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ABSTRACT We demonstrate experimentally and theoretically a broad-band enhancement of the spontaneous two-photon emission
from AlGaAs at room temperature by plasmonic nanoantenna arrays fabricated on the semiconductor surface. Plasmonic structures
with inherently low quality factors but very small effective volumes are shown to be optimal. A 20-fold enhancement was achieved
for the entire antenna array, corresponding to an enhancement of nearly 3 orders of magnitude for charge carriers emitting at the
near field of a plasmonic antenna.
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Over the past decade, a growing interest has been
focused on exploiting the tight confinement of the
electromagnetic field achievable in the vicinity of

a metal-dielectric boundary, commonly referred to as
surface plasmon polariton (SPP), for enhancing the efficiency
of spontaneous emission in semiconductors,1-3 and it has
been shown that such enhancement is highly significant for
very inefficient emitters.4 These endeavors follow the suc-
cess of using SPPs for the enhancement of nonlinear phe-
nomena, including the surface enhancement of Raman
scattering by many orders of magnitude,5 surface-enhanced
second-harmonic generation,6 and the recent demonstration
of high-harmonic generation by coupling to bow-tie nanoan-
tennas.7 It was also shown that SPPs preserve many key
quantum properties of the photons used to excite them,
including entanglement,8,9 and the quantization theory of
surface plasmon fields was developed10 and experimentally
demonstrated,11 allowing an array of new applications in
quantum information processing.

Two-photon emission (TPE) is a nonlinear process with
unique quantum properties, important in different realms
of science. TPE from a semiconductor results from electron-
hole recombination with the simultaneous emission of two
photons. Semiconductor TPE was recently observed12 and
theoretically analyzed,13 and current-induced two-photon
transparency was demonstrated,14 paving the way for the
realization of room-temperature miniature devices, including
semiconductor two-photon lasers15 and photon pair
sources.16 However, TPE is an inherently weak second-order
process, and therefore enhancing mechanisms could sig-
nificantly widen the range of its applications. Since the

emission spectrum of spontaneous TPE is very wide band
due to the large energy uncertainty of the virtual state,
regular dielectric optical cavities with a very high quality-
factor, Q, and thus very narrow bandwidth17 may enhance
emission at specific wavelengths;18 however, they are un-
able to enhance the broad spectrum of TPE. Plasmonic
cavities, on the other hand, enhancing the field by signifi-
cantly reducing the mode volume at low Q,19 are optimal.

Here we report the first experimental observation of
plasmon-enhanced spontaneous TPE from semiconductors,
by coupling the emission to bow-tie nanoantenna arrays,
having efficient radiative coupling of plasmons to far-field
light.20 The broad band TPE from AlGaAs is significantly
reshaped for emission from a region located in the near-field
of the nanoantennas if the resonance of the nanostructure
is near the center of the TPE spectrumsabout half the band
gap energy. The enhancement was verified to decrease with
spectral detuning of the antenna resonance from the TPE
center, in accordance with our theoretical prediction. In
order to confine most of the charge carriers to the near-field
of the nanoantennas, a relatively thin AlGaAs layer was
grown on GaAs substrate, separated by a higher band gap
AlGaAs composition, thereby generating a potential well
(Figure 1 inset). The near-infrared (NIR) broad emission
(Figure 2a) was verified to be TPE by singly stimulated
emission experiments12 (Figure 2b). The presented scheme
can be further integrated to yield electrically pumped plas-
mon enhanced TPE by employing lateral injection tech-
niques, similar to those used in oxide aperture vertical-cavity
surface-emitting lasers.21

TPE spectrum from a semiconductor is calculated by a
second-order term in the time-dependent perturbation
theory13
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where pω0 is the energy of the one-photon transition, D(ω)
the density of radiation modes, and the summation over
carrier states takes into account the electron density of states
and the Fermi-Dirac distributions. M, the matrix element
for the transition, is given by

where e is the electron charge, m0 the free electron mass, V
the field quantization volume, and M′ the dimensionless
matrix element for the second-order process

where p̂ is the momentum operator, εb the photon field, Γ
the charge-carrier dephasing rate,12 and Em the energy of
the electron state m, with m being one of i, n, and f,
standing for initial, intermediate, and final states, respec-
tively.

In a bulk semiconductor with refractive index n(ω) and
group index ng(ω), the density of photonic states is given
by

FIGURE 1. Schematics of the measurement setup. The inset is a schematic drawing of the sample structure and the layer band gap in the
growth direction.

FIGURE 2. (a) Spectrum of the spontaneous TPE from a bare sample.
The solid black line is the measured spectrum, the dashed blue line
is the calculated spectrum with its variance shown by the shaded
yellow area. The inset is a diagram of spontaneous TPE. (b) Measure-
ment spectrum of TPE singly stimulated by 1.31 mm laser at various
power levels. The inset is a diagram of singly stimulated TPE.
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where c is the vacuum velocity of light, whereas in a
plasmonic cavity, a Lorentzian normalized density of
states is a good approximation22

where ωR is the resonance angular frequency of the
plasmonic cavity. The spectral dependence of the plas-
monic cavity enhancement relative to the bulk is therefore

where

Fp(ω1) )
π2c3

n2(ω1)ng(ω1)Vcavity*(ω1)

and

1/Vcavity*(ω1) )
1

√(Vcavity(ω1)Vcavity(ω0 - ω1)
For a single-resonance plasmonic cavity, maximal enhance-
ment is achieved for a cavity resonance at the center of the
TPE spectrum, ωR ) ω0/2, for which the two emitted photons
are degenerate in frequency ω1 ) ω0 - ω1 ) ωR. It should
be noted that the rate involves the multiplication of two
spectral functions symmetrically located around the TPE
centersthus the TPE enhancement is symmetrical around
the central wavelength as well, in contrast to the enhance-
ment of one-photon emission (OPE) which is maximal near
the plasmonic resonance wavelength. Moreover, since all
dispersive parameters in Fp are multiplied by their comple-
mentary value around the center of the TPE spectrum, the
moderate spectral dependence of Fp in our scheme is
averaged and becomes negligible, and the large spectral
width of the enhancement is thus maintained.

In our experiments, the structure was comprised of a 200
nm thick Al0.11Ga0.89As active layer, with one photon photo-
luminescence centered at ∼826 nm (1.5 eV), and TPE
centered at ∼1653 nm (0.75 eV). The layer was epitaxially
grown on a 300 nm graded index layer Al0.3Ga0.7As-
Al0.6Ga0.4As followed by 1.5 µm Al0.6Ga0.4As, on a GaAs
substrate, generating a potential well for carriers in the active
layer (Figure 1 inset). The 60 nm high gold nanoantenna

arrays with an overall dimension of 50 µm × 50 µm were
fabricated on the surface of the active layer (Figure 3a,b)
using e-beam lithography. The sample was optically pumped
by a 100 mW frequency-doubled Nd:YAG laser (532 nm),
chopped at 375 Hz, and focused onto the sample with a spot
diameter of ∼5 µm.

First, spontaneous emission from a bare sample was
collected through the substrate in a transmission configura-
tion (Figure 1), absorbing OPE completely, and detected
through a spectrometer using a femtowatt NIR receiver, in
a lock-in detection scheme (Figure 2a). To verify that this
emission is indeed TPE, we conducted singly stimulated
experiments where a 1.3 µm (∼0.95 eV) continuous-wave
laser was added to the pumping path, and the complemen-
tary emission around 1.77 µm (∼0.7 eV) was detected in
agreement with theory (Figure 2b).

The plasmonic resonance of the bow-tie antenna, result-
ing from both longitudinal and transversal modes (Figure
3c,d), was designed to be located near the center of the TPE
spectrum (Figure 4a), for maximal enhancement. Transmis-
sion measurements using white light showed an absorption
resonance located at 1620 nm with a Q factor of ∼5, similar
to our finite-difference time-domain (FDTD) simulation re-
sults. Following this characterization, the 532 nm pump was
focused onto an area within the bow-tie array and the TPE
was collected through the GaAs substrate, absorbing the
OPE, and the measurement was normalized by a reference
spectrum collected from a bare part of the sample. The result
demonstrates a clear reshaping of the spectrum (Figure 4b)
in respect to the spectrum from a bare sample (Figure 2a)
and exhibits a clear maximum near twice the OPE central
wavelength (Figure 4b inset) an enhancement by a factor of
∼20 relative to the plateau of the spectrum far from the
resonance, in good agreement with the theory (eq 6).
Considering the FDTD-calculated effective-volume23 Vcavity

∼10-3 µm3, and the effective fill factor, the total emission
from regions unaffected by plasmonic enhancement (back-
ground) was calculated to be ∼30 times larger than the total
emission from regions enhanced by the plasmonic array
(signal). Given this background emission, the measurement
corresponds to maximal enhancement by nearly 3 orders
of magnitude for carrier emission coupled to the antennas.
This effect cannot be attributed to antenna enhancement of
the pump coupling, which cannot result in reshaping of the
emission spectrum. Moreover, the OPE which should be
linearly related to the coupled pump power was slightly
reduced. To further verify that the observed enhancement
results from second-order transitions, we designed and
fabricated additional nanoantenna arrays with different
resonance wavelengths24,25 for which the detuning of the
resonance resulted in a weaker enhancement, however still
located around the center of the TPE.

For narrow-band one-photon emitters, the overall emis-
sion can be enhanced as was calculated and demonstrated
in various experiments according to the Purcell effect theory.

Dbulk(ω) )
ω2n2(ω)ng(ω)

π2c3
V (4)

Dcavity(ω) ) 1
π

ωR/2Q

(ω - ωR)2 + (ωR/2Q)2
(5)

Rcavity(ω1)

Rbulk(ω1)
)

Fp(ω1)Fp(ω0 - ω1)
Dcavity(ω1)Dcavity(ω0 - ω1)

ω1
2(ω0 - ω1)

2
(6)
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However, for extremely wide band emission, and if the
entire spectrum is taken into consideration, the overall linear
one-photon emission is limited by the sum rules,26,27 which
are no longer applicable in the nonlinear TPE case. Our
results show that the nonlinear nature of TPE allows the
enhancement of the entire ultra-wide-band spectrum. Al-
though the total number of photonic modes cannot be
changed, only spectrally reshaped, the fact that the overall
TPE rate is proportional to the integration of the multiplica-

tion of two state density distributions symmetrically located
around the center allows this reshaping to lead to net
enhancement of the wide band TPE.

In conclusion, we have observed and characterized the
broad-band enhancement of spontaneous two-photon emis-
sion from AlGaAs, by coupling to plasmonic nanoantennas,
in good agreement with theory. The broad enhancement
results from the broad-band response of the cavity reso-
nance at very low mode volumes, and it is insensitive to
several dispersive parameters owing to the intermixing of
the two complementary photons. The enhancement is
shown to be most significant for resonances located around
the center of the TPE spectrum and reduced with increased
detuning of the resonance.
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