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ABSTRACT: Aluminum nanostructures are a promising alternative material
to noble metal nanostructures for several photonic and catalytic applications, [N SsTtats
but their ultrafast electron dynamics remain elusive. Here, we combine single-
particle transient extinction spectroscopy and parameter-free first-principles
calculations to investigate the non-equilibrium carrier dynamics in aluminum
nanostructures. Unlike gold nanostructures, we find the sub-picosecond
optical response of lithographically fabricated aluminum nanodisks to be more
sensitive to the lattice temperature than the electron temperature. We assign
the rise in the transient transmission to electron—phonon coupling with a
pump-power-independent lifetime of S00 + 100 fs and theoretically confirm
this strong electron—phonon coupling behavior. We also measure electron—phonon lifetimes in chemically synthesized
aluminum nanocrystals and find them to be even longer (1.0 + 0.1 ps) than for the nanodisks. We also observe a rise and decay
in the transient transmissions with amplitudes that scale with the surface-to-volume ratio of the aluminum nanodisks, implying a
possible hot carrier trapping and detrapping at the native oxide shell-metal core interface.
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etal nanostructures with surface plasmon resonances Aluminum nanostructures have SPRs tunable from the
(SPRs), the collective oscillations of their conduction visible range to the UV, which complements gold and silver
band electrons, possess large absorption cross-sections, nanostructures at shorter wavelengths.'”~>* Aluminum also
efficient photothermal conversion, strong electric-field en- represents a more sustainable choice than noble metals for
hancement, and high photon energy tunability through particle scalable applications, given that it is the third most abundant

geometry and environment.'”* These highly tunable and
strong light—matter interactions are useful in many applica-
tions such as catalysts, solar energy converters, lasers, sensors,
and biomedical tools.’”'> Numerous studies on the SPR of

element in the earth’s crust. Aluminum nanostructures have

19,26,27 28-32
sensors, solar

already been used in displays,

31,33,34 35-37

cells, and photocatalysts. A self-terminating surface

oxide layer inevitably develops on the surface of aluminum

nanostructures when exposed to ambient conditions and
20,35,38

noble metal nanostructures have revealed their ultrafast

dynamics. The hot electrons generated after SPR excitation
affects their SPRs and photocatalytic performance.
are the keys to photocatalysis and solar energy conversion.'>"* P ytic p

If the hot electrons are not transferred, they cool through Despite the large disparity of Fge_4e21ectron—phonon coupling
electron—phonon relaxation and launch acoustic vibrations, )
which can be utilized in optomechanical devices at GHz

time in aluminum (~500 fs
43-47

and gold (a few pico-
seconds), studies on the ultrafast dynamics in zero-

. . . L. 148,49
dimensional aluminum nanostructures are very limited. In

frequencies.'”'® The energy dissipated from the nanostruc-

tures to the surrounding medium via phonon—phonon particular, a conclusive understanding of the origin of the
coupling induces high local temperatures that can be utilized differential optical response and the effect of the native oxide
to distill organic solvents'” and to destroy cancer cells.'® In layer is lacking.

such applications, the time scales of hot electron lifetimes and

thermal dissipation rates determine efficiency. A fundamental Received: February 3, 2019

understanding and subsequent control of these processes is, Revised: ~ March 21, 2019

therefore, essential. Published: April 2, 2019
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In this work, we investigated the ultrafast dynamics of
aluminum nanodisks (AINDs) using single-particle transient
extinction microscopy and ab initio calculations. Unlike gold
nanodisks (AuNDs), in which the transient transmission signal
for the first few picoseconds arises from dielectric function
changes due to high electron temperatures,”” the transient
transmission of AINDs is caused by the lattice temperature
dependence of the dielectric function. Our ab initio
calculations confirm this mechanism. An electron—phonon
coupling time of 0.5 ps observed in AINDs is consistent with
the results for polycrystalline aluminum thin films.*’
Furthermore, we observed an additional energy relaxation
pathway that was not previously observed in thin films and
assign it to electron trapping and detrapping at the metal—
oxide interfaces.

The transient transmission of AINDs is distinct from gold
nanostructures. AINDs fabricated by e-beam lithography (see
the Supporting Information) were chosen as a well-defined
structure and, therefore, as a fair comparison with AuNDs,
whose ultrafast dynamics are very well-known.”">> Both
AINDs and AuNDs were fabricated with a diameter of 210
nm and a thickness of 35 nm on soda lime glass coverslips
(Figure la). Transient transmissions were recorded with a
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Figure 1. Ultrafast dynamics of AuNDs and AINDs with a diameter of
210 nm and a thickness of 35 nm. (a) SEM images of a AuND (left)
and an AIND (right). Scale bars: 100 nm. (b) Transient transmissions
of a AuND (black) pumped at 405 nm (fluence of 0.04 mJ/cm?*) and
probed at 810 nm compared to an AIND (green) pumped at 810 nm
(fluence of 0.08 mJ/cm?) and probed at 700 nm. The data is scaled
and offset for better visualization. (c) Normalized transient trans-
missions of 2 AuND (black) and an AIND (green) shown on a shorter
time scale. The orange line is the typical instrument response function
(IRF). Its full width at half-maximum (fwhm) was 250—400 fs
depending on the use of a reflective vs transmissive objective.

home-built single-particle transient extinction spectrometer
(see the Supporting Information and Figure S1). To equally
pump the interband transitions and probe at the SPR, the
pump and probe wavelengths were 405 and 810 nm for
AuNDs and 810 and 700 nm for AINDs, respectively.”’ The
comparison between the transient transmissions of the AINDs
and AuNDs reveals three different traits in AINDs (Figure 1b).
First, in gold nanostructures, the sharp rise and decay (black
line, Figure Ic) correspond to electron—electron and
electron—phonon scattering, respectively, with lifetimes that
are consistent with the lifetimes measured in bulk metals.
Considering the bulk electron—electron (~300 fs for gold™
and ~200 fs for aluminum)>* and electron—phonon lifetimes
(approximately a few picoseconds for gold**~*” and ~500 fs
for aluminum),*” an even sharper rise and decay are expected
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for AINDs. However, a slower rise (green line, Figure 1c) was
observed instead. Second, acoustic vibrations with a higher
vibration frequency and shorter damping time were observed
in AINDs compared to AuNDs with the same geometry. The
acoustic vibrations of AINDs have been previously reported
and explained.”” Third, in gold nanostructures, the decay
following electron—phonon coupling is assigned to thermal
relaxation to the environment and can be fit with a single
exponential decay.”® However, in AINDs we observed a second
decay component of 30 ps (green line, Figure 1b). Here, we
study the slower rise and 30 ps decay.

To understand the sub-picoseconds dynamics of the
transient transmission of AINDs, we performed ab initio
calculations in conjunction with finite difference time domain
(FDTD) simulations (see the Supporting Information). We
use density-functional theory to describe the electron and
phonon properties of aluminum and resolve electron—electron
and electron—phonon interactions diagrammatically**~*’ by
use of maximally localized Wannier functions.”” As described
in previous work,* " we incorporate these interactions to
determine the complex dielectric function, which is then
evolved with time by solving the nonlinear Boltzmann
equation for the carrier distribution f(¢). We determine the
initial distribution of carriers at time ¢ = 0 following an optical
excitation as:

fle,t=10) =f,(e) + y e ho)
g(e)

for a room-temperature Fermi distribution fy(e), electronic
density of states g(e), and carrier distribution P(¢,A®)
corresponding to carrier energy & and photon energy Aw.
The parameter U represents the laser pump pulse energy
density, which is the only value taken from experiment. In
evolving this distribution, we correspondingly evolve the
dielectric function with time.

These time-dependent dielectric functions were then used in
FDTD simulations that also considered the overall AIND
geometry, including the native oxide layer and the glass
substrate, to calculate the time-dependent extinction cross-
sections, as shown in Figure 2a. Bleaching (increased
transmission) and induced extinction (decreased transmission)
are predicted for the SPR (500—750 nm) and interband
transitions (750—880 nm), respectively. Experimentally, we
varied the probe wavelength with SO nm steps. Probe
wavelengths of 800 and 750 nm were avoided due to spectral
overlap with the pump wavelength and insufficient differential
signal, consistent with the theoretical spectra (Figure 2a).
Good agreement is reached between the theoretical and
experimental transient transmissions (Figure 2b) in terms of
spectral shape considering the positions and relative
amplitudes of the bleach and induced extinction. These results
therefore justify the direct comparison between the theoretical
and experimental data.

The theoretical time evolution of the transient extinction
reveals that the rise in the signal of AINDs is determined by the
lattice temperature and electron—phonon coupling. The time
dependence of the differential extinction at 700 nm is plotted
in Figure 2c. The change in extinction reaches a plateau at
about 500 fs after the thermalization between excited electrons
and the lattice. We verify these results with our ab initio
predictions of both lattice and electron temperature. The
lattice temperature T; is determined by energy balance, in

(1)
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Figure 2. Theoretical optical response of AINDs with a diameter of
210 nm and a thickness of 35 nm pumped at 800 nm with a fluence of
0.08 mJ/cm® (a) Theoretical transient differential extinction at
different delay times as indicated in the legend. (b) Experimental
transient transmission at different delay times as indicated in the
legend. Lines are cubic spline interpolations as a guide. (c)
Theoretical transient differential extinction probed at 700 nm. (d)
Temporal evolutions of the theoretical lattice (blue) and electron
(black) temperatures determined via eqs 2 and 3

which we assume the phonons remain thermal at all times such
that the system obeys the condition:

dT, dE

_Cl(’Ii)_ - _le— h

e de 7P )
Here, C,(T}) is the ab initio lattice heat capacity,”’ and dE/dt
represents the rate of enery transfer from the lattice to the
electrons as a result of electron—phonon interactions.

The electronic temperature is not a parameter in our model,
as we do not assume a unique temperature or distribution
profile. However, we can generate a temperature T, by
assuming that the carrier distribution can be described by a
Fermi function, which defines the temperature as:

L( of (e, t) )_l
4kg\  oOe .

() =
()

where the derivative is evaluated at the Fermi energy &g. kg is
the Boltzmann constant. Figure 2d shows the predicted
temporal evolution of the electron and lattice temperatures.

While it is generally accepted that the maximum electron
temperature is reached before significant electron—phonon
thermalization starts in gold,” this picture clearly is invalid for
aluminum due to stronger electron—phonon coupling. The
electron and lattice temperatures instead increase together.
The direct comparison between optical response (Figure 2c)
and temperature evolution (Figure 2d) demonstrates that the
transient transmission of AINDs follows the trend of the lattice
temperature, unlike AuNDs, whose optical response tracks the
electron temperature evolution.”> This behavior results from
the fact that aluminum is a Drude-like metal, and therefore, the
electron temperature has little effect on the electron density of
states.”"> This comparison further establishes that the rise of
the transient transmission in AINDs corresponds to electron—
phonon coupling.
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While the pump-power dependence of measured electron—
phonon coupling times is an important characteristic in
52,63 .
gold, we observed pump-power-independent electron—
phonon coupling in AINDs. In both experiment and theory,
the signal intensities scale with the pump power due to higher
maximum lattice temperatures (Figure 3a,b). Nevertheless,
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Figure 3. Pump-power-dependent transient extinction of AINDs with
a diameter of 210 nm and a thickness of 35 nm probed at 700 nm and
pumped at 800 nm with fluences of 0.04 (blue), 0.06 (orange), 0.08
(yellow), 0.12 (purple), and 0.16 (green) mJ/cm® Panels a and b
show absolute experimental and theoretical values, respectively, while
panels ¢ and d focus on the early time scale dynamics normalized to
the amplitude at 1 ps, illustrating the absence of a pump-power
dependence of the rise times. AT/T: change in differential
transmission. Norm: normalized. Ao,,: change in extinction cross-
section. For all panels, the symbols and solid lines are data points and
fits based on a convolution between a Gaussian IRF and a (a, c) bi- or
(b, d) mono-exponential rise, respectively.

neither normalized experimental and theoretical data show any
dependence on the pump power (Figure 3c,d), which is
different from the pump-power-dependent electron—phonon
coupling seen in gold (see the Supporting Information and
Figure S2). The pump-power dependence in gold results from
the fact that the electron heat capacity scales with electron
temperature but the electron—phonon coupling constant does
not change.m’64 The electron—phonon lifetimes in aluminum
do not change in the range of pump powers used here because
of the larger electron—phonon coupling strength, which
quickly results in complete electron—phonon thermalization
(irrespective of the used pump power).

The experimental electron—phonon coupling time of AINDs
is determined to be 500 + 100 fs. To obtain the experimental
rise times, we fitted the experimental transmissions as a
convolution between a Gaussian function and two exponential
components. The Gaussian function was included to address
the pulse width with a fwhm determined by the cross-
correlation between the pump and probe pulses at the sample
(instrument response function (IRF), orange line in Figure
1b). A pair of exponential terms were required to achieve a
reasonable fit with the experimental data (see the Supporting
Information and Figure S3). The two lifetimes were
determined to be 500 + 100 fs and 1.6 + 0.3 ps. However,
only one exponential rise, corresponding to electron—phonon
coupling, was observed in the calculated traces. The theoretical
differential extinction was first convoluted with a Gaussian
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function having the same fwhm as the experiment and then
was fitted in the same manner but considering only a mono-
exponential rise. In this way, the large nonzero signal at time
zero could be properly treated (see the Supporting Information
and Figure S4).

We determine the theoretical electron—phonon coupling
time to be 120 fs, which is shorter than both of the
experimental values. Because the faster experimental lifetime
matches the experimental value (550 + 80 fs) obtained for
electron—phonon coupling in polycrystalline aluminum films, *’
the experimental fast rise is still assigned to electron—phonon
coupling. The slower rise with a lifetime of 1.6 ps is discussed
below. The cause of the discrepancy between the experimental
and predicted electron—phonon lifetimes is not clear at this
moment. More parameters may need to be considered in the
ab initio calculation. Some obvious differences between the
experiment and theoretical model, such as crystallinity,
structural defects, core oxide content, oxide shell, and substrate
should in principle lead to shorter lifetimes for the electron—
phonon coupling.”® Further investigations are needed to
resolve this discrepancy. Nevertheless the magnitude of the
electron—phonon coupling time (hundreds of femtoseconds,
Figure 3), spectral shape (Figure 2ab), and pump power
independence of the transient transmission (Figure 3) all
match well between experiment and theory.

An even longer electron—phonon coupling time is found in
aluminum nanocrystals (AINCs). AINCs were chemically
synthesized66 with a diameter of 172 + 23 nm and measured
by transient extinction spectroscopy (Figure 4). While again a
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Figure 4. Ultrafast electron dynamics of colloidal AINCs. (a) TEM
image of AINCs. Scale bar: S00 nm. (b) Average transient
transmissions of S AINDs (yellow) and S AINCs (purple) with
diameters of ~170 nm pumped at 820 nm (fluence: 0.08 mJ/cm?)
and probed at 700 nm. The amplitudes were normalized to the
amplitude of the fast rise.

bi-exponential rise of the transient transmission is seen, a
longer electron—phonon coupling time of 1.0 &+ 0.1 ps is
obtained for AINCs. The longer lifetime is expected based on
the mono-crystalline nature of AINCs as the defects in
polycrystalline metallic structures reduce the electron—phonon
coupling time by increasing the number of collisions.”” This
observation elucidates the importance of mono-crystallinity in
aluminum nanostructures for creating longer hot carrier
lifetimes.

We assign the experimentally observed 1.5 ps rise and 30 ps
decay to electron trapping and detrapping at the core—shell
interface. These lifetimes are neither observed in gold
nanostructures and aluminum films nor predicted in theory.
We studied their size dependence and found that, while the
lifetimes do not change, the relative ratio of the slow to the fast
rise times and the 30 ps decay compared to the slow thermal
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relaxation increase for smaller AIND sizes (Figure Sa,b). We
propose that the 1.5 ps rise and 30 ps decay correspond to the
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Figure 5. Size dependence of the experimental rise and decay of the
transient transmission in AINDs. (a) Transient transmissions
normalized to the amplitude of the initial 500 fs rise component for
AINDs with diameters of 170 (blue), 210 (orange), 250 (yellow), 290
(purple), and 350 (green) nm. Pump and probe wavelengths were
810 and 700 nm. The pump fluence was 0.08 mJ/cm? Circles: data
points. Solid lines: fits based on a convolution between a Gaussian
IRF and a bi-exponential rise. (b) Single-particle transient trans-
missions of AINDs. Pump and probe wavelengths were 810 and 650
nm. The pump energy was 0.10 mJ/cm? Offsets are added for better
visualization. Colored lines: data with diameters as indicated in (a).
Black lines: fits to biexponential decays and a damped sine wave to
account for the acoustic vibrations. (c) Amplitude ratios of the two
rise times (top) and two decay components (bottom) as a function of
the ratio between oxide shell-metal core interface area and metal core
volume. Error bars are the standard deviations over five independent
particles.

trapping and detrapping of excited electrons for the following
reasons: (1) smaller AINDs possess larger interface-to-volume
ratios (Figure Sc) as the native oxide layer is ap roximately 3
nm regardless of nanostructure geometry;2 25 (2) these
additional lifetimes are not observed in gold nanostructures,
aluminum films, and the ab initio calculations, in which a
native oxide layer does not exist or is less important; and (3)
hot electron transport through the oxide layer has been
reported.”® We attempted to understand the origin of the 30 ps
decay component with several control experiments. The
lifetimes and amplitude ratios were shown to be independent
of probe wavelength, core oxide content, and pump power and
wavelength (Figures S5—S7). Additionally, adding an oxide
interface layer to AuNDs did not cause the additional rise and
decay (Figure S8) either. Future theoretical studies of
interfacial electronic states may provide more insight into the
details of the assigned carrier-trapping mechanism.
Combining single-particle transient extinction spectroscopy
and ab initio calculations, we investigated the ultrafast electron
dynamics in aluminum nanostructures. Excitation-power-
independent electron—phonon relaxation times were observed
in both experiments and calculations. The calculations further
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show that the transient optical response, unlike for gold
nanostructures, is dominated by the change in lattice
temperature instead of electron temperature. We determined
an experimental electron—phonon coupling time of 500 fs for
AINDs, which is consistent with polycrystalline aluminum
films. Mono-crystalline AINCs possess longer electron—
phonon coupling times of about 1 ps. We also observed an
additional rise and decay in the experimental transient
transmissions with lifetimes of 1.5 and 30 ps, respectively,
which we assign to the trapping and detrapping of excited
charge carriers at the metal core—oxide shell interface, creating
the possibility of elongating hot carrier lifetimes with the oxide
layer.
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