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Developing a high-efficiency coherent nonlinear light source is a critical step for photonic quantum
technologies in signal processing, imaging, and switching. A promising approach is second-harmonic
generation (SHG) via intersub-band transitions in a semiconductor quantum-well structure with a spe-
cific plasmon resonant mode of metal structures. There are, however, two significant challenges with this
approach. First, limited by the conduction-band offset, the SHG wavelength based on intersub-band tran-
sitions is unlikely to extend into the visible region. Second, the high dissipative losses of plasmonic metal
nanostructures could severely limit their applicability. Here we demonstrate an alternative configuration
using interband excitonic transitions in an all-dielectric multiple-quantum-well metasurface capable of
achieving high SHG conversion efficiency in the visible region. Taking advantage of the magnetic reso-
nance of the multiple-quantum-well metasurface, the tightly concentrated optical field that is induced in
the metasurface is responsible for boosting the conversion efficiency to about 2 x 10~7. This demonstra-
tion opens a viable path toward a coherent light source using SHG that is extended to the visible region
and beyond with high conversion efficiency, enabling nanophotonic quantum-information applications.

DOI: 10.1103/PhysRevApplied.12.064056

I. INTRODUCTION

The conversion efficiency of second-harmonic genera-
tion (SHG) in metasurfaces can often be enhanced using
the localized-surface-plasmon resonance of the periodic
metal nanostructures [1—4]. This approach, however, suf-
fers from a debilitating drawback owing to the huge metal
loss in optical frequencies, rendering it impractical for
all optical applications where efficiency is important. The
inherently weak optical nonlinear processes could in the-
ory be enhanced by the strong plasmonic fields induced
by the metal nanostructures, but any potential efficiency
boost would be completely offset by the large metal loss.
Recent effort in metasurface development has therefore
been shifted toward abolishing metals completely [5,6].
Metasurfaces made of all-dielectric units are engineered to
possess electromagnetic responses in all four quadrants of
the permittivity-permeability space without the devastat-
ing loss and are thus considered a promising alternative for
a wide variety of applications, such as optical communica-
tions, biosensors, and energy conversion [7—9]. Recently,
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all-dielectric metasurfaces with specific nanostructures
supporting strong electric and magnetic Mie resonances
have been shown to yield increased nonlinear conversion
efficiencies [10—12]. However, many of these approaches
suffer from self-absorption of the SHG signal by the dielec-
tric media themselves because the photon energy of the
signal is greater than the band gap. To solve this problem,
SHG taking advantage of intersub-band transitions (ISTs)
in multiple-quantum-well (MQW) structures that generate
signal photon energy below the dielectric MQW band gap
was proposed [13,14]. Differently from the all-dielectric
MQWs embedded in metasurfaces (or metamaterials) as
the gain medium to provide strong light-matter inter-
action enabled by their ultrasmall mode volume, which
defies traditional diffractive optics and allows the demon-
stration of versatile control of the light wavefront and
polarization [15—17], the case of ISTs in MQW structures
capable of supporting larger second-order susceptibility
x@ than conventional nonlinear materials achieves high-
conversion efficiency for SHG for mid-IR and terahertz
frequencies. Increase of the SHG conversion efficiency
was indeed demonstrated by taking advantage of the
enhanced x ® that is obtained by the plasmonic resonance
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in metasurfaces with particular MQW configurations [18—
20]. The large x @ is typically achieved near the frequency
of the IST within the conduction band of a MQW struc-
ture. The conduction-band offsets in most semiconductor
systems, however, limit such SHG processes to the mid-IR
range or even a longer-wavelength range, putting near-IR
and visible frequencies beyond reach. Another disadvan-
tage associated with the SHG process based on plasmonic
resonance near ISTs is the relatively high metal loss,
severely hindering nonlinear applications for high-power
excitations.

To extend the SHG response into the visible range and
beyond, we explore optical nonlinearity in (In, Ga)N/GaN
MQWs taking advantage of the interband excitonic transi-
tions (IETs) associated with conduction and valence bands
to enhance nonlinear light-matter interaction. There are
several advantages with this interband approach. First,
the SHG signal no longer suffers from the self-absorption
of the dielectric medium because its photon energy is
always equal to the effective band gap of the MQWs. Sec-
ond, unlike for ISTs limited by conduction-band offset, a
wider tuning range of the SHG-signal frequency is possi-
ble. Third, without metal nanostructures, the all-dielectric
MQW metasurfaces are more compatible with current
semiconductor technologies. In this study, we demonstrate
high-efficiency SHG in the visible region using an all-
dielectric (In, Ga)N/GaN MQW metasurface with a strong
magnetic resonance that is carefully designed to deliver a
strong SHG response near the interband transitions. The
ultrathin MQW metasurface can produce a large second-
order susceptibility x ® and a large SHG signal in a wide
wavelength range with tuning of the MQW alloy composi-
tions and layer thicknesses, establishing the foundation for
tunable nonlinear optical devices.

II. NONLINEAR BEHAVIORS IN THE MQW
STRUCTURE

A. Two-photon-excited photoluminescence and SHG

A three-pair (In, Ga)N/GaN MQW (well thickness
5 nm, barrier thickness 15 nm) with an indium content
of 12% is prepared (see Sec. S1 in Supplemental Mate-
rial [21]). Ti:sapphire-laser excitation in the 800—1050-nm
wavelength range is used in conjunction with an electron-
multiplying charge-coupled-device (EMCCD) camera and
spectrometer (Princeton Instruments ProEM 512) to detect
the spectrum and power of the SHG signal. Linearly
polarized light from the pulsed laser passes through a
647-nm long-pass filter (EdgeBasic BLP01-647R-25) for
wavelength purification. Then a near-IR objective with
a numerical aperture of 0.4 (Mitutoyo Plan Apo x20)
and a visible objective with a numerical aperture of 0.95
(Nikon Plan Apo x60) are used to focus the fundamental
light to the sample and collect the SHG signal from the
sample, respectively. A 647-nm short-pass filter (Semrock

SP01-633RU-25) is placed behind the visible objective to
remove the fundamental pumping laser light. The optical
setup in this study and the SHG results for an n-type GaN
(n-GaN) control sample are presented in Supplemental
Material (Figs. S2 and S3) [21].

The EMCCD camera is used to capture images span-
ning the fundamental to SHG frequency range as shown in
Figs. 1(a) and 1(b). A bright spot is observed at around
450 nm in Fig. 1(a) for optical excitation at the pump-
ing wavelength of 800 nm along with a long tail in
the 420-600-nm wavelength range, which is attributed
to the two-photon-excited photoluminescence (TPPL).
Electron-hole pairs created by the absorption of two pho-
tons simultaneously at a wavelength of 800 nm subse-
quently recombine to emit photons of different wave-
lengths through a range of radiative recombination mecha-
nisms associated with exciton, deep-state, and defect-state
transitions in addition to nonradiative processes. The SHG
signal at 400 nm is observed in Fig. 1(a). This signal
is rather weak because photons at this wavelength can
be reabsorbed directly by the MQW sample to gener-
ate electron-hole pairs inside the conduction and valence
bands; these then go through similar recombination pro-
cesses as those for TPPL. The log-log plot of the signal
intensity at 450 nm versus the pumping power at the fun-
damental frequency (red curve) reveals a slope of 2.1
in Fig. 1(c), indicative of the involvement of the high-
order nonlinear processes in TPPL [22]. In contrast, with
increase of the pumping wavelength to 900 nm, carriers
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FIG.1. (a),(b) EMCCD images of the planar MQW for incident
wavelengths of 800 and 900 nm. Dotted red and yellow circles
represent the wavelength locations of the pumping laser and the
SHG signal, respectively. (¢) Log-log plot of the signal intensity
collected at a wavelength of 450 nm versus incident pumping
power. (d) SHG intensity of the MQW at wavelengths between
840 and 1020 nm. The inset shows the dominant exciton transi-
tions in the (In, Ga)N/GaN MQW. The band gap of the MQW
is 2.80 eV and the exciton energy is about 40 meV below the
conduction-band edge.
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can no longer be excited by the two-photon-excitation pro-
cess, and as a result only the SHG spot at 450 nm appears
in Fig. 1(b). The relationship between the SHG intensity
at 450 nm and the pumping power at 900 nm (blue curve)
exhibits a slope of 1.96 in Fig. 1(c), a clear signature of a
SHG process.

B. IET mechanisms

To understand the transition mechanisms in MQWs
responsible for the SHG response, we measure the SHG
intensities of the sample by sweeping the pumping wave-
length in the range from 840 to 1020 nm as shown in
Fig. 1(d). In contrast to the monotonous SHG behavior
over some spectral range for most conventional nonlinear
materials, the SHG response in the MQW sample exhibits
a strong wavelength dependence, where enhancement
is observed at certain wavelengths. Such enhancement
occurs around the exciton transition for the (In, Ga)N/GaN
MQW sample. GaN-based materials possess large exci-
tonic effects with strong oscillator strength. Its exciton
binding energy has been determined to be around 40 meV
below the band gap, and the wavelength of the exciton
transition is around 450 nm [23,24]. As can be seen from
Fig. 1(d), the strongest SHG signal is observed when its
wavelength is near the resonance of the exciton transition
as expected from the quantum-mechanical model [25] that
predicts significant enhancement of second-order nonlin-
ear susceptibility x® as the SHG frequency approaches
the band-gap transition in MQWs. In addition, SHG-
signal enhancement is also observed throughout the broad
blue-yellow spectral range, possibly due to the deep-level
defect-state transitions [26,27]. To confirm these SHG
responses are caused by the MQW, an n-GaN sample
without MQWs is prepared as a control sample. Under

the same experimental condition, no SHG response is
observed from this control sample, proving the nonlinear
effects of the MQW directly.

The SHG conversion efficiency is determined by the
ratio P,,/P,, where P,, and P, represent the SHG-signal
power and the pumping power at the fundamental fre-
quency, respectively. A maximum SHG conversion effi-
ciency of 6.2 x 10~ is found near the exciton transition at
450 nm, and x® can calculated according to the relation
below between P,,, and P, by [28]

51274 (x @)’ 12P,2
CHy 2 N d? A2

Py, = : @)

where L is the total MQW thickness, n,, and n,,, are the
refractive indices at the pumping frequency and SHG fre-
quency, respectively, d is the pumping-laser spot diameter,
c is the speed of light in a vacuum, and A is the pump-
ing wavelength. According to Eq. (1), with the measured
SHG-signal power P,, =3 nW at the pumping power
P, =40 mW, we obtain x® =1.26 x 1071 m/V, which is
2 orders of magnitude higher than the value for bulk GaN
(approximately 10~'> m/V). This result provides clear evi-
dence that the SHG response is dramatically enhanced
when the SHG frequency is close to the resonance of
IETs in the (In, Ga)N/GaN MQW structure, much like
what has been demonstrated by the ISTs, extending the
high-efficiency SHG process nicely into the visible range.

I11. DESIGN OF THE MQW METASURFACE

To further boost the SHG efficiency, the possibility of
an additional enhancement induced by the resonance from
structures is explored. We process the (In, Ga)N/GaN
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MQW:s into a metasurface to create a Mie resonance at a
specific wavelength of the pumping laser. The metasurface
pattern we implement here is an array composed of several
triangular nanopillars [Fig. 2(a)], which has demonstrated
efficient SHG conversion and polarization control in previ-
ous studies [29]. In our research, the finite-element method
as implemented in COMSOL MULTIPHYSICS 5.3a is used to
optimize the structural geometries and simulate the field
distribution (see Figs. S4 and S5 in Supplemental Material
[21]). Since the MQW shows the strongest SHG enhance-
ment at 450 nm, we aim to achieve a resonance feature
at a fundamental wavelength of 900 nm. The length of
the equilateral side a, the nanopillar height d, and the
period P of the metasurface are optimized to be 700, 300,
and 830 nm, respectively. A MQW metasurface with an
area of 40 x 40 um? is fabricated by a focused-ion-beam
system (FEI Helios 660 NanoLab). A top-view scanning-
electron-microscope image of the MQW metasurface is
shown in the inset in Fig. 2(a). The simulated scattering
powers of the electric dipole, magnetic dipole, and electric
quadrupole modes induced inside the optimal structures
are shown in Fig. 2(b) and in Fig. S6 in Supplemental
Material [21]. Under the excitation of a linearly polarized
pumping source (£, or E,), a dominant magnetic dipole
resonance can be seen to peak at 900 nm. Figures 2(c) and
2(d) show the electric and magnetic field distributions of
the magnetic dipole mode at 900 nm, where a maximum
enhancement of 3—4 times and 89 times, respectively, is

achieved. The enhancement of the effective second-order
nonlinear-susceptibility tensor can also be theoretically
calculated via the formula [18]

(2)eff 2
X[jke _ fV nl(l;;(x’ y’ Z),fn((L;')(xs ys Z) plé)k)(x’ y’ Z)dV
2 - s
Xomp 4
()
where Xﬁ)eﬁ and x. are the effective and intrinsic

second-order nonlinear-susceptibility tensors of the mate-
rial, respectively, £ 2* and £ are the field enhancement at
the SHG frequency (wavelength 450 nm) and the funda-
mental frequency (wavelength 900 nm), respectively, and
V'is the volume of a unit nanopillar. The field enhancement
[ at the fundamental frequency is primarily responsible
for the SHG enhancement because of the strong magnetic
dipole resonance. The enhancement of both x?) and x7)
is estimated to be 1.3 according to Eq. (2), and an induced
electric field E. also leads to efficient SHG conversion in
the z direction as well. Eventually, this MQW metasur-
face is capable of enhancing the SHG efficiency in all three
directions. In addition, although the enhanced field at the
magnetic dipole mode extends into both the MQW and the
n-GaN layer underneath, the SHG signal should originate
mainly from the MQW part owing to its much stronger
nonlinear response compared with that of the n-GaN
part.
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FIG. 4. RCP and LCP components of the SHG intensity col-
lected with LCP incident light.

IV. RESULTS

The optical absorption of the MQW metasurface
[Fig. 3(a)] is measured with a spectrometer (Olympus
OLO7861), and its absorption spectrum is shown in
Fig. 3(b). The measured spectrum is in good agreement
with the simulated result, which has a stronger absorption
around 900 nm. The discrepancy between the experimen-
tal and simulation results is likely due to the imperfection
of the fabricated structures. In comparison with the planar
MQW sample, the MQW metasurface shows a nearly 3
times enhancement of the SHG intensity when excited by
the 900-nm pumping laser, as can be seen in Fig. 3(c). A
slope of approximately 1.98 in the log-log plot [the inset in
Fig. 3(c)] also confirms the occurrence of the SHG process
in the MQW metasurface. The SHG conversion efficiency
of the MQW metasurface is subsequently calculated, and a
highest efficiency of approximately 2 x 10~ is reached at
a pumping power of 40 mW, and is about 3 times that of
the planar MQW sample.

Additionally, the surface roughness of the metasurface
structure might lead to SHG enhancement due to the
field enhancement caused by its nanoscale feature [30].
To understand the effect of the surface roughness in our
device, we measure the SHG intensities produced by the
same MQW metasurface structure with a different ion-
beam milling time. The average surface roughness is about
5 nm. These MQW metasurfaces show a decrease of SHG
intensities with increase of the milling time because of the
milling depth throughout the MQW region (i.e., part of
MQW is removed). Only the one with an absorption peak
at 900 nm demonstrates an obvious SHG enhancement. We
thus claim that in our device, the SHG effect resulting from
surface roughness might be relatively weak compared with
that from Mie resonance.

It is worth noting that the triangular nanopillars of the
MQW metasurface can also be used to control the SHG

polarization according to the selection rule, which applies
when a circularly polarized fundamental wave propagates
normally toward a structure with n-fold rotation symmetry
[29,31]. As a result, the SHG signals produced from the
triangular nanopillars under the excitation of left circularly
polarized (LCP) light will be right circularly polarized
(RCP) and vice versa because of the threefold rotational
symmetry of the triangle. Figure 4 displays the RCP and
LCP components of the SHG signal with LCP pump-
ing at 900 nm. A RCP-to-LCP ratio of 5 can be seen in
the experiment, showing that our device could serve as a
coherent light source with controllable polarization, which
is an essential tool for structural analysis of biomolecules
[32,33].

V. CONCLUSION

In summary, the strong SHG enhancement near the
band gap of the (In, Ga)N/GaN MQW is attributed to
the large IET effect. With the use of IETs, the SHG fre-
quencies are no longer limited by the conduction-band
offset as are those based on ISTs. This is a major step
forward in extending the SHG-signal frequency into the
visible regime or beyond. The all-dielectric feature of the
MQW reduces the concerns for metal loss and structure
damage. Furthermore, we prove that even greater SHG
enhancement could be achieved by fabricating a triangu-
larly patterned MQW metasurface. A high SHG conver-
sion efficiency of 2 x 1077 is demonstrated at the SHG
wavelength of 450 nm, which is a relatively challeng-
ing wavelength to achieve compared with IR wavelengths.
This metasurface also exhibits the ability to control the
polarization of the SHG signal in our experiment. With
its high conversion efficiency and polarization-control fea-
ture, this MQW metasurface might have the potential
to be a versatile nonlinear light source for numerous
applications in quantum signal processing, imaging, or
microscopy.
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