Enhanced Third-Harmonic Generation
from a Metal/Semiconductor Core/Shell
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ABSTRACT Nonlinear optical processes can be dramatically en-
hanced via the use of localized surface plasmon modes in metal
nanoparticles. Here we show how more elaborate structures, based
on shape-controlled Au/Cu,0 core/shell nanostructures, enable further
enhancement of the nanoparticle third-harmonic scattering cross-
section. The semiconducting component takes a twofold role in this
structure, both providing a knob to tune the resonant frequency of the
gold plasmon and providing resonant enhancement by virtue of its
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excitonic states. The advantages and deficiencies of using such core/shell metal/semiconductor structures are discussed.
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he use of metal nanoparticles as nano-

metric tags in bioimaging applications

has grown dramatically over the last
two decades. In particular, noble metal nano-
particles are characterized by strong shape-
tunable plasmonic resonances, which lead
to large absorption and scattering cross-
sections, making them useful in numerous
applications. Noble metal nanoparticles, par-
ticularly ones made from gold, have been
found to be particularly useful in multi-
photon microscopy. Despite their low emis-
sion quantum yields, the stability, absence
of phototoxicity or blinking, and the ease of
excitation have rendered gold nanospheres
and gold nanorods attractive two-photon
fluorescence (TPEF) markers.? To a lesser
extent, metal particles have already seen ap-
plication in nonlinear microscopies based on
coherent scattering such as second-harmonic
generation® (SHG) and third-harmonic gen-
eration (THG).*~% In contrast to TPEF, coher-
ent methods enable the use of holographic
detection for three-dimensional tracking of
particles.” Moreover, the SHG or THG spec-
trum depends on that of the excitation
pulse used and can thus be tailored to the
properties of the sample. One of the major
drawbacks of using coherent scattering is
the different scaling of the signal with the
nanoparticle size. Whereas absorption scales
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with the volume of the nanoparticle, scatter-
ing processes scale with the square of the
volume, thus typically requiring significantly
larger particles to observe a strong signal.

From symmetry considerations, SHG is
only allowed (to lowest order) from non-
centrosymmetric structures. Yet, despite the
fact that bulk gold is, by itself, centrosym-
metric, SHG has been observed from plasmon-
resonant nanospheres and nanorods (attrib-
uted to imperfections in their surfaces) but
is significantly enhanced when the overall
shape is non-centrosymmetric. Nanoparticles
from non-centrosymmetric materials such
as ZnO or BaTiO; have proven much more
useful in SHG imaging applications.**~'°
Using these, single particles having diame-
ters down to about 30 nm can be readily
observed. For some applications, further
reduction in the nanoparticle size is re-
quired, whereas for others uptake of larger
particles is beneficial."" ~'* One pathway for
either reducing particle size or enhancing
the scattering efficiency, which has already
been applied in SHG, is the utilization of
materials that are resonant at the harmonic
frequency. Using semiconducting particles
based on CdTe/CdS hybrids has indeed
reduced the required volume of SHG-active
nanoparticles by 1 to 2 orders of mag-
nitude.'>'®
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Figure 1. Enhancement schemes of THG using material
resonances. Dashed lines are virtual states, and full lines
are real levels. (a) Gold nanospheres show an LSPR mode at
~520 nm (3w); making use of this resonance for enhance-
ment requires excitation at ~1500 nm (w)."” (b) Gold
nanorods exhibit two resonances, specifically a red-shifted
longitudinal LSPR mode, allowing use of on-resonance
illumination (w = ~800 nm)."® (c) Core/shell nanoparticles
enable enhancement from both on-resonance illumination
(longitudinal LSPR mode, @ = 1200 nm) and on-resonance
THG signal (excitons, 3w = 400 nm).

Unlike SHG, observation of THG imposes no symme-
try restrictions on the particle shape or composition.
THG from single gold nanospheres was demonstrated'”
using illumination such that the third-harmonic fre-
quency was in resonance with the localized surface plas-
mon resonance (LSPR) of the nanospheres (Figure 1a).
In this manner, it was possible to observe particles
having a diameter as small as 40 nm with 1.5 um
infrared excitation. Significant enhancement'® of the
THG cross-section was measured using on-resonance
illumination of the longitudinal LSPR mode of gold
nanorods'® (Figure 1b). Furthermore, the particles' rod
geometry enabled detection of their orientation due to
the strong polarization dependence of the nanorod
THG signal. Yet, the excitation power in these experi-
ments is significantly limited by reshaping of the
nanorods, and the THG signal is typically in the UV
range. Here we attempt to overcome both of these
difficulties by constructing a hybrid core/shell metal/
semiconductor THG scatterer. This shifts the funda-
mental frequency further to the near-infrared (due to
dielectric effects) such that the THG is in the visible
range and allows for doubly resonant THG, both at the
fundamental and at the third-harmonic frequencies
(due to resonant absorption in the semiconductor). As
an added benefit, this may provide a pathway toward
diminishing the size of THG markers.

Coating a metallic nanorod with a high refractive
index material causes a red shift in the longitudinal
LSPR mode according to ref 20 (assuming an ellipsoidal

shape):
2
w? = Loy
em —Llen — 1)

where o is the LSPR resonance frequency, 0 < L < 1'is
the shape factor, which depends on the aspect ratio,
wy, is the material plasma frequency from the Drude
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model, and ¢, is the medium's dielectric constant. It
was shown that certain wavelengths in the IR regime
allow deeper penetration to biological tissue due to
decreased absorption by water. Thus, a red shift in
the LSPR makes core/shell nanoparticles better suited
for applications in harmonic generation microscopy.
In our proposed enhancement scheme (Figure 1c), the
fundamental frequency is resonant with the longi-
tudinal LSPR mode in the metallic core, while the
THG is resonant with the excitonic transition of the
semiconducting shell. In this scheme, the THG fre-
quency is red-shifted from the UV to the visible without
increasing the aspect ratio of the metal rod. Overall,
this can allow for higher collection efficiencies and
potentially deeper penetration into tissue. As a shell
material, we chose cuprous oxide (Cu,0), a semicon-
ductor with a band gap of 2.14 eV, enabling resonant
THG in a broad range of excitation wavelengths. Cu,0
nanoparticles?’’ ™2 have found use in biological
studies,”* and their toxicity has been studied in differ-
ent organisms and has been shown to be significantly
lower than other semiconductors with a similar band
gap such as CdSe.>>?¢

RESULTS AND DISCUSSION

The synthesis of cuprous oxide-coated gold nano-
rods (AuUNR@Cu,0) follows a known procedure.?’?
Seeded growth of Au nanorods (AuNR) is performed
using a binary mixture of surfactants;?® then a reduc-
tion of Cu?*" by NH,OH in the presence of the AuNR
cores takes place in an aqueous solution, yielding an
epitaxial shell around the AuNR. Control of the semi-
conductor shell thickness is achieved by tuning the
Cu®" concentration in the reaction vial®® (see the Sup-
porting Information).

Systematically increasing the Cu,O shell thickness
gradually increased the effective dielectric constant
surrounding the AuNR cores, causing an increased red
shift of the LSPR modes (Figure 2). Due to the relatively
small Bohr radius®' of excitons in Cu,0 (~7 A), all shell
thicknesses examined should exhibit a band gap similar
to bulk Cu,0 (~2.14 eV). Yet, this is not clearly evident in
the extinction spectra shown in Figure 2. We attribute
the extinction dip at ~550 nm to strong coupling®®
between the transverse LSPR mode of the AuNR core
and the Cu,0 shell band edge exciton. This assignment
is supported by the observed red shift of the dip
position as the Cu,0 shell thickness is increased, lead-
ing to a red shift of the transverse LSPR peak (Figure 2,
curves b—d). Thus, at least for intermediate shell
thicknesses, the extinction peak resonant with the
THG wavelength partially retains LSPR properties,
which may lead to enhanced light scattering. We chose
to work with the sample portrayed in Figure 2c in the
single-particle scattering experiments.

Single-particle measurements were conducted using
a custom setup based around an inverted microscope
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Figure 2. Extinction spectra and corresponding TEM images of AUNR and AuNR@Cu,0O samples with different Cu,O shell

thickness. The AuNR cores are visible through the Cu,0 shell due to the much higher electron density in the metal. Red shift of

the longitudinal LSPR mode with increasing shell thickness is clearly visible in the spectra; the transverse LSPR mode appears
to be strongly coupled to the excitonic states of the semiconductor shell, resulting in a characteristic dip in the extinction

spectrum.*
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Figure 3. (a) Third-harmonic generation from a single AUNR@Cu,O particle as a function of stage position (X,Y). Pixels are
100 x 100 nm. (b) Signal dependence on incident linear polarization. Fit (solid line) to the data (circles) is a third-order dipole

response (a cos®(a + ¢) + b).

and using an 80 MHz, 1200 nm femtosecond source
and time-correlated single photon counting (see the
Methods section). Figure 3a is a typical scan of a single
AuNR@Cu,0 particle. A fit to a 2D Gaussian function is
used to verify the object size is indeed diffraction
limited. Another indication that the object is a single
particle comes from measuring the signal dependence
on the orientation of the incident linear polarization.
The rod shape of the core gives rise to a dipole-like
response to the incoming linearly polarized field.
Figure 3b shows a measurement of the THG signal
polarization dependence, and a fit to a third-order
response (a cos®(a + @) + b) is presented. We compare
our results with previous work,'”'® so as to estimate
the effect of the semiconductor shell on the THG
efficiency. A comparison of the parameters of the three
systems discussed here (all schematically shown in
Figure 1), gold spheres, bare AuNRs, and AuNR/Cu,0
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core/shell particles, appears in Table 1. To adequately
compare signal levels, we estimate the efficiency of the
different collection systems by taking into account the
NA of the collection objective, the detector efficiencies
at the different signal wavelengths, the quality of the
spectral filters, and the losses due to coupling into an
optical fiber.

efficiency = NA? x filter efficiency
x detector efficieny xfiber coupling losses

Normalizing the results by the obtained efficiency factor
and the cube of the power density [counts per second
(CPS)/(efficiency x power density3)] we calculate an
over 10° enhancement of the THG signal over gold
nanospheres.'” The median enhancement over the
highest reported value in bare rods is about 3, whereas
the maximal enhancement observed for a single particle
is about 50'8 (Table 1). We note that our epi-detected
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TABLE 1. Comparison of the Cross-Section and Damage Threshold of AUNR@Cu,0 Nanoparticles to Gold Nanospheres

and Nanorods*

material Au spheres'” Au rods'® Au@Cu,0

resonance scheme 3w w w and 3w

excitation wavelength (nm) 1500 800 1200

particle volume (nm?®) 52 x 10° 45 x 10" core: 2.5 x 10*
total: 3.2 x 10°

excitation power (MW/cm?) 0.54 0.13 0017

maximal (PS 1000 7000 11000

aross-section” [CPS/(collection efficicncy x power density®)] 1.0 maximal: 1.4 x 10° median: 3.9 x 10°

maximal: 6.1 x 107

“Taking into account that the shell is transparent to 1200 nm illumination, the enhancement in cross-section of the Au@Cu,0 is in fact larger than depicted in the table due to
the smaller core volume used (the scattering process scales as the square of the volume). ® Assuming linear polarization along the rod axis for nanorods.
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Figure 4. (a) Measurement showing the third-order power law of the signal at low excitation powers. (b) THG measurement
from a single AUNR@Cu,0 over 30 min under continuous illumination, showing the stable signal below the damage
threshold, and fluctuations in the signal right after increasing the power (t = 10 min) above the damage threshold. The signal
cannot be regained, indicating permanent damage to the particle.

signal suffers from chromatic aberrations, which are
more severe for near-infrared excitation. Given this, we
estimate that the enhancement over bare AuNR is in
fact even somewhat larger. As noted above, some
particles exhibited higher THG enhancement than
the average. This is likely due to the distribution of size
and plasmon resonance wavelength within the nano-
particle ensemble (as seen in Figure 2).

Photothermal reshaping of the AuNR is the main
damage mechanism found when working with intense
femtosecond lasers (0.8 MW/cm?) resonant with the
particle LSPR.'®3233 To test for the damage threshold
of the hybrid metal/semiconductor particles, we have
conducted an experiment where excitation power is
incrementally increased, while monitoring the THG
signal. At low excitation powers the signal increases as
the third power of the excitation intensity (Figure 4a).
Above a certain power threshold, the signal begins
to fluctuate for several minutes before reaching a
new stable state with lower THG scattering efficiency.
This transition is depicted (for a different particle) in
Figure 4b, where stable THG is observed until the
increase in laser power at t = 10 min. Following the
increase in laser intensity, significant fluctuations in the
signal intensity are observed, eventually leading to
a new, relatively stable, signal state. In this new state,
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the signal is lower than what could be predicted by
extrapolation of a third-order power law based on low
power measurements. This indicates some irreversible
damage to the scatterer. Unfortunately, the excitation
power at which the core/shell structure exhibits this is
much lower than for bare AuNRs. The damage thresh-
old of hybrid structures varies among different parti-
cles, but is about 0.02 MW/cm? (Table 1). This indicates
that the damage mechanism in the hybrid metal/
semiconductor system is not reshaping of the metal
core. Notably, the damage threshold of the particles is
orders of magnitude lower than the biological damage
threshold at 1.2 um.3*

To further elucidate the physical origin of the ob-
served photodamage process of the core/shell particles,
a5 nspulsed laser @1200 nm with a 10 Hz repetition rate
was used to illuminate a solution of AUNR@Cu,O while
the extinction spectrum of the solution was monitored
(Figure 5). The pulse energy was tuned so as to be just
above the damage threshold discussed above. A uni-
form decrease of the entire extinction spectrum with
time was observed. TEM images of samples taken at
several time intervals (Figure 5) revealed that the Cu,0
fragments and disintegrates, leaving bare, intact, AUNR
cores. Cu,O fragments were not found in the TEM
images. This led us to believe that the damage occurs
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Figure 5. Extinction decrease from a solution of AuNR@Cu,O nanoparticles while illuminating with 1200 nm pulses with a
10 Hz repetition rate and power density above the damage threshold. TEM pictures show the Cu,0 shell breaking and leaving
the AuNR cores intact. After 4—5 min there is no more reaction to the laser illumination, but the extinction does not decrease
to zero. This indicates that some of the particles would not undergo damage at this specific power level.

at the core/shell interface. The most plausible mechan-
ism for this is thermal expansion. The thermal expan-
sion coefficient of gold is almost 10 times larger than
that of Cu,O (145 x 107% and 1.6 x 107° K7,
respectively).>>* This difference must cause strain
between the core and the shell upon each illumination
cycle, eventually leading to the shell's fracture and
breakdown. This would explain the occurrence of
irreversible damage after long exposure even at low
power levels.

It should be noted that photodamage to the nano-
particles occurs on a time scale of minutes, as is evident
from Figure 4b. To quantify the effect under practical
imaging conditions, we conducted a set of experi-
ments where the field of view containing the nano-
particles was repeatedly scanned every 3 min at an
excitation power of approximately 4 times the damage
threshold and with a pixel dwell time of 100 ms. Under
these conditions, the scattering signal was thousands
of counts per second for over 12 h (see the Supporting
Information), showing the practical utility of these
particles for prolonged imaging.

We expect that changing the particle's composition,
such that the thermal expansion coefficient of the two
materials would be better matched, may significantly

METHODS

Synthesis. The synthesis of gold nanorods follows known
procedures. Seeds were prepared by reducing a solution of
HAuCl, with NaBH, using cetyl trimethylammonium bromide
(CTAB) as a surface agent. To grow the AuNR, CTAB and NaOL
were used as surfactants, AQNO; and HCl were used to tune the
final AuNR size, and ascorbic acid was used to reduce the HAuCl,
in the solution. The cuprous oxide (Cu,0) shell was grown in a
solution containing 87 mg of sodium dodecyl sulfate (SDS) in
water. A 0.25 mL amount of 1 M NaOH was used to increase the
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increase the damage threshold and stability of the
structure under intense illumination. One such poten-
tial system is a cobalt monoxide-coated gold nanorod
(AuNR@C00); CoO has a thermal expansion coefficient
similar to gold®” (14 x 1076 K™") and a band gap of
2.4 eV, fulfilling the criteria for both resonant enhance-
ment of the THG process and thermal stability. Another
pathway to increase the photostability of the nano-
structure may be to grow another shell on top of the
semiconductor, composed of a more rigid material
such as silica. This may also contribute to the biocom-
patibility of such structures.

CONCLUSIONS

In conclusion, we measured enhancement by a
factor of about an order of magnitude of the THG
cross-section from AuNR@Cu,0 hybrid structures over
bare AuNR cores due to the new resonance scheme.
Even though the damage threshold of our core/shell
particles is lower than expected, we were still able to
measure a stable and strong scattering signal at a level
of several thousands of counts per second. The experi-
mental observations provide guidance toward the de-
sign of core/shell THG scatterophores with increased
damage thresholds.

pH such that the resulting Cu,0O was stable in solution. A 2 umol
(typically) portion of CuCl, was reduced by a large excess of
NH,OH-HCl in the presence of the AuNR to form a shell of Cu,0.
Control over the shell's thickness was achieved by changing the
CuCl; concentration (see Supporting Information).
Single-particle THG measurements: 100 fs pulses at 800 nm
at an 80 MHz repetition rate from a Ti:sapphire laser (Coherent,
Chameleon Ultra Il) were downconverted using a synchronously
pumped optical parametric oscillator (OPO) (Coherent, Chameleon
Compact OPO), to get the 1200 nm laser wavelength desired for ex-
citation. The laser was directed into a microscope (Zeiss Axiovert
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200 inverted microscope) and focused using an oil immersion ob-
jective (Zeiss Plan Apochromat X63 NA 1.4). The spectrally filtered
signal was epi-detected, coupled to a multimode fiber, and de-
tected by a single-photon avalanche photodiode (Laser Compo-
nents, Count Blue) that was connected to a time-correlated single-
photon counting system (Picoquant HydraHarp 400). Samples were
prepared using microscope coverslips with an adhesion layer of
(3-mercaptopropyl)trimethoxysilane (see Supporting Information).
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