in Figs. 4a – 4c. In Figs. 4a and 4b, the polaritonic peak splitting (green and red dashed 
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curves) due to the strong coupling of the plasmonic resonance and the E12 IST was tuned by 

changing the bias voltage from +4 V to -4 V according to the red-shifted E12 IST wavelength (see 

Supplementary Fig. 1). As the negative bias voltage was increased, additional peak splitting (blue 

and green dashed curves) resulting from the coupling with the E23 IST was also observed. In the 

case of the M3 metasurface, the coupling with the E12 IST was weak because the plasmonic 

resonance was apart from the E12 IST, but the polaritonic splitting due to coupling with the E23 IST 

near a wavelength of 9μm was observed as the negative bias increased. These results confirmed 

that the ISTs tuned by the bias voltage agreed well with the calculation results. Due to the 

polaritonic coupling effect, which can be controlled via the bias voltage, it is possible to generate 

broadband efficient SHG in the 8-11 μm pump wavelength range for the three metasurfaces. The 

linear spectral tuning of the metasurfaces was well matched with -2V shifted simulation results 

owing to the discrepancy in IST energies between calculation and experiment (see Supplementary 

Fig. 6). For different bias voltages, linear reflection spectra near the SH frequency for the y-

polarized incident light were simulated and measured, as shown in Supplementary Figs. 7 and 8, 

respectively. The resonant absorption peak near the SH frequency exhibits no spectral tuning 

regardless of the applied bias voltage. The current-voltage characteristic of the device shown in 

Supplementary Fig. 9 reveals the formation of Schottky contacts on both sides of the MQW layer, 

i.e., at the interfaces with the top and bottom metal layers. 

For nonlinear optical characterization, a wavelength tunable quantum cascade laser and a 

calibrated InSb photodetector were used. The optical setup used for the SHG signal measurement 

is shown in Fig. 5a. By applying bias voltages from -4 V to +4 V with 2 V step, SHG output spectra 

for the three metasurfaces were measured, with the results shown in Fig. 5b. Each SHG spectrum 

was normalized to its maximum SHG output signal. Experimentally, broadband SHG spectral peak 
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tuning for the 10.75 - 8.7 μm input pump wavelength range (930 to 1150 cm-1 in wavenumber) 

was achieved. As the bias voltage was changed from -4 V to +4 V, the SHG spectral peak for the 

M1 and M2 metasurfaces was blue-shifted, which is consistent with the tendency of the  

according to the bias voltage (cf. Fig. 2b). For the M3 metasurface by changing the bias voltage 

from +4V to -4V, relatively broad SHG output spectrum was observed owing to the simultaneous 

effects of the 1-3 and 2-4 level ISTs, with the peak narrowing gradually and blue-shifted because 

of the growing dominance of the coupling with 2-4 level ISTs, resulting ultimately in the formation 

of the SHG spectral peak at a pump wavelength of 8.7 μm at -4 V. The electrically tunable SHG 

output spectra were simulated for the -2V shifted bias voltage ranging from -6 V to +2 V, as shown 

in Supplementary Fig. 10, and exhibited close agreement with the experimental spectra. The 

simulation result for M1 meta-atom array shows broader SHG spectral tuning than the 

measurement because the simulation assumed a uniform conduction band bending over the depth 

of the 400-nm-thick MQW layer. However, due to the formation of the Schottky contacts in the 

fabricated metasurface, major band bending occurs near the top MQW surface for a negative bias 

and near the bottom MQW surface for a positive bias. In this configuration, the modal overlap 

factor for the SHG is induced strongly near the top MQW surface, resulting in dominant SHG 

spectral tuning for negative biases (see Supplementary Fig. 11). We note that when ohmic contacts 

are formed at both sides of the MQW layer, even broader SHG spectral tuning can be achieved 

with a single meta-atom array. The measured SH peak power as a function of squared input peak 

power and squared input peak intensity for the three metasurfaces at their optimal operating pump 

wavelengths at 0 V are shown in Figs. 5c-e, with the corresponding SHG power conversion 

efficiencies as a function of input pump power and intensity shown in Figs. 5f-h. The three 

metasurfaces exhibit a SHG power conversion efficiency exceeding 0.02 % with an input pump 

(2) ( )zzz Vχ
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peak power of 180 mW and a peak intensity of 80 kW cm-2. For the M1 metasurface at the 

equivalent pump power, an SHG conversion efficiency of 0.082% corresponding to an SHG peak 

power of 148 μW was achieved. The nonlinear conversion factor ( )2

/SH pumpP Pη = for the three 

metasurfaces at low (high) pump intensity was 10.3 (2.8) mW W-2 for the M1 metasurface, 2.4 

(0.8) mW W-2 for the M2 metasurface, and 2.2 (0.6) mW W-2 for the M3 metasurface. At a pump 

intensity above 25 kW cm-2, the slope of the SHG conversion efficiency curve decreases owing to 

the SHG intensity saturation effect46. The peak SHG conversion efficiency values for the three 

metasurfaces according to the bias voltage are provided in Supplementary Fig. 12. 

Using the electrically tunable nonlinear metasurface, it is also possible to achieve dynamic 

modulation of the SHG signal according to the applied AC modulation voltage at a fixed pump 

wavelength. Fig. 6a shows the SHG conversion efficiency spectra of the M1 metasurface for three 

different DC bias voltages, exhibiting the largest SHG signal modulation at a wavelength of 10.5 

μm. In experiments, a square-shaped voltage pulse in the range from -2 V to -4 V with a frequency 

of 1 MHz was applied to the M1 metasurface, as shown in the top panel of Fig. 6b. In addition, a 

CO2 laser in continuous wave mode with operating wavelength of 10.6 μm was used as the input 

pump source in conjunction with a mercury cadmium telluride (MCT) detector with a 3-ns 

response time. The bottom panel of Fig. 6b shows the output signal of the MCT detector monitored 

by an oscilloscope, exhibiting the exact form of the modulated SHG signal in response to the input 

voltage pulse. The RC time constant calculated by considering the device dimensions in the 

modulated voltage range was 145 ps, corresponding to a cut-off SHG modulation frequency of 

1.09 GHz (see Supplementary Fig. 9 with accompanying discussion). 

Discussion 
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In summary, we proposed and experimentally demonstrated electrically tunable nonlinear 

metasurfaces for broadband efficient SHG and a strong SH signal modulation based on the Stark 

tuning of intersubband nonlinearity. The energy levels of the electron subbands in the coupled 

three quantum well structure are modulated by the QCSE according to the bias voltage, leading to 

a broadband and giant 2nd order nonlinear response in the 8-11 μm wavelength range. Our approach 

can be extended to other nonlinear optical processes, such as sum- and difference-frequency 

generation and THG, and can also be applied to near-IR47 and visible48 wavelength applications 

by using different material compositions capable of inducing larger conduction band offsets. The 

nonlinear metasurfaces proposed here provide a new platform that can expand the design space of 

nonlinear flat optics significantly, owing to its ability to electrically tune the giant nonlinear 

response at the individual nanoresonators level. Moreover, they provide a new pathway to 

implement innovative meta-devices, such as electrically tunable broadband nonlinear light sources, 

active nonlinear beam-manipulation, electrically tunable nonlinear holography, and ultrafast 

nonlinear signal switching and modulation.  

 

Methods 

MQW design and characterization. The coupled three quantum well unit structure with the 

In0.53Ga0.47As/Al0.48In0.52As heterostructure was designed by using a self-consistent Poisson-

Schrodinger solver. The IST energies and their dipole moment elements according to the applied 

bias voltage were calculated using this solver. The layer sequence of the quantum well unit 

structure is 4/4.6/1.2/2/1.2/1.8/4 in nanometres where the boldface indicates the Al0.48In0.52As 

barriers and 4 × 1018 cm-3 n-doping was injected into the 4.6 nm quantum well. For sample growth, 

a 300-nm-thick In0.53Ga0.47As etch stop layer and a 100-nm-thick InP etch stop layer were grown 
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on a semi-insulating InP substrate; subsequently, the unit quantum well structure was repeated 20 

times to form an MQW layer with a total thickness of 400 nm. Intersubband absorption 

measurement was performed using a multipath sample piece polished at an angle of 45 degrees on 

both sides. Using this measurement, IST energies ( 12 12 113meVE ω= ≈h , 23 23 135meVE ω= ≈h , 

13 13 241meVE ω= ≈h , 14 14 340meVE ω= ≈h ), transition linewidths ( 122 20.8meVγ ≈h , 

232 17.6meVγ ≈h , 132 28.4 meVγ ≈h , 142 28.2meVγ ≈h ), and average electron density 

(
18 3

,1 3.5 10 cmeN −≈ × , 
18 3

,2 0.5 10 cmeN −≈ × ) in the MQW were extracted. For the calculation of 

the 2nd order nonlinear responses, 
(2)

,1 3zzzχ −  and 
(2)

,2 4zzzχ − , we used equation (1) and the following 

equation: 
( )( )

3

,2(2) 23 34 42
,2 4

0 24 24 23 23

( ) ( ) ( )
( )

( ) 2 ( )

e

zzz

e N z V z V z V
V

V i V i
χ

ε ω ω γ ω ω γ− ≈
− − − −h h h h h h

, respectively, 

which were informed by the transition dipole moment elements and IST energies from the Poisson-

Schrodinger calculation, and the averaged doping density and linewidths from the intersubband 

absorption measurement. The linewidth for the 2-4 level transition was assumed to be 

24 15meVγ =h .  

Numerical simulation. For the meta-atom simulation, we used a finite-difference time-domain 

solver (Lumerical FDTD). The meta-atom structure shown in Fig. 3a was designed by applying 

periodic boundary conditions in the x- and y-directions and the perfect matched layer condition in 

the z-direction. The Au layer was modelled as a Drude metal with a plasma frequency of 

161.378 10 rad/spω = × and a collision frequency of 
141.224 10 rad/sΓ = × . The MQW layer was 

modelled as a homogeneous anisotropic medium with the out-of-plane and in-plane dielectric 

constants, ( )ε ω⊥  and ( )ε ωP , respectively (see Supplementary Information for details). There is 

a slight discrepancy between the design value and the measured value of the IST energies; 
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therefore, the electrically tunable linear and nonlinear response simulations of the metasurface 

were conducted in the -2 V shifted voltage range from +2 V to -6 V. The measured IST energies 

were used for the 0 V reflection spectra simulation shown in Fig. 3g, and the values from the 

Poisson-Schrodinger solver were used for the electrically tunable linear and nonlinear response 

simulations. 

Device fabrication. To transfer the MQW layer onto the metal ground plane, 20 nm of Cr, 50 nm 

of Pt and 150 nm of Au layer were deposited on the MQW-layer-grown InP wafer and an Si wafer, 

then thermo-compression wafer bonding was implemented by placing the metal layers of the two 

wafers in contact with each other. The InP substrate was removed by mechanical polishing and 

selective chemical etching; subsequently, the 300-nm-thick InGaAs and 100-nm-thick InP etch 

stop layers were removed by selective chemical etching. The patterned Au nanoantenna and MQW 

layer were formed by electron-beam evaporation of 10 nm of Cr and 50 nm of Au layer, 400 nm 

of SiO2 layer deposition by RF sputter, electron-beam lithography, and a two-step reactive-ion 

etching process, followed by SiO2 layer removal in buffered oxide etchant. A mesa structure with 

200 × 200 μm2 size was formed to prevent current spreading and a 400-nm-thick SiN passivation 

layer was deposited on the sample by plasma-enhanced chemical vapor deposition. After forming 

a pattern opening, a Cr(20 nm)/Cu(300 nm)/Cr(10 nm)/Au(50 nm) top contact layer was patterned. 

Finally, the sample was mounted on a Cu plate using an Ag paste. The device fabrication process 

is illustrated in Supplementary Fig. 3.  

Optical characterization. Linear reflection spectra of the metasurfaces were measured by FTIR 

equipped with an IR microscope (Bruker, vertex 70 and hyperion 1000). For nonlinear optical 

characterization, a broadly wavelength-tunable quantum cascade laser (QCL) in pulse mode 

(Daylight Solutions Inc., Mircat system, tuning range: 909 – 1230 cm-1, peak power: 400 mW, 
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repetition rate: 100 kHz, duty cycle: 10%) and a calibrated InSb photodetector (Electro Optical 

System, Inc.,) were used as shown in Fig. 5a. The linearly polarized input beam from the QCL 

passes through the dichroic beam splitter (pass wavelength: > 7 μm) and focuses on the 

metasurface by the ZnSe objective lens (numerical aperture: 0.25). The generated SH signal is 

directed to the detector via the LP filter, the linear polarizer, the ZnSe lens, and the short-pass (SP) 

filter (cut-off wavelength: 6 μm). The focal spot diameter at the sample position was 2w = 25 μm, 

confirmed by the Knife-edge measurement. A Gaussian power profile was assumed both for the 

FF input pump beam (
2 22 /r w

FF FFP I e−= ) and the SH beam (
2 24 /r w

SH SHP I e−= ). The average pump 

power was measured by a thermal power meter (Thorlabs, S302C). The DC bias voltage was 

applied using a source meter (Keithley, SMU 2450). For dynamic SHG signal modulation, a CO2 

laser (Coherent, diamond c-55) in continuous wave mode with operating wavelength of 10.6 μm 

and a TE-cooled MCT photodetector (Daylight solutions, HPC-2TE-100) with a 3-ns response 

time were used. The MCT detector gives negative output voltage for the collected light. The square 

voltage pulse was applied using a high voltage pulse generator (HP, 8114A).  
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Figures and Figure legends 

 

Fig. 1 | Concept of the electrically tunable nonlinear metasurface. The metasurfaace consists 

of an array of plasmonic nanocavity with an MQW layer inserted. The MQW layer was designed 

to have the giant 2nd order nonlinear response for SHG, with its maximum nonlinear response 

spectrally tuned by the applied bias voltage, thus producing a broadband giant nonlinear response. 

For positive and negative DC bias voltages applied to the device, the maximum SHG occurs at 

higher and lower pump frequencies (ω1 > ω2 > ω3), respectively. When a voltage pulse is applied 

to the device, strong SHG signal modulation is induced at a fix pump frequency.  
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Fig. 2 | MQW design and electrically tunable 2nd order nonlinear response. a, Conduction 

band diagram for the In0.53Ga0.47As/Al0.48In0.52As coupled three-quantum-well unit structure under 

zero bias voltage, where Eij and zij indicate the energy separation and transition dipole element 

between electron state i and j, respectively. b,c, Calculated 2nd order nonlinear susceptibility of the 

MQW structure produced by the ISTs between electron subbands 1-3 (b, ) and the ISTs 

between electron subbands 2-4 (c, ) as functions of the input pump wavelengths (x-axis) 

and applied bias voltages (y-axis).  
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Fig. 3 | Numerical simulations of the meta-atom structure and fabricated metasurface. a, M2 

meta-atom unit structure designed for SHG. The dimensions of the M2 meta-atom are: w1=270nm, 

w2=380nm, px=1380nm, py=1150nm, L=1160nm, and θ=57.6o. b,c, Top-down view cross-section 

of the normalized Ez field enhancement distribution at the FF with x-polarized input E-field (b, 

) and at the SH frequency with y-polarized input E-field (c, ). 

The Ez field enhancement was monitored at 100 nm below the top surface of the MQW layer. d-f, 

Scanning electron microscopy images (d: top-down view, e: 60o tilted view) and optical 

microscope image (f) of the fabricated metasurface. g, Simulated (dashed curve) and measured 

(solid curve) linear reflection spectra of the metasurface for x- (black) and y-polarized (red) light 

at normal incidence.  

  

( ) ,/z x z x incE Eω ω ωξ = 2 2 2

( ) ,/z y z y incE Eω ω ωξ =



25 

 

 

Fig. 4 | Experimental reflection spectra of the metasurfaces for different DC bias voltages. a-

c, Reflection spectra of the three arrays of the meta-atom structures, (a) M1, (b) M2, and (c) M3 

optimized to have plasmonic resonance at 10.5 μm, 9.8 μm, and 9.6 μm, respectively, under x-

polarized incident light and a DC bias voltage ranging from -4 V to +4 V with 1 V step. For better 

display of the data, the reflection spectra at different bias voltages are offset from each other 

vertically by 0.15. The three dashed curves trace the positions of the three polaritonic peaks 

induced by the coupling of the plasmonic resonance, 1-2 level IST, and 2-3 level IST as the DC 

bias voltage changes. 
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Fig. 5 | Nonlinear characterization of the electrically tunable metasurface. a, Optical setup for 

the measurement of the SHG signal from the metasurface under a DC bias voltage. The linearly 

polarized input beam at the FF (red arrow) from the quantum cascade laser (QCL) was focused 

onto the metasurface via the dichroic beam splitter (BS) and the ZnSe objective lens. The SH signal 

(blue arrow) generated from the device was collected by the same lens and directed to the InSb 

detector via the BS, linear polarizer, ZnSe lens, and short-pass (SP) filter. The flip mirror and the 

flip beam splitter were used only for the sample alignment and power monitoring, respectively, 

and they were removed when measuring the SHG signal. b, 3D plot of the measured SHG 

conversion efficiency spectra normalized to their maximum value as a function of the input pump 

wavenumber for different DC bias voltages from -4 V to +4 V with 2 V step. The conversion 

efficiency curves for the three metasurfaces are plotted using different colors. c-e, Measured SH 
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peak power as a function of the squared input pump power (bottom x-axis) or squared input 

intensity (top x-axis) for the metasurfaces (c) M1, (d) M2, and (e) M3 at pump wavelengths of 

10.5, 9.8, and 9.6 μm, respectively. f-h, Measured SH power conversion efficiency as a function 

of the input pump power for the metasurfaces (f) M1, (g) M2, and (h) M3 at pump wavelength of 

10.5, 9.8, and 9.6 μm, respectively. 

 

 

Fig. 6 | Dynamic modulation of the SHG signal. a, SHG power conversion efficiency spectra of 

the M1 metasurface under three DC bias voltages. SHG signal difference for -2 V and -4 V at a 

wavelength of 10.6 μm (CO2 laser wavelength) is indicated by the red arrow. b, The square voltage 

pulse between -2 V and -4 V with 40% duty cycle used for the dynamic SHG signal modulation 

measurement (upper panel) and the modulated SHG signal (bottom panel) monitored at the output 

of the fast MCT detector with a 3-ns response time. 
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