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We use planar metamaterial resonators to enhance by more than two orders of magnitude the near

infrared second harmonic generation obtained from intersubband transitions in III-Nitride hetero-

structures. The improvement arises from two factors: employing an asymmetric double quantum

well design and aligning the resonators’ cross-polarized resonances with the intersubband transition

energies. The resulting nonlinear metamaterial operates at wavelengths where single photon

detection is available, and represents a different class of sources for quantum photonics related

phenomena. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4933332]

Multi-photon processes that preserve coherence enable

the exploration of quantum phenomena.1 Materials that sup-

port such processes are usually characterized by high optical

nonlinearities and the search for new types is still an active

area of research, especially in light of new developments in

quantum information science. In the latter context, materials

with high second and third order nonlinear susceptibilities

(v(2) and v(3), respectively) in the near infrared (IR) are

highly desirable, especially because of the availability of

single-photon detectors and on-chip processing at those

wavelengths.

Large resonant nonlinear optical susceptibilities can be

obtained from intersubband transitions (ISTs) in semicon-

ductor quantum wells (QWs), by creating equally-spaced

quantized electronic subbands with good dipolar overlap.2

Strong coupling of ISTs to optical cavities has been shown at

mid-IR3–6 and THz7 frequencies. Recently, the ISTs’ nonli-

nearities were enhanced even further by coupling them to

metamaterial (MM) resonators8,9 and nanoantennas10 at long

to mid IR wavelengths. Since these are resonant optical non-

linearities, scaling them to shorter wavelengths (larger ener-

gies) requires increasing the energetic separation between

the 3 electronic subbands used to create the resonant v(2).

The conduction band offset between ‘well’ and ‘barrier’

semiconductors sets an upper bound for the largest separa-

tion between these subbands, corresponding to the second

harmonic (SH) energy (2x) in second harmonic generation

(SHG). Previously used semiconductor heterostructures for

mid IR optical nonlinearities have conduction band offsets of

0.38 eV (3.2 lm) for GaAs/AlGaAs and 0.51 eV (2.4 lm) for

InGaAs/InAlAs.11 Employing high conduction-band offset

heterostructures for this application has also been suggested

before.12,13 In practice, the upper bound is lower because the

energy of the first subband in a quantum well is always

higher (by a factor inversely proportional to the square of the

well’s width) than the bottom of the well (a phenomenon

known as “zero-point energy”). Therefore, the only way to

scale these large optical nonlinearities to the near IR is to

employ semiconductor materials with much larger conduc-

tion band offsets (more than 1.5 eV); III-Nitride heterostruc-

tures naturally provide such offsets.

Here, we utilize the large second order susceptibilities in

the short to near IR obtained from ISTs in III-Nitride QWs,

and we further enhance the efficiency by strongly coupling

them to MM resonators. Our demonstration was done at a

wavelength of 3.2 lm but with the proper design and growth;

similar results could be obtained in the near-IR.14 The com-

bined QW-MM structure is very thin (about 1/20th of the

free space wavelength), which means that unlike bulk non-

linear crystals, we always operate under phase matching con-

ditions. The metamaterial resonators play the dual role of

converting the polarization of the pump beam to excite ISTs

(electric field must be polarized along the QW growth direc-

tion) and more significantly, increasing the evanescent

optical field beneath the metal traces where the QWs are

located.8 When the metamaterial resonances are properly

tuned to the ISTs, this interaction leads to strong cou-

pling15–17 and a greatly increased second harmonic conver-

sion efficiency as we show below.

Figure 1(a) is a schematic of the combined structure con-

sisting of MM resonators (i.e., nanocavities) coupled to ISTs

implemented using a double QW heterostructure design. The

epitaxial structure consists of 20 periods of an AlN(5 nm)/

Al0.19Ga0.81N(1.4 nm)/Al0.8Ga0.2N(0.8 nm)/Al0.2Ga0.8N(1 nm)

coupled-well heterostructure, where the last two layers are nom-

inally n-type doped (Si) to 9� 1019 cm�3 and 5� 1018 cm�3,

respectively. The doping in the Gallium-rich ‘well layer’

primarily serves to increase the carrier density in the well

thereby contributing to an increased nonlinear susceptibility.

The doping in the Aluminum-rich ‘barrier layer’ contributes,

after charge redistribution, to balance the strain-induced

piezo-fields in the barrier. This creates a “flatter” barrier

which is more effective at separating the wells, and helps to
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attain the desired energetic level spacing. Metal-organic

chemical vapor deposition was used to grow the coupled-well

heterostructure on a previously prepared AlN epitaxial layer

on sapphire. Interface sharpness was enhanced by employing

a relatively low growth temperature (835 �C) to suppress

interdiffusion of group-III atoms between heavily doped

(>1019 cm�3) epilayers.18 Figure 1(b) shows the measured

transmittance of the QW sample measured in a wedge config-

uration (depicted in the inset). This spectrum was measured

at TM polarization and normalized with respect to the TE

polarized spectrum of the same sample. The two absorption

features correspond to the 1!2 and 1!3 transitions; the ver-

tical lines mark the transition energies (380 meV and

770 meV, respectively) calculated from the band structure

presented in Figure 1(c). For this calculation, we have

adopted the effective interface grading (EIG) in the structure

design, which goes beyond the traditional band structure

calculations in semiconductor superlattices. The existence of

EIG in III-nitride QW structures is a result of three dimen-

sional interface roughness, which we have recently shown

with the help of non-equilibrium Green’s functions.19–21 EIG

induces a continuous, as opposed to staggered, potential land-

scape in the quantum confined heterostructure and has a

dramatic impact on the wave functions and energy spectra. In

the band structure presented in the figure, we assume an inter-

face roughness height of 0.4 nm. An SEM of the patterned

nanocavities on the sample is shown in Figure 1(d).

Typical second order nonlinear optical materials consist

of crystals that have a non-resonant v(2) that is thus fairly

constant over a wide frequency range and is of the order of a

few tens of pm/V.22 Resonant systems, in general,23 and

semiconductor intersubband systems, in particular,24 on the

other hand, have been shown to have very high v(2) for a

narrow spectral range where either the fundamental, the

second harmonic or both frequencies of interest align with

the electronic transitions. For an intersubband three-level

system at near-resonant conditions, the theoretical v(2) tensor

has one significant component, zzz (z being the growth direc-

tion). Its value at a given angular frequency x can be

approximated by24,25

v 2ð Þ xð Þ � e3

e0�h2

Nl12l23l13

x� x12 � i
C12

2

� �
2x� x13 � i

C13

2

� � ;

(1)

where N is the electron density in the QWs, lij, xij, and Cij

are the transition dipole matrix elements, energetic differen-

ces, and dephasing rates, respectively, between level i and j.
From the calculated wavefunctions (from which the proba-

bility density distribution shown in Figure 1(c) was com-

puted), we compute the transition dipole matrix elements

between the three levels (l12¼ 4.8 Å, l13¼ 2.5 Å, and

l23¼ 7.2 Å). We estimate the dephasing rates from the full-

width-half-max of the absorption features seen in Figure 1(b)

to be C12� 109 THz and C13� 380 THz. Our observed line-

widths of 36 and 125 meV are consistent with previous

reports26,27 although these only give a lower bound to the

dephasing rates. Using this, we estimate the resonant v(2) to

be on the order of 0.4–3.5 nm/V for photon energies between

340–380 meV, with a maximum value occurring around

356 meV. The large uncertainty in our calculation arises

from experimental ambiguities in the lifetimes of the various

levels and, more significantly, the actual dopant activation

percentage. These have been shown to be significantly differ-

ent for “well” and “barrier” doping.27

Our MM nanocavities consist of gold split-ring resona-

tors that were designed using full-wave finite-difference

time-domain simulations28 to support two dipolar

FIG. 1. (a) Schematic of the complete

device showing the metamaterial reso-

nators (Nanocavities) on top of the

III-N quantum well (QW) stack. (b)

Transmittance of the QWs measured in

a wedge configuration (depicted by the

inset). The absorption features corre-

spond to the intersubband transitions

(ISTs) marked with arrows; the vertical

lines correspond to the calculated

energy values according to the band

structure shown in (c) Conduction

band (black) and subband probability

distributions derived using the effec-

tive grading interface method. (d)

SEM of the resonators patterned on the

sample surface.
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resonances: a y-polarized resonance at �364 meV (corre-

sponding to the fundamental frequency of interest) and an x-

polarized resonance at twice that frequency �729 meV.

These values were chosen to match the energy at which the

estimated v(2) peaks as mentioned above. The elliptical split

rings are designed using a Boolean subtraction of two con-

centric ellipses having the following dimensions: outer

ellipse: x radius¼ 210 nm, y radius¼ 170 nm, inner ellipse:

x radius ¼ 90 nm, y radius¼ 120 nm and a gap width of

60 nm. This design is an adaptation of a previously proven

design.9 Figure 2(a) depicts the absolute value of the simu-

lated, out-of-plane (z-polarized), electric field in the QW

region below the resonators when the system is excited at the

fundamental frequency using a narrow bandwidth, plane

wave pulse. Figure 2(b) depicts the out-of-plane electric field

at the SH frequency for the same simulation (i.e., there is

negligible input power at the monitored frequency). This

field is generated by the ISTs’ resonant nonlinearity. We

simulate this by imparting a finite value to the zzz component

of the v(2) tensor in the region containing the QWs. The

incoming z-polarized fields enhanced by the resonators gen-

erate high SH z-polarized fields, due to the QW nonlinearity,

which in turn couple efficiently back to the MM resonator

(due to the higher frequency resonance) and radiate into the

far field. For comparison, we “turn-off” the nonlinearity in

the QW region, this results in a decrease by two-order-of-

magnitudes in the field amplitudes, compared to the values

depicted in Fig. 2(b), accompanied by a significant spatial

redistribution (not shown). We note that because the operat-

ing principle described above relies on the evanescent near-

fields around the resonator, increasing the number of QW

periods beyond the evanescent field decay-length (�100 nm)

does not increase the conversion efficiency. However,

contrary to phase-matching limited SHG using conventional

nonlinear crystals, such an increase does not reduce the effi-

ciency either since only in the evanescent region there are

significant z-polarized optical fields that can be efficiently

absorbed by the ISTs.

The resonators were patterned on the sample surface in

ZEP-520 resist using a JEOL 9300FS e-beam lithography

system. 5 nm Ti and 100 nm Au were evaporated, and the

process was completed by standard lift-off. Additional reso-

nator arrays having resonances detuned from the predicted

maximum of the ISTs’ v(2) were fabricated on the same sam-

ple by scaling the resonator dimensions using scaling factors

ranging from 0.85 to 1.15. Linear characterization of the

different arrays using optical transmittance with a Fourier

Transform IR (FTIR) spectrometer is presented in Figure 3.

Each trace corresponds to the FTIR transmitance spectra for

different scaling factors. The data presented in Fig. 3(a) were

measured using y-polarized light (i.e., the low energy reso-

nance is probed), while the data shown in Fig. 3(b) were

obtained using x-polarized light, and the higher energy reso-

nance is visible. Both plots show a transmission dip corre-

sponding to the probed resonance that redshifts with

increasing scaling factor, as expected. The colored regions

mark the ISTs’ energetic position and spectral extent (full-

width-half-maximum) and show that we have a good spectral

overlap between the ISTs and the cavity resonances for scal-

ing factors 1 and 1.05.

For SHG, the device was pumped using a linearly polar-

ized, 150 kHz repetition rate, 14 ns pulse-length optical para-

metric oscillator laser tuned to the fundamental frequency. A

long pass filter removed unwanted wavelengths from the

incident beam. A MgF2 lens with 5 cm focal length was used

to focus the incident light on the sample. The beam profile

FIG. 2. (a) Normalized amplitude

(with respect to the maximum) of the

normal component of the electric field

(jEzj) in the QW stack 110 nm under-

neath the nanocavity, for plane wave

excitation at the fundamental reso-

nance (FR) polarized along the y axis.

(b) Normalized second harmonic (SH)

jEzj field generated in the QWs due to

the FR excitation depicted in (a); note

that the normalization factor here is

6.7� 104 larger than in panel (a).

FIG. 3. (a) Transmittance spectra of

arrays of metamaterial resonators for

different scaling factors and for

y-polarized light. The redshift of the

nanocavity resonance with scaling is

clearly seen. (b) Same as (a) but for

x-polarized light. The colored rectangles

denote the ISTs; their widths correspond

to the full-width-half-maximum of the

absorption features seen in Figure 1(b).

The x and y polarizations align with the

corresponding axes in Figure 2.
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was found to be approximately Gaussian with a waist of

�50 lm. The SH signal was collected using a glass lens, and

a short pass filter was used to remove the residual pump radi-

ation. The signal was detected by a calibrated, amplified

InGaAs detector and recorded using a lock-in amplifier refer-

enced by a mechanical chopper at 250 Hz. For comparison,

we used an area of the sample with no MM resonators

(referred below as “QWs only”); this area was measured at

Brewster incidence angle (�65�) for p-polarized light; this

was done in order to minimize Fresnel reflections and maxi-

mize the amount of (out-of-plane polarized) light entering

the QW heterostructure (to satisfy the ISTs’ polarization

selection rule2). Figure 4(a) presents the spectral dependence

of the measured SH signal as a function of pump photon

energy for the various scaling factors. For comparison, we

also plot the SH signal from the QWs alone (higher pump

power and renormalization was used for the “bare QWs;” all

spectra were corrected for the input power’s spectral varia-

tion while accounting for the quadratic relation between

pump power and SH signal; detector sensitivity was measured

as nearly constant at the relevant wavelength range except for

the sharp cutoff seen in SH signal at around 370 meV). The

resonant behavior of the “bare QW” sample confirms that the

SH process originates from the ISTs rather than from any

bulk nonlinearity in the constituent materials of the sample.

The variation of the peak SH intensity (and spectral shape)

with changing scaling factor suggests that we are not meas-

uring the nonlinearity from the metallic resonators them-

selves. The overlap of the highest peak (scaling factor 1.05)

with the “bare QWs” implies that the SHG indeed arises from

the coupling of the metallic resonators to the ISTs.

Furthermore, the presence of signal away from the peak, for

the small scaling factors, is likely due to the broad v(2)

response, as this heterostructure is not optimally designed.

In Figure 4(b), we plot the SH peak power as a function

of pump peak power for the device (green crosses, measured

at 381 meV for scaling factor 1.05) and the QWs alone (blue

asterisks, also measured at 381 meV). Pump power was

measured directly while the SH signal was corrected for

losses from optical elements between the sample and the

detector. The lines are quadratic fits (PSH ¼ gP2
FR), where

the conversion efficiency g is found to be 30 pW/W2 for our

device and 0.1 pW/W2 for the “QWs only.” In comparison, a

recent work29 involving SH generation from metallic resona-

tors alone reports a conversion efficiency of 41 fW/W2. By

introducing the MM nanocavities, we improve the efficiency

by more than two orders of magnitude as well as facilitate

normal incidence illumination. To estimate the intersubband

nonlinearity, we use a previously published method30 where

v(2) is given by

v 2ð Þ xð Þ � cnx
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2n2xcegtot

p

xL
; (2)

where c is the speed of light, e the vacuum permittivity, nx

and n2x are the refractive indices at the fundamental and SH

frequencies, respectively, gtot is the total intensity conversion

efficiency, x the fundamental angular frequency, and L the

effective optical length of the nonlinear medium, when

accounting for the off-normal incidence angle and refraction.

We derive an experimental value for the QW v(2) of

�0.6 nm/V, which is within the range of our estimate given

above. In this derivation, we compute gtot inside the QWs by

accounting for Fresnel reflections at the interfaces, spot-size

increase due to refraction and projection of the incident/emit-

ted radiation (the measured quantities) on the z axis (the

only direction with a significant v(2) as discussed above). To

verify the various assumptions used in this derivation, we

performed similar measurements on a 250 lm thick GaSe

crystal to arrive at a v(2) of 132 pm/V (this is slightly higher

than the accepted values for GaSe� 112 pm/V31). This v(2)

is much higher than what can be expected from the intrinsic

v(2) of the constituent materials (�46 pm/V for AlN32 and

�33 pm/V for GaN33); Following the procedure in Ref. 8,

we estimate that the contribution to the SHG signal from the

bulk semiconductor v(2) is nearly 2 orders of magnitude

smaller. More importantly, our experimental value for the

QWs’ v(2) is significantly higher than previously reported for

single QWs.14 We attribute this to our design consisting of

an asymmetric double well configuration (similar to designs

known to increase nonlinearities in other semiconductor

heterostructures30) rather than relying on the intrinsic piezo-

electric fields for symmetry breaking as was done before.34

Another interesting result is that since we designed the two

cavity resonances to be cross polarized, we expect the SH

polarization to be orthogonal to the pump polarization. To

confirm this, we placed a polarizer after the sample and ana-

lyzed the emitted SH signal. The inset to Figure 4(b) depicts

the SH signal as a function of the polarizer angle. Zero

degrees correspond to a polarization collinear with the pump

polarization. As expected, we see a clear sine squared de-

pendence which implies that the SH signal is polarized per-

pendicular to the pump.

FIG. 4. (a) Spectral dependence of the

SH signal for different metamaterial

resonator scaling factors. The sharp

signal drop around 0.37 eV arises from

the detector cutoff. SH signal from the

QWs alone is shown by the dashed line

after magnification for comparison. (b)

Peak SH power as a function of peak

pumping power for the device (scaling

factor 1.05) and for the QWs alone

when pumping at 381 meV (3.25 lm).

(inset) Normalized SH signal vs. polar-

izer angle, when the polarizer is placed

after the sample, zero degrees is paral-

lel to the pump polarization.
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In conclusion, we have shown that using an asymmetric

coupled-well design for III-N ISTs results in an increase of

the nonlinear susceptibility v(2). Furthermore, by introducing

metamaterial nanoresonators tuned to the ISTs’ energies, an

increase of more than two orders of magnitude in conversion

efficiency can be achieved for a single-pass geometry with a

comparable length studied here. The problem of effective ho-

mogenized susceptibilities in metamaterials (linear and non-

linear) is very complex as volumetric metamaterials are

required.35,36 This problem is particularly acute for single

layer metasurfaces, and a formalism for metasurface suscepti-

bilities has been developed only for the linear case.37

Nevertheless, a comparison to some effective nonlinear

medium that produces our measured external conversion effi-

ciency could be made. We use a commercial nonlinear opti-

cal code31 assuming a length of �80 nm (the 1/e decay length

of the field inside the semiconductor15), the correct back-

ground indices, and Fresnel reflections to calculate an effec-

tive nonlinear susceptibility of v(2)
xyy_eff� 1.3 nm/V, which is

higher than the intrinsic v(2)
zzz of the QWs (0.6 nm/V). This

work focused on SHG, but the principle should be applicable

to other nonlinearities. There is much potential for increasing

the QW v(2) even further, since from Equation (1) we esti-

mate that a two-fold decrease in the dephasing rate (such

values have been demonstrated26) combined with more pre-

cise IST energetic spacings (x12¼x23) results in doubling of

the effective v(2) at the resonance maximum. Additionally,

increases in dopant activation (through doping profile optimi-

zations27) and optimization of electron wavefunction overlaps

contribute linearly to the susceptibility. Scaling to shorter

wavelengths is potentially possible by growing deeper quan-

tum wells through incorporation of Indium in these layers.
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