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Dependence of the two-photon photoluminescence yield of gold nanostructures on the laser pulse
duration
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Two-photon photoluminescence (TPPL) from gold nanostructures is becoming one of the most relevant tools
for plasmon-assisted biological imaging and photothermal therapy as well as for the investigation of plasmonic
devices. Here we study the yield of TPPL as a function of the temporal width & of the excitation laser pulses
for a fixed average power. In the 6>1 ps regime, the TPPL yield decreases as J is increased, while for shorter
pulse widths it becomes independent of & and, consequently, of the laser-pulse peak power. This peculiar
dynamics is understood and modeled by considering that two-photon absorption in Au is a two-step process
governed by the lifetime of the metastable state populated by the first photon absorption.
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I. INTRODUCTION

Since its introduction about 20 years ago,! two-photon
microscopy has become a fundamental tool in high-
resolution imaging, especially of biological tissues, because
of the quadratic dependence of absorption on the excitation
intensity, which confines fluorescence and photobleaching to
the very proximity of the focal volume. Two-photon photo-
luminescence (TPPL) from molecules is a nonlinear process
described by a third-order susceptibility tensor x* and the
rate of absorption of energy is quadratically dependent on the
laser intensity.” It is, therefore, usually investigated with ul-
trashort laser pulses, exploiting their very high peak powers.
In particular, for a given average power, the TPPL yield usu-
ally scales as the peak intensity, or equivalently, as the in-
verse of the pulse temporal width 6.

Gold nanostructures often display strong multiphoton
absorption,3‘9 which derives from the large electric fields
that can be locally induced at their surface due to lightning-
rod effects or collective electron oscillations.!? Indeed, in
recent years, the use of noble-metal nanoparticles has
emerged as a valid and nontoxic alternative to fluorophore-
based labeling for in vitro and in vivo imaging."! A most
relevant application in this field is high-resolution analysis of
tumor tissues with targeted gold nanoparticles,'>'* which
holds promise for superior contrast and increased biocompat-
ibility. The appeal of such an approach lies also in the pos-
sibility to exploit the same nanoparticles for localized and
enhanced photothermal therapies.!>!® The strong nonlinear
optical response can also be employed as an effective tool to
map spatially localized field-amplitude enhancements in
nanostructured systems. In particular, TPPL microscopy is
now recognized as one of the most efficient ways to probe
and image plasmon modes in single gold nanoparticles®!’-1°
and resonant optical antennas.*?%2!

Despite the great number of scientific works addressing
and exploiting nonlinear absorption in Au nanostructures,
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scarce information exists about its pulse-duration depen-
dence. A pulse-width-dependent nonlinearity in optical ab-
sorption has been investigated in Au films?? and in embedded
Au nanoparticles.?? In the first case, the nonlinearity directly
arises from thermal smearing of the electronic distribution
due to large excitation fluencies. In the second case, a satu-
ration of the nonlinear-absorption coefficient with pulse
shortening is attributed to reduced contributions from slow
processes in the nonlinear response of the system.

In this work we show that the TPPL yield excited in Au
nanostructures by ultrashort light pulses does not scale with
the expected 1/ pulse width dependence. In particular, for
pulse widths shorter than about 1 ps, the TPPL counting rate
obtained for a given pulse energy does not show any sizeable
dependence on the pulse peak power. This unexpected find-
ing holds important consequences for gold-based nanophoto-
nics and can be understood by considering that two-photon
absorption in gold is a two-step process consisting of two
successive one-photon steps, as recently proposed by Imura
et al..® with the lifetime of the intermediate state, after the
first photon absorption, ruling TPPL dynamics. The analysis
by Imura et al. was supported by the TPPL polarization de-
pendence, which was, however, questioned by later experi-
mental results,'>!32* 5o that a strong support to their inter-
pretation is still missing.

II. SAMPLE AND EXPERIMENTAL SETUP

Our sample consists of an array of gold nanowires
obtained by electrochemical growth in a supported nano-
porous aluminum oxide template.?> The wires have typically
50-70 nm width, 300-600 nm length, and about 100 nm
interaxis separation (see Fig. 1). In agreement with similar
samples described in the literature,”® the wires display a
broad longitudinal surface-plasmon-polariton (SPP) reso-
nance in the near infrared, which partially overlaps with the
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FIG. 1. Representative SEM images of the sample used for the
experiments: top view (a) and side view (b).

wavelength of the laser source used to excite TPPL.

The pulsed light source used for TPPL measurements con-
sists of a long-cavity mode-locked Ti:sapphire oscillator
(26 MHz repetition rate) producing 40 fs pulses at
Aex=800 nm. The pulse duration & is varied by introducing a
negative chirp with dispersive delay lines based on a double
pass in either a pair of SF10 Brewster-cut prisms (to cover
the §<2 ps range) or a pair of 600 lines/mm gratings
(6>1 ps). TPPL is excited and collected by feeding the col-
limated laser beam into a 0.5 NA aspherical lens focused on
the sample surface. The average power P, has been varied
with a graduated neutral-density filter. The TPPL signal is
separated from the background at the fundamental wave-
length by a combination of shortpass filters (Schott BG39). A
further longpass filter (cutoff around 415 nm) is inserted
along the collection path to suppress possible second-
harmonic generation from the sample.

Pump-probe spectroscopy provides experimental access
to the value of relevant parameters used in the model to
interpret our findings (see below). The pump-probe setup
(see Fig. 2) is driven by a regeneratively amplified Ti:sap-
phire laser that delivers 150 fs pulses centered at 800 nm at
1 kHz repetition rate. We use the fundamental-frequency
(FF) pulses to excite the gold sample while the white-light
probe was generated by tightly focusing a small fraction of
the FF pulse in a 2-mm-thick sapphire plate. Pump and probe
pulses are synchronized with a motorized delay line and
overlapped on the sample in a quasicollinear geometry. After
the sample, each single pump-perturbed and unperturbed
probe pulse is collected by a fast optical multichannel ana-
lyzer enabling us to retrieve a spectral map of the dynamics
of the sample differential reflectivity (AR/R).”’
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FIG. 2. (Color online) Sketch of the experimental setup for
pump-probe spectroscopy.
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FIG. 3. (Color online) Selection of TPPL data as a function of
the average power P impinging on the sample and pulse duration
0. The excitation wavelength is \.,=800 nm. All data have been
fitted with a quadratic law: CTPpLz,BPS.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Figure 3 reports the collected TPPL count rate Crpp as a
function of the average power P, and pulse duration ¢ of the
fundamental wavelength excitation. Each reported experi-
mental curve is the result of averaging several spots on the
sample. In the power range reported in Fig. 3, the sample
does not show any sign of degradation and the collected
intensity is very well reproducible as the incident power is
varied over many cycles. From Fig. 3, one can immediately
recognize a quadratic dependence of Cyppy on P,. Higher-
order nonlinear effects, which have also been reported in
gold nanostructures,*~® have not been observed over the in-
vestigated fluence range.

For each value of the pulse duration & we evaluate the
coefficient 3 defined by the relation Cypp; = ,BP% that best fits
the experimental data. The value of 3 is plotted in Fig. 4 as
a function of 6. For pulse widths <1 ps, B does not dis-
play any significant dependence on &, meaning that, for a
fixed incident average power, the TPPL yield becomes inde-
pendent of the pulse peak power, in striking contrast with
standard TPPL from, e.g., molecules. Similar results (not
shown) have been obtained by also introducing a positive
chirp by bulk propagation in optical fibers with different
lengths.

In order to explain the trend of the S coefficient displayed
in Fig. 4 we recall that, in gold nanostructures, TPPL has
been proposed to generate from the recombination of an
electron in the sp band with a hole in the 3d band, created by
a two-step process consisting in two sequential one-photon
absorption transitions.® As sketched in Fig. 5, the first photon
excites an electron to the sp conduction band above the
Fermi energy (Ep) via an intraband transition, leaving a hole
in the sp conduction band located below Eg. Note that intra-
band transitions, which are dipole- forbidden in bulk materi-
als, are characterized by large cross sections in nanostruc-
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FIG. 4. (Color online) Pulse-duration dependence of the coeffi-
cient 3 evaluated by the quadratic fitting of Crppy, as a function of
Py, as illustrated in Fig. 3. The error bars correspond to twice the
standard deviation of Crppp, With respect to the fitting. The dashed
line corresponds to the result of the model discussed in the text.

tures because of the presence of intense evanescent fields,
whose associated field gradients give rise to higher-order
multipolar transitions.

Once the sp hole has been created by the first photon, the
second photon excites an electron from the d band to recom-
bine with the sp hole in the conduction band. In gold crys-
tals, this optical transition preferentially occurs near the X
and L symmetry points of the Brillouin zone, since there the
3d-projected electronic density of states is larger. Before they
recombine, both the sp and d holes may undergo scattering
events. The excited d hole resulting from the two sequential
one-photon absorption steps can, eventually, decay radia-
tively, directly contributing to generate TPPL, but can also
recombine nonradiatively with sp electrons by generating
SPPs that subsequently radiate, further contributing to the
total luminescence yield.?®

Because of the short hole-scattering times in the d and sp
bands (about 100 fs, see Ref. 29), interband coherence can be
ignored and the two successive one-photon absorption steps

sp

r X L r

FIG. 5. (Color online) Two-photon-induced excitation of a 3d
hole in gold, after Ref. 8. The first photon (1) induces an indirect
sp— sp intraband transition. Then, absorption of the second photon
(2) creates a hole in the d band by exciting an electron to recombine
with the previously created sp hole.
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sketched in Fig. 5 can be described by the following rate
equations:

dNy, Ny
dt‘ =0y, ., NF(1) - 72 — 045N F (1), (1a)
sp
dN, N,
o N F() = =, 1b
2 = TasNsy (1) o (1b)

where N is the electron density in the sp conduction band,
Nj, and N, are the densities of holes created below E in the
sp and d bands, respectively, while 7, and 7, represent the
relaxation times of the sp and d holes. F(¢) is the instanta-
neous photon flux and o, (0, ,) stands for the cross
section of the first (second) absorption event illustrated in
Fig. 5. The third term in the right-hand part of Eq. (la),
accounting for sp-hole recombination due to the d— sp ab-
sorption step, can be neglected in the small perturbation re-
gime characterized by N, <N. Note that, due to the broad sp
and d bandwidths, our model is independent of the sign of
the pulse chirp, in agreement with observations.

Let us consider pulses of total energy E, ., repetition rate
equal to vy, and instant power equal to Epy/h(f), being
hs(t) a function normalized to unity that describes the tem-
poral profile of each pulse. By solving Eq. (1) and taking the
time average, in the limit 7;,<< vr_elp, one obtains the following
expression for the average hole density in the d band:

sz O-S **570- —S
(N)=(1- R)zEﬁmsevreprd( h) (—LA‘LE)N
xf hd«(t)dtf e ot —1")dt' . ()
—o0 0

In this expression, A is the area of the laser spot on the
sample and R is the sample reflectivity. Equation (2) de-
scribes the dependence of the time-averaged TPPL count rate
on incident power and pulse duration, as the number of de-
tected photons is proportional to the total number of d holes
generated in the two-step process,?® giving Crpp. % (N,). As a
consequence of Eq. (2), the TPPL intensity is expected to
follow a quadratic dependence upon the average power P
impinging on the sample, Py=v,Epuse, in agreement with
the experimental data displayed in Fig. 3.

We are now in the position to discuss the dependence of
Crpp. upon 6. When 6<7,,, the exponential term in the
double integral in Eq. (2) can be omitted, since it would not
show any significant variation during the time interval corre-
sponding to a nonvanishing pulse amplitude. Physically, this
means that the probability that the created sp hole recom-
bines within the same laser pulse is negligible. In this case
one obtains that the TPPL intensity is proportional to the
time integral of the pulse autocorrelation and does not de-
pend on o. Conversely, for 6> 7, the two sequential one-
photon absorption transitions can be practically considered
as simultaneous events on the time scale defined by the pulse
temporal width. The result in this case is that Ctpp;, becomes
proportional to the time integral of the squared energy of the
pulse. One thus retrieves the expected limit characterized by
a TPPL yield scaling as &~'.
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FIG. 6. (Color online) Plot of the differential reflectivity versus
time acquired with a pump-probe setup using 800 nm wavelength
pump and 520 nm wavelength probe.

The evolution of Crpp;, as a function of & depends only
very weakly on the details of the function ) describing
the temporal shape of the pulse. The dashed line that fits the
experimental data in Fig. 4 has been obtained by assuming
hs(t)=(a/ d)sech’*(2at/ 5) (a=0.88 to have & corresponding
to the pulse full width at half maximum), which corresponds
to the mode-locking eigenfunction of the propagating pulse
inside the laser cavity.

In order to experimentally obtain the value of 7,,, we have
measured the sp-hole lifetime by means of a standard pump-
probe technique, with excitation wavelength at 800 nm and
probe wavelength at 520 nm, a combination that probes the
carrier lifetime in the conduction band.>® A plot of AR/R
versus time is shown in Fig. 6, with two different pump
intensities providing the same response, as a proof that the
electron temperature is not significantly changed and the sys-
tem is in a small perturbation regime. The AR/R signal dis-
plays an exponential decay with time constant 7,,=1 ps,
due to electron-electron and electron-phonon scattering, and
a tail due to the much slower phonon-phonon thermalization.
This is in good agreement with typical internal relaxation
times observed for electrons and holes close to the Fermi
level in gold films.?*3? As illustrated by the fitting in Fig. 4,
the result obtained from Eq. (2), with the measured value for
7,, and only a scaling factor as a fitting parameter, correctly
reproduces the trend of TPPL yield as a function of pulse
width.

We have also evaluated the possible influence of thermal
effects on the Crpp;, dependence upon P, and 6. The electron
dynamics as a function of the laser fluence have been simu-
lated by the two-temperature model for electrons and
lattice.?>3! We have considered two temperature-dependent
effects, namely, (i) smearing of the Fermi distribution
function®? and (ii) thermally induced damping of the SPP
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resonance.>33 In the first case we obtain saturation effects
associated with the high occupancy of the final states reached
after the two sequential one-photon absorption steps. In the
second case, the optical response of the nanostructures is
smeared by thermally increased electron-electron scattering,
which leads to damped SPP excitations and reduced local
electric fields. In both cases thermal effects manifest them-
selves with a Crpp, Vs P dependence that deviates from the
quadratic law for high laser fluencies. We are thus confident
that such effects are not relevant in the set of data presented
in Fig. 3, albeit they can play a role when a higher excitation
power is used.

IV. CONCLUSIONS

In conclusion, we have demonstrated that, for a given
pulse energy, the TPPL yield in gold nanowires becomes
independent of the pulse duration & for laser pulses shorter
than about 1 ps. For longer pulses, the TPPL intensity dis-
plays the expected asymptotical proportionality to 1/ 6. This
behavior is determined by the fact that TPPL in gold nano-
structures is obtained after a 3d hole is produced by two
sequential absorption steps involving a single photon and is
governed by the lifetime of the sp conduction-band hole gen-
erated after the first photon absorption.

It is worth noticing that in TPPL microscopy great care is
often taken to precompensate for positive dispersion intro-
duced by the optical elements in the microscope, in order to
achieve transform-limited pulses at the focal position. While
this is always needed to ensure the best fluorescence inten-
sity from dye molecules for a given average power, our work
implies that precompensation techniques are not necessary
for TPPL microscopy with gold nanoparticles. Moreover, ps
pulses effectively avoid optical saturation and SPP bleach-
ing, which can be a consequence of thermally increased
electron-electron scattering.’>3?

The peculiar dynamics highlighted in our work directly
stems from the bulk band structure of Au and does not de-
pend on the detailed shape and plasmon resonances of the
nanostructure under investigation, therefore holding conse-
quences for many applications in nano-optics, plasmonics,
and bioimaging. Moreover, it provides a strong support to the
two-step absorption mechanism proposed in previous
publications.?
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