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ABSTRACT: The enhancement of the nonlinear optical properties of hybrid
nanoparticle ﬁlms by coupling between metallic and plasmonic semiconducting
nanoparticles is shown. A heterostructure comprising CuS and Au nanoparticle ﬁlms
separated by a thin layer of insulating ligands enhanced the yield of second-harmonic
light by a factor of 3.3 compared with the sum of the constituent nanoparticles on
their own. Heterostructures were fabricated with scalable solution-processing
techniques that can create devices of arbitrary geometry. In addition to harmonic
generation, the multiple-photon photoluminescence response of Au, CuS, and
heterostructured ﬁlms is also explored.

KEYWORDS: heterostructure, second-harmonic generation, multiphoton photoluminescence, plasmon,
nonlinear optical material, gold nanoparticle, copper sulﬁde nanoparticle
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shape of the nanostructures and yet are also amenable to
solution processing and conformal deposition.
The synthesis of metal nanoparticles with prominent LSPR
absorption of varying compositions and shapes, typically of Au,
Ag, and their alloys, is a maturing ﬁeld. The narrow-band
LSPRs of these nanomaterials are tunable from the UV
through the visible and near-infrared (NIR)13 and have been
widely employed for plasmon-enhanced SHG. However,
plasmon resonances in metal nanoparticles tend to be relatively
spectrally narrow, and thus this strategy for designer coupled
plasmonic SHG structures tends to be useful primarily for a
single input/output frequency pair.
Heterostructures that couple the plasmon of a metal with
the exciton of a semiconductor have been shown to enhance
the generation of second-harmonic light.1,14,15 In this case,
SHG from the semiconductor nanocrystal is enhanced by the
local-ﬁeld eﬀects of the metal plasmon resonance.16 These
studies showed that the separation of the semiconductor and
the metal components was important because direct contact

he second-order nonlinear response of metal nanostructures is a well-known example of the eﬀects of both the
broken spatial symmetry at surfaces and the resonance
enhancement generated through localized surface plasmon
resonances (LSPRs). Plasmonic resonances of coupled metal
nanostructures can enhance the nonlinear properties of
materials through near-ﬁeld dipole−dipole coupling1,2 and
also amplify the nonlinear response of metallic materials
themselves.3,4 In the speciﬁc case of second-harmonic
generation (SHG), further enhancements can be achieved by
designing nanostructures with additional resonances at the
fundamental, second harmonic, or both. Examples include
arrays of split ring resonators,5 gold nanofeatures that support
Fano resonances,6 and LSPR active gold nanoparticles that
couple into optical whispering gallery modes.7 The enhancement of SHG via the coupling of two plasmons has also been
demonstrated using arrays of diﬀerently sized or shaped
plasmonic features in speciﬁc geometric arrangements8−11 or
by combining metals with diﬀering plasmon energies (e.g.,
biplasmonic heterobimetallic Au/Ag nanorods12).
The complexity of the structures for the multiplasmonic
enhancement of SHG has driven a near-total reliance on
lithography to obtain precise control over the composition,
shape, and arrangement of the individual nanostructures.
However, lithography imposes signiﬁcant limitations on the
device geometry and scalability. Alternatively, colloidal nanoparticles can provide similar control over the composition and
© 2020 American Chemical Society

Received: January 8, 2020
Accepted: April 3, 2020
Published: April 3, 2020

3144

https://dx.doi.org/10.1021/acsanm.0c00064
ACS Appl. Nano Mater. 2020, 3, 3144−3150

ACS Applied Nano Materials

www.acsanm.org

Letter

Figure 1. (a) TEM and schematics of CuS nanoparticles. (b) TEM and schematic of Au nanoparticles. (c) Schematic of the ﬁlm deposition
process.

such as the 1050 nm light used here, are insuﬃcient to produce
an excitonic state via two-photon absorption.
However, in the Au/CuS heterostructure, with excitation at
1050 nm, enhanced SHG exceeding the incoherent sum of the
individual components was still observed. Upconverted light
produced by SHG was separated from that produced by
multiphoton photoluminescence (MPPL) by using appropriate
ﬁlters; in addition, the full spectrum of upconverted light was
also measured. Both the MPPL and SHG signals were
enhanced by the heterostructure; at high pump laser
intensities, the enhancement of the MPPL was small compared
with the SHG. The discovery and exploitation of this SHG
enhancement with colloidal nanocrystals could lead to the
development of eﬃcient nonlinear materials on planar or
nonplanar surfaces through solution processing and, with the
further development of the colloidal chemistry, of nonbleaching, nonblinking, free-standing, upconversion nanocrystal hybrid systems as biological imaging probes and
contrast agents.
Au and CuS nanoparticles were synthesized using standard
solvothermal techniques (Figure 1a,b). The nanoparticles were
then assembled into heterostructured ﬁlms using a facile bath
method,22,23 as diagrammed in Figure 1c. Descriptions of Au
and CuS nanoparticle syntheses,20,24 optical characterization
methods, and heterostructure characterization are available in
Section 4 of the Supporting Information.
Vertical and lateral ﬁlm inhomogeneities in CuS deposition,
shown by proﬁlometry and SEM imaging of the hybrid ﬁlms,
produced changes in the nonlinear response, as discussed in
Figure S6. Additionally, a laser-induced annealing eﬀect on the
ﬁlm was demonstrated upon repeated exposure of the sample
to the laser. Initial decreases in the signal leveled oﬀ after
several exposures to the laser, permitting stable measurement
conditions, as shown in Figure S5. These two factors were
compensated by controlling the placement of the focal spot on
the sample and ensuring premeasurement exposure for ∼15
min to the laser.
The anisotropic geometry of CuS nanoparticles allows the
excitation of both transverse and longitudinal plasmon modes;
however, they exhibit only a single broad, intense extinction
band due to the overlap of the two allowed modes.20 For Au
nanoparticles, the isotropic shape facilitates the dominance of a
single plasmon resonance centered at 560 nm (Figure 2a). The

between them allows an interfacial charge transfer that damps
the SHG.17
Many semiconductors, including the large family of copper
chalcogenides, have NIR plasmon resonances that can be
tuned by changing composition, doping, or morphology.18
These materials have untapped potential in plasmon−plasmon
coupled heterostructured nanomaterials for SHG. Moreover,
these semiconductor plasmon resonances turn out to be
relatively broad.19 Therefore, a large spectral bandwidth can be
covered through many potential combinations of semiconductor nanocrystals with an LSPR at a fundamental
frequency, which couple resonantly to a metal nanoparticle
with an LSPR at the second-harmonic frequency. These
combinations of resonantly coupled plasmonic nanocrystals are
a promising strategy for the broadly tunable emission of
upconverted light, with the added beneﬁt that the nanoparticle
constituents are synthesizable by standard solvothermal
techniques and are solution-processable into ﬁlms.
Here we demonstrate for ﬁrst time that plasmonic
semiconductors can be used in conjunction with metallic
nanoparticles to enhance SHG or other multiphoton
upconversion mechanisms. We speciﬁcally study a heterostructure comprising a bilayer of nanoparticle ﬁlms. The ﬁrst
contains CuS (covellite) nanoparticles that feature a broad
LSPR in the NIR (λLSPR,CuS = 900−1600) nm, and the second
layer contains gold nanoparticles that feature a visible spectrum
LSPR (λLSPR,Au = 510−610 nm) when excited by a femtosecond Nd:glass laser (1050 nm).
Covellite exhibits electronic properties typical of a heavily
doped semiconductor due to an intrinsically high concentration of holes (h+). These holes act as positive charge
carriers, giving covellite a p-type character and a plasmon
resonance that absorbs strongly from 900 to 1600 nm.20
Plasmonic states in covellite function as intermediate virtual
states in two-photon absorption and in coupled plasmon−
exciton complexes for two-photon photoluminescence. In CuS,
the second harmonic of the bluest edge of the plasmon
resonance overlaps with the onset of excitonic absorption (2.5
eV, 496 nm, just below the conduction-band edge). A threefold enhancement of two-photon photoluminescence in
covellite was demonstrated at an excitation wavelength of
855 nm, where this plasmon−exciton energy-matching
condition occurs.21 Excitations at lower photon energies,
3145

https://dx.doi.org/10.1021/acsanm.0c00064
ACS Appl. Nano Mater. 2020, 3, 3144−3150

ACS Applied Nano Materials

www.acsanm.org

Letter

Figure 2. (a) UV−vis−NIR spectrophotometry of typical nanoparticle ﬁlms deposited on glass microscope slides. The fundamental wavelength of
the pump laser and the second harmonic are denoted by gray lines. (b) Illustration of SHG enhancement by plasmonic resonance in Au/CuS
hybrid ﬁlm. (c) Experimental conﬁguration for measuring nonlinear optical properties.

Figure 3. (a) Intensity of the unﬁltered visible light generated versus the input laser intensity for each ﬁlm type: Au only (orange), CuS only
(green), and heterostructure (blue). (b) Intensity of light generated by the ﬁlms at the second harmonic of the pump laser. (c) Intensity of visible
light produced by the ﬁlms not at the second harmonic. This light corresponds to upconversion by MPPL. (d) Spectrum of output light produced
by the nanoparticle heterostructure demonstrating upconversion by both harmonic generation and multiple-photon photoluminescence
mechanisms.

signal from ﬁlms containing only CuS nanoparticles, despite
their relatively low nonlinear activity.
The deposition of CuS onto the sample was conﬁrmed by
the broad CuS plasmon extinction peak (λLSPR,CuS = 1300 nm)
in UV−vis−NIR spectroscopy. A comparison of the plasmon
extinction between ﬁlms containing only Au or CuS nanoparticles and nanoparticle heterostructures shows that there is
no shift in the linear plasmonic response of either Au or CuS
(Figure 2a). Thus an enhancement of nonlinear activity due to
shifts in the dielectric environment25 is unlikely. The shift in

presence of Au nanoparticles on the functionalized glass slide
was conﬁrmed by both the Au plasmon resonance peak
(λLSPR,Au = 560 nm) in UV−vis−NIR spectroscopy, as shown
in Figure 2a, and SEM micrographs (Figure S2), which show
an even coverage of Au nanoparticles on the glass surface.
Proﬁlometry indicated that the ﬁlm was multilayered, as the
∼30 nm thickness of a ﬁlm layer is greater than the diameter of
the Au nanoparticles (∼7 nm) (Figure S2). Proﬁlometry also
demonstrated that CuS ﬁlms were approximately twice as thick
as than those of Au. This ensured a suﬃcient upconverted
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plasmon resonance of Au and CuS nanoparticles from solution
to ﬁlm is shown in Figure S3. The nanoparticle ﬁlms were
exposed to 150 fs pulses of radiation from a mode-locked
Nd:glass laser operating at 1050 nm wavelength at a pulse
repetition frequency of 100 MHz to induce the generation of
visible upconverted light, as illustrated in Figure 2c. The beam
was attenuated with crossed polarizing ﬁlters, and the intensity
of the visible light was monitored with a photomultiplier tube
(PMT). The PMT was not sensitive in the IR region.
A short-pass optical ﬁlter (edge at 720 nm), together with
the sensitivity drop of the PMT in that spectral region, reduced
the NIR signal from the laser fundamental below the
detectable limit. The spectroscopy of an SHG material
(BBO), as shown in Figure S4, supports this conclusion by
demonstrating the complete attenuation of the fundamental
beam and the presence of a peak at 525 nm. All nanoparticle
ﬁlmsCuS, Au, and the hybrid Au/CuSdemonstrated a
supralinear intensity response. In addition to SHG at double
the frequency of the pump laser fundamental, the LSPR of gold
nanostructures, in particular, gold nanorods and dimers,
enhances a broad photoluminescence spectrum due to
multiple-photon absorption.26 Multiple-photon photoluminescence (MPPL) has been identiﬁed as requiring two-, four-, and
six-photon7 absorptions, although few experiments have been
able to separate the inﬂuence of two-photon SHG from the
MPPL components.27 In contrast to the sharp SHG signal (set
by the bandwidth of the laser), the MPPL feature is a broad
emission feature ranging from ∼400−650 nm.7 Short-pass and
notch ﬁlters were used to capture the SHG signal and the
MPPL, respectively.
Films containing only gold nanoparticles produced a strong
nonlinear response consistent with many literature reports
(Figure 3a). SHG has been demonstrated in gold nanoparticle
arrays, hemispherical gold caps on silica nanospheres, gold
dimer nanoantennas, and gold nanorods.4,28 However, for the
Au nanoparticle ﬁlms, ﬁltering of the upconverted light to
capture an SHG or MPPL signal demonstrated that only a
small contribution of the upconverted light was from the
second harmonic (Figure 3b); instead, most of the output was
from the MPPL contribution (Figure 3c). This is likely because
SHG from the interior of the gold nanoparticles is unlikely due
to their inversion symmetry.
The nonlinear response of the CuS-only ﬁlms was modest,
roughly a factor of 15 less than that of the gold ﬁlms at the
strongest laser intensity employed. This is consistent with their
centrosymmetric structure, which prevents SHG from the bulk
but allows weak surface SHG enhanced by its NIR plasmon
resonance. Additionally, at 1050 nm laser excitation, twophoton absorption is not suﬃcient to excite valence band
electrons of CuS into the conduction band. Thus two-photon
absorption followed by second-harmonic emission can only
proceed via surface or trap states in the band gap.29
Correspondingly, the MPPL contribution from ﬁlms containing only CuS (Figure 3c) was much smaller than the SHG
contribution (Figure 3b).
At pump intensities above ∼4 GW/cm2, the heterostructure
ﬁlms produced a strong nonlinear response. Importantly, the
emission from the hybrid ﬁlms was still greater than the
incoherent sum of the two components. To quantify the
enhancement due to coupling between the nanoparticles, the
visible-light contribution of the nanoparticle components was
measured as a fraction of the upconverted light produced by
the hybrid ﬁlms.

χj =

Ihybrid, j
(IAu, j + ICuS, j)

Letter

,

j = SHG, MPPL, unfiltered
(1)

Thus higher values of χj correspond to larger SHG enhancement due to hybridization because less of the hybrid ﬁlm
output is attributable to its nanoparticle components.
Figure 4c plots the values of χj for the SHG and MPPL
components across the pump laser range of 3.5−7 GW/cm2.
The SHG and MPPL signals are similarly enhanced at lower
pump intensities, such that the values of χSHG and χMPPL are
similar. However, at intensities above 6 GW/cm2, the highorder dependence of MPPL from the Au nanoparticles reﬂects
the increase in upconverted signal directly attributable to the
Au nanoparticles; this, in turn, drives a decrease in χMPPL. The
SHG signal does not exhibit a similar change in the order of
response as the MPPL signal, and thus the magnitude of χSHG
remains constant across the full range of laser intensities.
To further quantify the enhancement that ﬁlm hybridization
provides, a modiﬁcation of the analytical enhancement factor
(AEF) deﬁned by Jais et al. was used.14
AEF =

IAu−CuS/ρAu−CuS
IAu/ρAu

(2)

where I is the SHG intensity and ρ is the optical density of Au
nanoparticles at 525 nm. The enhancement eﬀect strengthens
as the input intensity increases for the SHG signal. At the
maximum pump laser intensity (6.64 GW/cm2), the AEF for
the SHG signal was 3.3, whereas the AEF for the MPPL signal
was 1.7. The measured visible-light intensity as a function of
the pump laser intensity was used to construct a doublelogarithmic plot of the data whose slope yields the order of the
nonlinearity that produces up-conversion.
The values for the slope (b) and intercept (a) of the log−log
linear ﬁts for the MPPL-ﬁltered and SHG-ﬁltered data are
shown in Tables 1 and 2, respectively. The variances in the ﬁt
coeﬃcients are the ±1 standard deviation limits.
An inspection of the log−log plots for the Au ﬁlms suggests
that at the highest pump laser intensities, the order of the
nonlinearity actually increases. This is indicated by the
increasing slope of the orange line in Figure 4a,b, in the ﬁt
to those data above 6 GW/cm2 (Au high). Although the Au
slope increase occurs in both the MPPL and SHG regimes, it is
far more prominent in the MPPL regime. This suggests that
any observed increase in the order of nonlinearity in the 515−
560 nm spectrum is due to the contribution from MPPL
overlapping with the SHG signal. This also explains why the
order in the SHG regime is greater than two, as would be
expected from an SHG signal.
Spectral overlapping of the MPPL and SHG signals caused
the response in that part of the spectrum to take on the
response characteristics (n > 2) of MPPL. This conclusion is
supported by the spectrum of the upconverted output (Figure
3d), which convolutes the SHG and MPPL peaks across the
520−540 nm spectrum.
The mechanism of the enhancement awaits further
investigation, in particular, using time-resolved techniques to
elucidate the dynamics of the harmonics and the broadband
MPPL emission. However, we can draw some conclusions.
The MPPL mechanism is eﬀective, especially in gold, as a
result of intraband transitions in the sp band that occur
concurrently with interband d-to-sp transitions to create a dband hole that serves as the ﬁnal state for an sp-to-d interband
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much less eﬃcient, even though the hole-rich valence band in
CuS might seem to enable virtual multiphoton or multiplephoton transitions.
The enhancement mechanism may be modeled by thinking
of the planar components of the heterostructure as resonant,
coupled cavities in close but not intimate contact, with the CuS
nanodisks resonant near the fundamental frequency of the laser
and the gold nanoparticles at the second harmonic. The
coupling is weak, with a coupling constant on the order of
10−12 if it scales with the relative upconversion intensities in
Figure 3b,c. Moreover, this is evidently not the entire story
because the largest broadband MPPL signal arises from the
heterostructure; this is not explainable either by the
combination of intraband and interband transitions seen in
gold or by excitonic transitions, which cannot be accessed at
these pump photon energies. In particular, the broadband
MPPL signal does not extend into the ultraviolet where the
THG signal is observed. However, our observations might be
consistent with a Förster resonance energy transfer mechanism.
It is interesting to compare the eﬃciency of SHG from the
hybrid nanoparticle ﬁlms to that of SHG from β-barium borate
(BBO), perhaps the most widely used nonlinear harmonicgenerating crystal. For laser intensities below the SHG
enhancement threshold (4 GW/cm2), normalized to the
thickness of the sample and laser power squared, the BBO
and hybrid nanoparticle ﬁlms have nearly equivalent (2.2::1
Au/CuS:BBO) SHG per unit thickness. On the contrary, at the
highest measured pump intensity (6.64 GW/cm2), when the
intensity of the SHG is normalized to sample thickness and the
square of the pump laser intensity, the hybrid nanoparticle ﬁlm
has almost an order of magnitude greater yield per unit
thickness than BBO (9.2::1). This is about twice the volumenormalized yield from lithographically fabricated gold
Archimedean nanospirals.30 The second-harmonic yield is
also proportional to the eﬀective second-order susceptibility,
deff, this implies that the hybrid bilayer has deff ≈ 13 pm/V.
Nanoparticle ﬁlms containing only Au and CuS nanoparticles were also evaluated. For ﬁlms with the same optical
density of nanoparticles as the hybrid sample, normalized by
length and laser power squared, the Au nanoparticle ﬁlms
produced modestly more second-harmonic light than BBO
(2.8::1), and the CuS nanoparticle ﬁlms produced less visible
light than BBO (0.2::1). This further highlights the relatively
low nonlinear response of CuS nanoparticles when stimulated
at 1050 nm without the presence of the Au nanoparticles.
Optimization of the ﬁlms and nanocrystal placement is
expected to further improve this material property.

■

CONCLUSIONS
In summary, Au nanospheres have a plasmon resonance near
the second harmonic of the fundamental plasmonic resonance
of CuS nanoparticles. Hybrid CuS/Au nanoparticle heterostructures exhibited an analytic enhancement factor for the
second-harmonic signal of 3.3, exhibiting greater secondharmonic yield than the sum of either nanoparticle ﬁlm alone.
This suggests that there is a coupling eﬀect between the CuS
nanoparticles and the Au nanoparticles. The presence of Au
nanoparticles attenuates the bleach of the CuS nonlinear
absorption in hybrid ﬁlms. The hybrid ﬁlms exhibit greater
upconversion eﬃciency per unit thickness than BBO, a highperformance nonlinear crystal.

Figure 4. Double-logarithmic plots of the up-converted light intensity
as a function of pump laser intensity. (a) Fit for the SHG signal
(515−560 nm). (b) Fit for the MPPL signal (560−720 nm). (c)
Fraction of upconverted signal in hybrid samples that is directly
attributable to the nanoparticle constituents (χj, eq 1) for the SHG
and MPPL components as a function of pump laser intensity.

transition.26 The SHG and third-harmonic generation (THG)
signals, on the contrary, arise from virtual transitions
originating in the d band in gold, where they are quite
eﬃcient; a similar mechanism must be operative in the CuS
but, to judge from the relative yields in Figure 3a−c, must be
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Table 1. Values of log−log Fitting Coeﬃcients for MPPL-Filtered Data (400−502, 562−700 nm)
a
b
R2

Au ﬁlm (low)

Au ﬁlm (high)

Au/CuS

CuS ﬁlm

−7.42 ± 0.31
6.17 ± 0.44
0.96

−12.3 ± 2.0
12.3 ± 2.5
0.89

−6.84 ± 0.078
5.99 ± 0.11
0.99

−7.05 ± 0.44
5.03 ± 0.59
0.91
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Table 2. Values of log−log Fitting Coeﬃcients for SHGFiltered Data (522−552 nm)
a
b
R2

Au ﬁlm

Au/CuS

CuS ﬁlm

−5.72 ± 0.18
3.57 ± 0.27
0.95

−6.79 ± 0.051
5.65 ± 0.075
0.99

−5.82 ± 0.23
3.43 ± 0.34
0.91

This work demonstrates that a thin-ﬁlm heterostructure that
places semiconducting and metallic nanoparticles in close
proximity can enhance nonlinear optical properties by coupling
of plasmonic excitations. Such a material system has important
advantages for nonlinear optical materials, in that plasmonic
processes are ultrafast compared with excitonic processes and
due to the ease with which the nanoparticle ﬁlms can be
fabricated via solution processing. Many plasmonic metal and
semiconducting combinations can be envisioned with plasmon
bands ranging from the NIR to the UV, making this design
highly tunable. In this particular system, the plasmon
resonance is at a maximum near the favored wavelength for
dispersionless propagation in the telecommunications band. In
these nanoparticle ﬁlms, phase matching is not required. This
development in nanocrystal-based nonlinear optical materials
will allow the reduced size of optical components, reaching
toward the domain of planar nano-optical devices. Further
exploration of the dependence of the SHG yield on the
interaction distance between coupled plasmonic elements, the
eﬀect of coupling between plasmonic elements on the THG,
and the eﬀect of alternative material systems will allow an
increased understanding of the fundamental mechanisms that
govern coupling between plasmonic nanoparticles.
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