LETTER

doi:10.1038/nature13455

Giant nonlinear response from plasmonic
metasurfaces coupled to intersubband transitions

Jongwon Lee', Mykhailo Tymchenko', Christos Argyropoulos', Pai-Yen Chen', Feng Lu', Frederic Demmerle?, Gerhard Boehm?,

Markus-Christian Amann?, Andrea Alt' & Mikhail A. Belkin'

Intersubband transitions in n-doped multi-quantum-well semicon-
ductor heterostructures make it possible to engineer one of the largest
known nonlinear optical responses in condensed matter systems—
but this nonlinear response is limited to light with electric field po-
larized normal to the semiconductor layers'~”. In a different context,
plasmonic metasurfaces (thin conductor-dielectric composite mate-
rials) have been proposed as a way of strongly enhancing light-matter
interaction and realizing ultrathin planarized devices with exotic wave
properties®''. Here we propose and experimentally realize metasur-
faces with a record-high nonlinear response based on the coupling of
electromagnetic modes in plasmonic metasurfaces with quantum-
engineered electronic intersubband transitions in semiconductor
heterostructures. We show that it is possible to engineer almost any
element of the nonlinear susceptibility tensor of these structures, and
we experimentally verify this concept by realizing a 400-nm-thick meta-
surface with nonlinear susceptibility of greater than 5 X 10* picometres
per volt for second harmonic generation at a wavelength of about 8
micrometres under normal incidence. This susceptibility is many
orders of magnitude larger than any second-order nonlinear response
in optical metasurfaces measured so far'>'>. The proposed structures
can act as ultrathin highly nonlinear optical elements that enable
efficient frequency mixing with relaxed phase-matching conditions,
ideal for realizing broadband frequency up- and down-conversions,
phase conjugation and all-optical control and tunability over a surface.

Many demonstrated applications of optical metamaterials are based on
their linear interaction with light, including super-resolution imaging'*"”’
and optical cloaking'®°. More recently, optical metamaterials with tailored
nonlinear response have provided new degrees of freedom in metamaterial
design, with interesting uses in super-resolution imaging®', performing
efficient frequency conversion and optical control with greatly relaxed
phase-matching conditions*, and in optical switching and memories at
the nanoscale®.

So far, nonlinearities in metamaterials have been mostly realized
by exploiting the natural nonlinear response of plasmonic metals'*"
or by enhancing the nonlinearity of optical crystals using plasmonic
nanoantennas'*'. A different approach to realizing large nonlinear optical
response has been put forward—quantum-engineering electronic inter-
subband transitions in n-doped multi-quantum-well (MQW) semiconductor
heterostructures'~”. By controlling the widths of wells and barriers in
the MQW structures, one can tailor the transition energy and dipole
moments between electron subbands so as to maximize the quantum-
mechanical expression for a nonlinear process of choice; this process
can produce one of the largest known nonlinear responses, up to six orders
of magnitude larger than that of traditional nonlinear optical materials' .
Voltage may be used to modify and spectrally tune intersubband non-
linearities’, and electrical pumping may be used to produce active inter-
subband structures with full loss-compensation for both second-order®”
and third-order* nonlinear processes.

Nonlinear MQW structures have been successfully integrated into wave-

guide-based systems so as to produce efficient frequency conversion™ "7,

and have enabled the development of mass-producible room-temperature
electrically pumped sources of THz radiation’. A power conversion effi-
ciency of nearly 1% for second harmonic generation (SHG) at a 8.6 pm fun-
damental frequency was achieved in waveguides with passive Ing 53Gag 47As/
Al 45Ing 5,As MQW structures® and a power conversion efficiency of
over 16% was theoretically predicted®®. However, the integration of giant
MQW nonlinearities with free-space optics is very challenging, because
optical transitions between electron subbands are intrinsically polarized
along the surface normal to the MQW layers (taken to be the z axis in this
Letter).

In a different context, properly patterned metallic surfaces supporting
highly confined plasmonic resonances have been proposed for a variety of
applications, including enhanced light-matter interaction at the subwa-
velength scale, polarization conversion, control of optical transmission and
radiation, enhanced chirality, asymmetric transmission and filtering"".
In order to overcome the present limitations of MQW systems, and further
enhance the intersubband nonlinear response, we propose combining the
MQW layered substrates with suitably designed plasmonic metasurfaces.
In the following we theoretically and experimentally demonstrate that,
by combining quantum-electronic engineering of intersubband nonlinea-
rities with electromagnetic engineering of plasmonic nanoresonators, we
can produce ultrathin, planarized, highly nonlinear optical metasurfaces.
This approach allows us to create large-area metasurfaces in which virtually
any element of the nonlinear susceptibility tensor may be ad hoc engi-
neered to have a giant nonlinear response. The impact of these ultrathin
devices may be substantial in a variety of fields, including THz generation
and detection, phase conjugation, and other nonlinear processes.

Figure 1a shows the band diagram of a coupled quantum well struc-
ture, repeated multiple times to produce the 400-nm-thick MQW layer
used in our experiments. This structure is designed to support a giant
resonant nonlinear response for SHG at 1/4 = 1,240 cm” ! (/.= 8 um).
Figure 1b plots the absolute value of the SHG nonlinear susceptibility
tensor element %) as a function of pump frequency calculated for this
structure as described in Methods. The nonlinear response peaks at approxi-
mately 54 nm V™, nearly 3 orders of magnitude larger than the largest 7
coefficient of natural optical materials>.

The MQW layer is then sandwiched between a metal ground plane
and a patterned array of metallic nanostructures (Fig. 1c, d). This grounded
metasurface can be designed to enable efficient coupling of plasmonic
modes with z-polarized intersubband transitions, drastically enhancing
light-matter interaction and converting the impinging transverse field
polarization to the desired z-direction®®. Even though a ground plane is
used in our metasurface design, efficient coupling of intersubband tran-
sitions with resonant metallic nanostructures may also be achieved
without using a ground plane, as shown recently”’, which may allow
the results presented here to be translated into transmission mode.

Since our goal is to enhance SHG, the plasmonic nanostructures are
designed to induce and enhance the local electric field at both fun-
damental frequency (FF) w and the second-harmonic frequency (SH)
2. The plasmonic nanostructures must also lack inversion symmetry
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in the x—y plane, otherwise all nonlinear susceptibility tensor elements
;(Ejzk)with i, j and k being x or y would vanish by symmetry.

Our starting design strategy consists of an array of ‘L’-shaped nano-
structures, whose two arms have been shown in recent papers to support
two independently tunable plasmonic resonances that can be used for
polarization control’>*'. After several rounds of optimization, we con-
verged on the nanostructure shown in Fig. 1d, consisting of an asym-
metric nanocross with the two orthogonal arms connected in such a
way as to ensure good modal overlap between the resonances at @ and
2w, yet possessing a strong asymmetry to support large Xf}? The dimen-
sions of the nanocross optimized for SHG at 1/4 = 1,240 cm™ " are shown
in Fig. 1d and the results of our full-wave electromagnetic simulations are
shown in Fig. 2. In particular, Fig. 2a-h shows the normalized E, field
component induced in the MQW layer for different FF and SH input
light polarizations at normal incidence. The computed fields are normal-
ized to the input (transverse) field amplitude impinging at normal incid-
ence. Significant E, field is induced in the MQW at both ¢ and 2, up to
five times the amplitude of the transverse impinging field.

The effe(g)teigffe second-order nonlinear susceptibility tensor of the meta-
surface (¥~ ) may be related to these field distributions by using the
Lorentz reciprocity theorem™, as described in the Methods section, yield-
ing the expression for the general ijk element

@eff __(2) fV Eﬁ(uf)(xa)’aZ)EZZ,')(X’y,Z)E;‘fk)(xay,Z)dV

(1)

Liik
Y = Eiz((il;lc)E;(uinc)E;éEinc) 4
where E;‘Ei) and EﬁE‘,’) are thelocal E, field components in the MQW layer

induced by i-polarized incident waves E{(;, ) and Elz(i‘; 0

frequencies w and 2w, respectively, i can be x, y or z, and the integration
covers the volume (V) of the MQW layer in the unit cell.

Equation (1) shows that we can engineer essentially any component
of the nonlinear susceptibility tensor of the metasurface and further increase
the already giant nonlinear response from intersubband transitions using
local field enhancement at w and 2. It also confirms the necessity of
inducing a strong modal overlap between the fundamental and SH
modes in the nanostructures, for which our metasurface is optimized.
This result may be readily generalized to other nonlinear processes of
interest. Using equation (1) and simulated field distributions for the
nanocross structure in Fig. 2, we calculate that the largest nonlinear sus-
ceptibility coefficient for normal light incidence at an input wavenumber

, respectively, at
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Figure 1 | Nonlinear metasurface structure.

a, Conduction band diagram of one period of an
Ing 53Gag 47As/Alg 45Ing 5,As coupled quantum
well structure designed for giant nonlinear
response for SHG. The moduli squared of the
electron wavefunctions for subbands 1, 2 and 3 are
shown and labelled accordingly. Transitions
between pairs of electron subbands are marked
with double-headed red arrows, and the values

of the transition energies (E,; and E3;) and
dipole moments (Z,,, Z3, and Z3,) are shown
next to each arrow. b, Intersubband nonlinear
susceptibility of the structure in a as a function of
pump frequency for SHG. ¢, Schematic of the
metasurface design and operation. Red and green
arrows indicate the incident pump beam at
fundamental frequency o and the reflected second-
harmonic beam at frequency 2w, respectively.

d, A 1,000 nm X 1,300 nm metasurface unit cell
(left), dimensions of the nanocross are given

in nm (right).

of 1,240 cm™ ' is X%fff =31nm V", followed by 2 =25 nm v/,
Xg,;fff =6.5nmV 'and ;{%fff =39nmV L

Figure 2i shows the computed linear absorption spectrum of the meta-
surface. The calculated SH power versus FF pump power for different
input/output polarization combinations is shown in Fig. 2j. Results are
given for yyy, xxx, xyy and yxx polarization combinations, where the
first index refers to the polarization of the SH beam, and the last two
indices refer to the polarization of the FF beam.

For experimental testing, a 400-nm-thick MQW layer was transferred
onto a metal ground plane and a 400 pum X 400 pm two-dimensional
array of nanocrosses was fabricated on top of the MQW layer to produce
the structure shown in Fig. 1c. Fabrication details are provided in Methods.
To accommodate the uncertainty in material parameters and fabrication
errors, we fabricated several arrays with nanocross dimensions slightly
varying around the optimal theoretical parameters shown in Fig. 1d. The
description below focuses on the measured array with highest SHG gen-
eration efficiency at 1,240 cm ™', but we stress that the measured nonlinear
response is quite robust to small changes in the design parameters, as
several of our realized metasurface samples showed a similarly large non-
linear response. Yet we verified that metasurfaces with plasmonic reso-
nances significantly detuned from the intersubband transition frequencies
of the MQW structure produced, as expected, little or no nonlinear res-
ponse (see Methods for details). This confirms the unique property of the
proposed metasurface, combining quantum and electromagnetic engin-
eering of its nonlinear response.

Figure 3 shows a scanning electron microscope (SEM) image of the nano-
cross array (Fig. 3a) and a side view of the cleaved facet with the MQW layer
metal-bonded to the InP substrate (Fig. 3b). The absorption spectra of the
metasurface for x- and y-polarized input light at normal incidence are shown
in Fig. 3c. The experimental shapes and positions of the peaks are in
reasonable agreement with the simulated spectrum in Fig. 2i.

SHG measurements of the metasurface were performed using the set-
up shown in Fig. 3d and described in the figure legend. SHG peak power
as a function of the square of the FF peak power and the square of the FF
peak intensity is plotted in Fig. 4a for different input/output polarization
combinations. The highest SHG generation efficiency is achieved for the
yyy polarization combination, followed by xxx, yxx and xyy polarization
combinations, in agreement with the theoretical predictions shown in
Fig. 2j. Comparably strong nonlinear responses were also observed for
the same metasurface for a 45° incidence angle geometry, indicating that
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Figure 2 | Simulations and predicted
performance of the metasurface geometry.

a-d, Top view cross-section of the calculated E,
field enhancement monitored in the MQW layer
100 nm below the gold plasmonic resonators at FF
(a,b) and SH frequency (c, d). e-h, Side view cross-
section of the calculated E, field enhancement
monitored along the dashed lines shown in

a—d respectively at FF (e, f) and SH frequency

(g, h). The data are shown for incident light
polarized along the x-axis and the y-axis of the
structure. i, Computed absorption spectrum of the
proposed metasurface for different input light
polarization. j, SHG power (left axis) and intensity
(right axis) versus the square of the FF power
(bottom axis) and intensity (top axis) for different
input/output polarization combinations at FF
wavenumber 1/ = 1,240 cm ™ *. The FF focal spot
is assumed to be of a Gaussian shape with a
diameter of 2w = 35 um, as in the experiments
(Methods).
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our structures may be operated without constraints on the incidence and
observation angles (see Methods for details).

From equation (1) and the detailed analysis in the Methods section,
one expects to observe a linear dependence of SH power on the square
of FF power in Fig. 4a. However, as indicated in the figure, the slope of the
curve changes: for example, for the yyy polarization combination, the slope
changes from 57 WW W~ for low FF powers to 23 uW W~ for higher
FF powers. We attribute this effect to intensity saturation of intersubband
transitions® in our MQW structures, and provide further experimental
evidence in support of this conclusion in Methods. Calculations shown
in Methods indicate that the saturation intensity®” for the state 1 to state 2
transition (see Fig. 1) in our structures is approximately 0.47 MW cm ™2,
and simulation results in Fig. 2 indeed indicate local intensities approach-
ing saturation intensity in the hotspots of the MQW structure for input
pump intensities above 10 kW cm ™%, We note that our proof-of-concept

FF power squared (W?)

metasurface design is far from perfect, as one ideally wants to create a
more uniform local field enhancement within the MQW structure at both
FF and SH frequencies with maximal modal overlap integrals, consistent
with equation (1). This implies that an even larger nonlinear response may
be found with better optimized nanoresonator designs, exploiting the field
localization properties of plasmonic structures. Yet the measured results
presented here reveal an enormous potential for the proposed metasurface.

To better understand the potential improvement associated with nano-
resonator optimization, consider an ideal metasurface in which the nanor-
esonators are able to induce a uniform E, field enhanced 3 times compared
to the impinging field across the entire MQW layer at both SH and FF.
In this case, equation (1) predicts ?°% =272, approximately 50 times
larger than the largest " coefficients computed for the nanocross
design used in this work. Since the SHG power scales with | e ‘ ,
such a metasurface would produce over three orders of magnitude
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Figure 3 | Characterization of processed metasurface. a, b, Scanning
electron microscope images of the fabricated metasurface, top (a) and side
(b) view. ¢, Absorption spectrum of the fabricated metasurface for normally
incident light polarized along x-axis and y-axis of nanocrosses, as shown in
a. d, Optical set-up for metasurface characterization. Linearly polarized light
from a tunable quantum cascade laser passes through an achromatic half-wave
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LP HWP Tunable
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plate (HWP) for polarization control, a long pass filter (LP) to remove SH
light coming from the laser, a non-polarizing achromatic 50/50 beam splitter
(BS), and a numerical aperture 0.5 collimating lens to the sample. SHG output is
collected by the same lens and is directed by the beam splitter towards the
detector through a polarizer, a ZnSe lens, and a short pass filter (SP) that is used
to block FF.
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improvement in SHG conversion efficiency compared to our current
experiment. Furthermore, since the field enhancement is limited to a
factor of 3, no significant intensity saturation is expected for the pump
intensities used in our experiment. Improvements may also be achieved
by exploring the quantum-engineering design space of our structures.
The simple doubly-resonant quantum well heterostructure used here
for this initial proof-of-concept demonstration is by no means the op-
timal design, and more sophisticated designs may be devised to achieve
both higher nonlinearity and much larger saturation intensity, similar
to those described in refs 25 and 26.

Our MQW structure and plasmonic nanocrosses were designed to
provide maximum SHG efficiency at a pump wavenumber of 1/4 =
1,240 cm ™', This is experimentally confirmed in Fig. 4b, where we record
SHG power output as a function of pump frequency while keeping the
pump power constant. The yyy SHG power conversion efficiency for
an FF wavenumber of 1,240 cm ™ ' is shown in Fig. 4c. We achieve a power
conversion efficiency of almost 2 X 10~° using a pump intensity of only
15 kW cm ™2, In comparison, previously demonstrated nonlinear optical
metasurfaces at infrared or visible frequencies required high-peak-power
fs lasers providing over 10° W cm ™ * FF intensity to produce an SHG
power conversion efficiency of 107" to 10" (refs 12-15). Assuming
identical low pumping intensity, our metasurfaces achieve over 8 orders
of magnitude enhancement in conversion efficiency over the current
state-of-the-art.

Experimental values of ;(E.Zk)effare obtained using the intensity data
for SH and FF beams in Fig. 4 as described in Methods. We obtain
Xf)ef‘z 55nm V" (35nmV ") and 72 ~36nm V! 24nm V)
for low FF intensity (high FF intensity) in Fig. 4a. The other two coef-
ficients have no significant dependence on pump intensity in the exper-
iment: xﬁfﬁz 16nm V™! and Xg,;fﬂ =10nm V", All these quantities
are in good agreement with our theoretical predictions, given uncertain-
ties in material parameters and 3. Finally, Fig. 4d shows SHG emission
spectra from the metasurface for different FF. The MQW structure
without patterned nanostructures does not produce any significant non-
linear response for normal incidence, as shown in the figure inset.

Our proof-of-concept experiment may be extended in a variety of ways:
for example, to create voltage-tunable® and active electrically pumped
nonlinear metasurfaces®”, and to spectrally and spatially engineer the
nonlinear optical response in more general ways. The metasurfaces with
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SH wavenumber (cm™")

giant nonlinear optical response presented here may serve as the founda-
tion for a flat nonlinear optics paradigm, in which efficient frequency
mixing may occur over deeply subwavelength films with significantly
relaxed phase-matching conditions (compared to those required for bulk
nonlinear crystals) that only require matching of wavevector components
parallel to the surface. Such ultrathin nonlinear materials may dramat-
ically simplify wave-mixing experiments in a variety of set-ups, and find
application in frequency up- and down-conversion, mixing, phase con-
jugation, all-optical control and tunability, as well as in photon pair gen-
eration over a surface for quantum information processing.

METHODS SUMMARY

The Ing53Gag 47As/ Al 45Ing 5,As coupled quantum well structure for nonlinear res-
ponse shown in Fig. la was designed using a self-consistent Poisson-Schrodinger
solver. The layer sequence (in nanometres) is 6.0/5.3/1/2.3/6.0, where AlInAs barriers
are shown in bold, and the first 3 nm of the first 6-nm barrier and the last 3 nm of the
last 6-nm barrier are n-doped to 5 X 10" cm ™. A 577-nm-thick MQW layer com-
posed of 28 repetitions of the structure in Fig. 1a was grown by molecular beam
epitaxy on a semi-insulating InP substrate. The layer was then transferred to another
gold-coated semi-insulating InP substrate via thermo-compression bonding and
thinned down to approximately 400 nm thickness by chemical etching. A com-
mercial Maxwell’s equations solver based on the finite-integration method was
used for the electromagnetic simulations. Experimentally, a 400 pm X 400 pm two-
dimensional array of plasmonic nanoresonators was patterned onto the top of the
MQW layer via e-beam lithography, metal evaporation, and lift-off. Linear optical
characterization of the metasurface was done in reflection mode using a Fourier-
transform infrared spectrometer (FTIR) equipped with a liquid-nitrogen-cooled
HgCdTe photodetector. Nonlinear optical characterization was done using the op-
tical set-up shown in Fig. 3d. A pulsed broadly-tunable quantum cascade laser was
used for pumping and a calibrated InSb detector was used for SHG signal detection.
We assume a Gaussian beam shape on the metasurface with an intensity distri-
bution for FF given as IFFe’Z’Z/ " and that for SH given as ISHe“"Z/ " The FF focal
spot diameter was measured by the knife-edge technique to be 2w = 35 um.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS

Intersubband absorption measurements. Extended Data Fig. 1 shows the experi-
mentally measured intersubband absorption spectrum after background correc-
tion. The spectrum is obtained in a multipass geometry using the original InP wafer
with the MQW layer on top. The wafer was polished to have facets at 45° to the
surface normal and its top and bottom surfaces were gold-coated, as shown in the
inset to Extended Data Fig. 1. This measurement approach follows a standard pro-
cedure as described, for example, in ref. 3. Assuming unpolarized sample illumina-
tion from the Fourier Transform Infrared Spectrometer (FTIR) thermal source
and neglecting standing wave effects, the intersubband absorption coefficient oy,
is given as™

ow = —

1 ITM)
In(10)lo, -— 2
T tn(10)og, (2 @
where I'tg and Ity are the transmitted intensities of TE- and TM-polarized light,
respectively, and L;,, is the interaction length defined as’

o anQWN
L= 2220 )

where 0 is the angle of incidence with respect to the normal to the plane of the
layers (45° in our case), Lqw is the thickness of each coupled quantum well section
(Lqw = 20.6 nmin our case), N is the total number of sections in the MQW sample
(N'=28 in our case), and 7, is the number of passes through the MQW layer.
Given our sample geometry (5 mm in length and 0.33 mm in thickness), we estimate
n, = 14. From Extended Data Fig. 1, we obtain transition energies /i, =~155meVand
w3 =306meV in excellent agreement with calculated values of 153 meV and 306 meV,
respectively, as shown in Fig. 1a. The measured transition linewidths are 2/1y,; =15meV,
2My;, ~17meV and the peak absorption oy =615cm™" and 171cm ™" for the 2-1
transition and the 3-1 transition, respectively. Given the close agreement between
calculated and measured transition energies and the typically high accuracy of band-
structure calculations, we assume that the transition dipole moments for intersub-
band transitions between states 1,2 and 3 in our structure are the same as simulated in
Fig. 1a. The values of intersubband absorption oy, then allows us to estimate the
actual doping level N, in our structure, which may be different from the nominal
doping used during growth. To that end, we express oy through the dielectric con-
stant for out-of-plane (¢, ) E-field polarization as®

oy = z%lm(\/éj) sin?(0) (4)
where

Ne (2212)2

eoht((wa — ) —iyyy)

Ne(ezn)2
eohi((ws1 — ) —ipy;) )

where . is the dielectric constant of the undoped heterostructures. Putting the
experimental values of /iw;; and 7y, and calculated transition dipole moments z;;,

&1 (w) ::gcore(w) +

into the expressions above we obtain oy = 620 cm™ 'atthe 2-1 resonance and oy =~
180 cm ™" at the 3-1 resonance using N, = 0.75 X 10"” cm >, in close agreement with
measurements. It is the value that is used for y® calculations. We note that the ex-
perimental value of N, is a factor of 2 smaller than the nominal doping density.
Calculations of the optical properties of the MQW layer and plasmonic nanor-
esonators. The expression for the intersubband nonlinear susceptibility tensor
element for SHG at pump frequencies close to intersubband resonances may be
approximately written as’:
3

O (e 200) <N, e 212223231
pea( )=N. ey (031 — 20— i3 ) (021 — 0 —ip,;)

(6)

where o is the pump frequency, e is the electron charge, N, is the average bulk doping
density, 1wy, f1y;; and ez;; are the energy, linewidth and dipole moment, respectively,

for a transition between states iand j. The values of 72) in Fig. 1bare calculated using

the expression above, assuming calculated transition dipole moments ez; and expe-
rimentally measured values of fiw,; =155meV, hiwy =306meV, 2/y,; ~15meV,
2My5;~17meV and N, =~ 0.75 X 10"7 cm ™~ obtained from intersubband absorption
measurements as described above.

The dielectric constant in the MQW layer for the out-of-plane (&, ) E-field
polarization is given in equation (5), the dielectric constant for the in-plane (g;,)
E-field polarization is calculated as

N.,e*t

g (w)=¢ w)+i——————
1(0)=teore () laoa)m*(l—i(urD)

7)
where & () is the dielectric constant of the MQW with N, = 0 and the electrons’
motion in the plane of the semiconductor layers is assumed to be free with Drude
relaxation time 7, =~ 10~ * s, which is a typical value for the InGaAs/AlInAs material
with low doping density.

A commercial Maxwell’s equations solver based on the finite-integration method

was used to compute the E-field distribution in the MQW layer at different input
frequencies. Periodic boundary conditions were placed around the unit cell, which
included the plasmonic resonator made of a 50-nm-thick layer of gold, a 400-nm-
thick MQW layer, a ground plane made of a 50-nm-thick layer of platinum (Pt) and
a 100-nm-thick layer of gold. The transmittance of the metasurface was zero (T =0)
and the absorbance A was calculated as A =1 — R, where R is the reflectance of both
co-polar and cross-polar mode contributions.
Nonlinear optical response of the metasurface. The nonlinear response of the
proposed metasurface, summarized by equation (1) in the main text, may be eval-
uated using the Lorentz reciprocity theorem, under the assumption that saturation
effects can be neglected. Essentially, we relate the linear optical response of the meta-
surface at the fundamental (pump) and second harmonic frequencies to its non-
linear interaction: the Lorentz reciprocity theorem states that if the current density J;
at point r; produces an electric field E; at point r,, then by switching the position of
source and observation, their product remains constant, that is:

Jh‘Ede: JEl‘fde (8)

In our case, the electric field E?(x,y,z) induced at the fundamental frequency in the
MQW layer produces an equivalent current density distribution at the SH frequency
given by:

J2(x,y,2) = 20P* (x,y,2) = 2we P EC (x,,2)* 9)

We can now apply reciprocity considerations at the SH frequency to relate the field
distribution E2°(x,y,z), induced in the metasurface volume by a plane wave impin-
gingat normal incidence, to the radiated field EX? sustained by the currents J>*(x,y,z).
The formula yields:

J POy )EC(xy,2)dV = [, ERJiRdV

Vmaw

(10)
where J2¢ is the current density necessary to sustain the impinging plane wave indu-
cing E2(x.y,z) placed in the volume Vg, and Viyiqw is the volume of the MQW
substrate. After simple algebraic manipulations, one can relate the radiated fields to
the field distributions in the MQW layer at FF and SH frequencies:

jary®

20
COEin/cSunit

EIZJF” = J E;“(x,y,z)zEﬁ(”(x,y,z)dV

unit

(11)

where Syt is the surface area of the unit cell of the periodic metasurface and Vyy is
the volume of the MQW within the same unit cell. Generalizing this formalism to
the arbitrary polarization of impinging and radiated fields, we obtain equation (1)

in the main text for each element of the effective nonlinear tensor iji)eﬂ. The SHG
conversion efficiency is then calculated from the ratio of the radiated second-harmonic

power over the impinging power:
2

. () .
JOx J EV(x,y.2) B2 (x,,2)dV

COE'ZU)E'w Sunit

incinc

SHG. = ( 1 2)

unit

In the special case in which we can assume that the field distributions are constant
inside the MQW layer at both FF and SH frequencies, the SHG efficiency simply

becomes SHG.g = %wzmﬂso X§§i|zf22mﬁffIwL2» where 7, is the impedance of free

space, f,, the field enhancement factor at the FF, f,,, is the field enhancement at the

SH, I, is the input intensity and L is the height of the MQW layer, as expected.
From equation (12) we can obtain the expression for SHG intensity output I,

from the metasurface

20)? Leff, |2
(20) 10y 4 €wéo (IOJ)ZLZ

(13)

where &,,(é,,) and I, (I,,) are the polarization unit vector and intensity, respect-

ively, of the SH (FF) beams, L is the MQW thickness and %(Z)e& is given by equation
(1) which includes local field enhancement at both @ and 2. We note that this
expression is consistent with the conventional formula to express the SHG in
regular nonlinear crystals, assuming that the thickness L is much smaller than
the coherence length?’.

Fabrication. The nonlinear MQW structure used in our experiments was initially
made of 28 repetitions of the Ing 53Gag 47As/Alj 45Ing 5,As coupled-quantum well
structure shown in Fig. 1a for a total thickness of 577 nm. It was then thinned down to
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approximately 400 nm thickness by chemical etching. The layer sequence (in nano-
metres) is 6.0/5.3/1/2.3/6.0 where AllnAs barriers are shown in bold. The first
3 nmofa first 6-nm barrier and the last 3 nm of the last 6-nm barrier are n-doped to
5% 10" cm ™. The structure was grown by molecular beam epitaxy on a semi-
insulating InP substrate. The growth started with a 300-nm-thick etch-stop layer of
Ing 53Gag 47As, followed by a 100-nm-thick etch-stop layer of InP, followed by the
MQW layer. A 10-nm-thick layer of titanium, a 50-nm-thick layer of platinum, and a
500-nm-thick layer of gold were then sequentially evaporated on top of the MQW
layer. The wafer was then thermo-compressively bonded epi-side down to a semi-
insulating InP wafer coated with same metal layers. The substrate was removed via
selective chemical wet-etching, followed by the removal of the etch-stop layers via
selective wet-etching to expose the MQW layer. Plasmonic nanostructures were
defined on the MQW layer via e-beam lithography and evaporation of a 5-nm-thick
layer of titanium and 50-nm-thick layer of gold, followed by lift-off.

Optical measurements. Linear optical characterization of the metasurface was
done in reflection mode using a FTIR spectrometer equipped with a liquid nitro-
gen cooled HgCdTe photo-detector. Nonlinear properties of the metasurface were
probed by a pulsed broadly-tunable quantum cascade laser (Daylight Solutions;
tuning range 1,120-1,450 cm ' and peak power output 800 mW). The laser was oper-
ated with 400-ns-long pulses at 250 kHz repetition frequency. Details of the optical
set-up are shown in Fig. 3d. We assume a Gaussian beam shape on the metasurface
with an intensity distribution for FF given as Ippe’z’z/ " and that for SH frequency
asIgye ¥/ The FF focal spot diameter was measured by the knife-edge technique
to be 2w =35um. A calibrated InSb detector was used to measure SHG power
output and perform spectroscopic measurements at SHG frequencies. SHG power
output was corrected for the beam splitter reflectivity (47.5%) and the transmission
of the collimating lens (95%), the polarizer (82%), the ZnSe lens (97%), and the
shortpass filter (83.5%) in the set-up. A calibrated thermopile detector was used to
determine the power of the fundamental beam at the sample position. The values of
% ot tensor elements were deduced using the I, expression presented in the
‘Calculations’ section, based on the experimentally measured values of I, and I,,.
Structures with plasmonic resonances detuned from intersubband transition
frequencies. Over the course of our experimental work, we have fabricated a num-
ber of metasurfaces in which plasmonic resonances happened to occur away from
the intersubband| xﬁi‘peak, and those structures produced little or no detectable
SHG response. An example of such a metasurface is shown in Extended Data Fig. 2.
These measurements confirm that the giant nonlinear effects observed in our
optimized structures stem from the combination of quantum engineering of the
nonlinear response coming from the MQW intersubband transition and the elec-
tromagnetic resonance engineering of the coupled metasurface.

Nonlinear response saturation mechanism. Saturation intensity for our MQW
structure can be estimated with the expression from ref. 33

LETTER

_ cneh’

- etzhg(v)
where n = 3.2 is the refractive index of MQW, 7 is the state 2 lifetime computed
to be 1.7 ps and g(v) is the normalized Lorentzian lineshape function, g(v)=

/%122. Substituting measured 27y, =15meVand computed z;, =

(hv—En)" +7%

1.7 nm into equation (14) we obtain I, = 0.47 MW cm™ 2 for resonant excitation
of the 1-2 transition.

To confirm that the observed saturation of SHG conversion efficiency is not due to
thermal effects, SHG measurements were repeated using 60-ns light pulses. Extended
Data Fig. 3a compares the results of these measurements with those obtained using
400-ns current pulses as reported in the main text and shows that results are in nearly
perfect agreement, which excludes thermal effects in the observed SHG response.

If we detune the pump frequency, moving away from the design frequency at
which intersubband absorption and plasmonic metasurface resonance take place,
and therefore reducing the field intensity in the multi-quantum well substrate, the
saturation is significantly reduced, as shown in Extended Data Fig. 3b.

SHG generation at oblique incidence. The nonlinear metasurface described in
the main text can also operate as an SHG mirror at oblique incidence angles. This is
because enhanced wave-matter interaction arises at the short scale, supported by
the inclusion resonances, rather than based on a collective effect. Extended Data
Fig. 4a and b shows details of SHG power output measurements at 45° angle of
incidence pumping. Nonlinear response that was comparable to that reported for
normal incidence in Fig. 4a was observed for SSS, PPP, SPP and PSS polarization
combinations, as shown in Extended Data Fig. 4b. In our notation, the first of three
letters in the polarization combination refers to the polarization of the SHG wave
and the last two letters refer to the polarization of the input fundamental frequency
with E-field directions for S and P polarizations shown in Extended Data Fig. 4a.

For a control experiment, we used a bare MQW structure without plasmonic
nanostructures, which produced no detectable SHG response in this configuration
for all polarization combinations. We note that in principle one expects to have
some nonlinear response for the PPP polarization combination from bare MQW
structures in this experimental configuration due to the presence of intersubband
72 However, due to the insufficient thickness of the sample and the small value of
E, field inside the MQW material this ‘intrinsic’ intersubband response was below
our detection limit.

Extended Data Fig. 4c shows the simulated absorption of our metasurface at 45°
incidence for S and P light polarizations. We note that the absorption peak positions
are not significantly affected by the change in excitation angle, due to the local re-
sponse of the metasurface inclusions. It is therefore appropriate to use the nonlinear
mirror in reflection mode without constraints on the incidence and observation angle.

(14)

sat
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Extended Data Figure 1 | Intersubband absorption measurement.
Intersubband absorption spectrum of the wafer used in our experiments
after background correction. Bottom y axis, wavenumber (=1/4); top y axis,
energy (=hv). Inset, measurement geometry.
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Extended Data Figure 2 | Structures with plasmonic resonances detuned
from intersubband transition frequencies. a, Linear absorption spectrum
of a metasurface in which plasmonic resonances were not well-overlapped
spectrally with intersubband transitions of the MQW structure for
fundamental and SH frequencies. b, SH peak power (left axis) or intensity
(right axis) as a function of FF peak power squared (bottom axis) or peak
intensity squared (top axis) for different input/output polarization
combinations (yyy and so on, see key) at FF pump wavenumber

FF power squared (W?)

FF power squared (W?)

1/ Apump=1,310cm™ ! and SH wavenumber 2,620 cm ™! both in resonance with
the plasmonic absorption peaks. SH response was close to the noise limit of our
setup. Inset, SEM image of the metasurface. ¢, SH peak power output

as a function of FF peak power squared (bottom axis) or peak intensity squared
(top axis) for different input/output polarization combinations at FF
wavenumber 1,240 cm ™" and SHG wavenumber of 2,480 cm ™, both away
from plasmonic resonances of the metasurface but in resonance with
intersubband transitions in the MQW structure.
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Extended Data Figure 3 | Nonlinear response saturation mechanism. a, SH
peak power output as a function of FF peak power squared (bottom axis) or
peak intensity squared (top axis) at FF wavenumber 1,240 cm ™. Black

curve, data for the pump laser operating with 400 ns pulses (same as used in the
main text); red curve, data for the pump laser operating with 60 ns pulses.

A slight difference in the SHG power for 60 ns and 400 ns FF input is attributed
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to slight changes in the pulse shape and detector response for 400 ns and 60 ns
pulses. b, SH conversion efficiency versus FF peak power (bottom axis) or
peak intensity (top axis) for FF wavenumber 1,240 cm ™" (red) and 1,280 cm ™
(blue). Straight lines show expected linear dependence of SH conversion
efficiency on FF power for the cases in the absence of intensity saturation.
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Extended Data Figure 4 | SHG at oblique incidence. a, Optical set-up for
metasurface characterization at 45° incidence angle. LP and SP are long-
and short-pulse filters, respectively. HWP is a half-wave plate for FF

polarization control. Directions of S- and P-polarizations and orientation of the
metasurface are indicated. Inset, SEM image of the metasurface with x and y
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axes shown. b, Measured SH peak power output as a function of FF peak
power squared (bottom axis) or peak intensity squared (top axis) at FF
wavenumber 1,240 cm ™' for different input/output polarization combinations
(SSS and so on, see key). ¢, Simulated absorption spectrum of the metasurface
at 45° incidence for different input light polarizations.
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