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Ultrafast hot-hole injection modifies hot-electron
dynamics in Au/p-GaN heterostructures
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A fundamental understanding of hot-carrier dynamics in photo-excited metal nanostructures is needed to unlock their potential
for photodetection and photocatalysis. Despite numerous studies on the ultrafast dynamics of hot electrons, so far, the tem-
poral evolution of hot holes in metal-semiconductor heterostructures remains unknown. Here, we report ultrafast (t <200 fs)
hot-hole injection from Au nanoparticles into the valence band of p-type GaN. The removal of hot holes from below the Au Fermi
level is observed to substantially alter the thermalization dynamics of hot electrons, reducing the peak electronic tempera-
ture and the electron-phonon coupling time of the Au nanoparticles. First-principles calculations reveal that hot-hole injection
modifies the relaxation dynamics of hot electrons in Au nanoparticles by modulating the electronic structure of the metal on
timescales commensurate with electron-electron scattering. These results advance our understanding of hot-hole dynamics in
metal-semiconductor heterostructures and offer additional strategies for manipulating the dynamics of hot carriers on ultra-

fast timescales.

he absorption of light by metallic nanostructures generates a
non-equilibrium distribution of hot electrons and hot holes
in the metal (Fig. 1). Collecting these hot carriers on ultrafast
timescales holds great promise for non-equilibrium optoelectronics
and photocatalysis'~, but to do so effectively requires a complete
understanding of the ensuing carrier dynamics that occur after light
absorption. Numerous spectroscopic studies'*>* have led to the fol-
lowing picture of ultrafast hot-carrier dynamics in metals. Upon
photo-excitation, the initial energy distribution of hot carriers above
and below the metal Fermi level is collectively controlled by both the
incident photon energy and the metal band structure®”-*. These
non-thermal hot carriers then quickly equilibrate via electron—
electron scattering processes on an ultrafast timescale (t=fs-ps)
to establish a distribution with an elevated electronic temperature
(T.) relative to the temperature of the metallic lattice (T))'“'>*". This
excited hot-carrier distribution subsequently equilibrates with the
underlying lattice via electron-phonon coupling (¢t~ ps-ns) as the
nanostructure dissipates heat to its local surroundings (¢>ns)'*'>%.
Despite many studies of hot-carrier dynamics in metals, nearly all
reports involve isolated colloidal nanoparticles. The realization of
hot-carrier optoelectronics, however, requires interfacing metal
nanostructures with semiconductors to facilitate carrier injection
and transport within a device architecture'~’. Indeed, the collec-
tion of hot carriers is typically accomplished through the formation
of an interfacial Schottky junction with n-type (p-type) semicon-
ductors'"" to quickly capture hot electrons (hot holes) before their
thermalization with the phonon bath (t~1ps) (Fig. 1b,c). While
the vast majority of metal-semiconductor heterostructures have

been devised to enable hot-electron collection'™", few systems suit-
able for hot-hole capture and conversion have been reported™’'.
Recent ab initio calculations indicate that the ultrafast dynamics
of photo-excited hot electrons in metal nanostructures are highly
sensitive to the electronic structure of the metal®. Manipulating the
d-band occupancy via ultrafast hot-hole injection to the valence
band of a p-type semiconductor may offer additional opportuni-
ties for controlling the relaxation dynamics and shaping the energy
distributions of hot carriers in metal nanostructures. To date, how-
ever, the ultrafast dynamics of hot holes in metal-semiconductor
heterostructures remain unknown. An improved understanding of
the carrier dynamics in hot-hole-driven systems is therefore needed
to expand our knowledge of hot-carrier optoelectronics beyond
hot electrons.

Our experimental platform for ultrafast studies of hot-carrier
dynamics consists of gold (Au) nanoparticles dispersed onto
p-type gallium nitride (p-GaN) substrates (Supplementary Fig. 1).
We have previously demonstrated that Au/p-GaN heterostructures
exhibit the ideal material properties to enable such experiments®.
The wide band gap of p-GaN (E,=3.4eV) excludes visible-light
excitation of free carriers directly within the semiconductor sup-
port, while also possessing the appropriate p-type character to
facilitate the conduction of hot holes. A sizeable Schottky barrier
(Pz=1.1€V) is established across the Au/p-GaN interface, which
ensures that only hot holes with energies in excess of 1.1 eV below
the Au Fermi level can be injected into the valence band of the
underlying p-GaN support®. Our previous photoelectrochemical
studies have also verified that only hot holes, and not hot electrons,
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Fig. 1| Optical excitation of hot carriers in metal nanostructures. a-c, Photogenerated hot electron-hole pair production in Au nanoparticles supported
on an insulating substrate (a), an n-type semiconductor (b) or a p-type semiconductor (¢) depicting the role of the substrate (grey) in preventing

(a) or facilitating (b,c) interfacial charge separation of hot electron-hole (e-h) pairs (blue and red circles, respectively) at the metal-semiconductor
heterojunction. The energies of the conduction band (CB, horizontal solid line), valence band (VB, horizontal solid line), band gap (E,) and Fermi level

(E;, horizontal dashed line) are shown. In all cases, the incident photon energy (hv, green arrows) that excites hot carriers on the metal is less than E, of the
support. d,e, Experimental design for transient absorption pump-probe studies using a 530-nm pump wavelength to create hot electron-hole pairs on the
Au nanoparticles and initiate hot-hole injection to the p-type GaN support while probing the dynamics of hot holes within the p-GaN valence band levels
(horizontal solid lines) via infrared (IR) transient absorption spectroscopy (d), or probing the hot-electron dynamics on the Au nanoparticles across the

visible regime with a broadband white-light probe (e).

are transferred to the p-GaN support upon optical excitation of the
Au nanoparticles”. These Au/p-GaN heterostructures therefore
allow us to spectrally distinguish the dynamics of hot holes within
the valence band of p-GaN, which can be probed in the infrared
regime’ (Fig. 1d), from hot electrons in the metal, which are sepa-
rately monitored across the visible spectrum with a broadband
white-light probe'*~'* (Fig. le).

Gold nanoparticles of diameter 7.3+2.4nm were uniformly
deposited onto a p-type GaN epi-film on sapphire via electron-beam
physical vapour deposition (Fig. 2a and Supplementary Fig. 1). The
Au nanoparticles used for these studies were intentionally kept
small to ensure that their physical dimensions remained commen-
surate with the very short, energy-dependent mean-free path (I,.,)
of hot holes in noble metals (I~ 5-10nm)**. Only those carri-
ers generated within a distance similar to the [, from the interface
are expected to contribute substantially to the injection process. No
interfacial adhesion layer was used to construct the metal-semi-
conductor heterojunction (see Methods). The absorption spec-
trum of Au/p-GaN heterostructures exhibits a peak in the visible
region at 568 nm, attributable to the surface plasmon resonance of
Au nanoparticles (Fig. 2a, black curve). Fringes present in the spec-
tra are due to Fabry-Pérot interference within the p-GaN epi-film
(Fig. 2a, grey curve, and Supplementary Fig. 2).

Ultrafast dynamics of hot holes

The dynamics of photo-excited hot holes in Au/p-GaN hetero-
structures were monitored via ultrafast transient absorption spec-
troscopy (see Methods). Optical excitation of hot carriers in the Au
nanoparticles was initiated with a 530-nm pump pulse (4,,,,) and
the temporal evolution of hot holes injected into the p-GaN valence
band was probed across the infrared regime (Fig. 1d and Extended
Data Fig. 1). It has previously been shown that photo-excitation of
Au nanoparticles at these pump energies (hv=2.34eV), above the
interband threshold of the metal (~1.8eV), preferentially produces
hot holes within the Au d bands*****. As evidenced by the steep rise
in transient absorption (AAbs) at a probe wavelength of 4.85pum,
optical excitation induces hot-hole injection from Au nanopar-
ticles into the p-GaN valence band within the 200-fs temporal
resolution of our experimental setup (Fig. 2b, black squares). This
observation confirms that hot-hole injection in Au/p-GaN hetero-
structures occurs on a similar timescale to that previously reported
for hot-electron injection at the Au/TiO, interface’>*.

The relaxation dynamics of hot holes can be fit to a
multi-exponential function, which exhibits a fast decay compo-
nent (z;) on the ~1ps timescale commensurate with electron-
phonon coupling in the p-GaN support™, followed by two slower
components; one occurs on the tens of picoseconds timescale
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Fig. 2 | Infrared transient absorption spectroscopy of hot-hole dynamics
in Au/p-GaN heterostructures. a, Absorption spectra of Au/p-GaN
heterostructures (black curve) and bare p-GaN substrate (grey curve) along
with the corresponding SEM image of Au nanoparticles (mean diameter,
d=7.3+2.4nm) on p-GaN support. The vertical green line indicates the
pump laser wavelength, 4,,,,,=530nm, used for optical excitation of the
Au nanoparticles. b, Ultrafast transient rise and decay probed at 2,060 cm™'
(Aprobe =4.85 pm) obtained from Au/p-GaN (black points) and bare p-GaN
(open circles) upon 530-nm pump pulse at an incident power of 500 and
750 pW, respectively. The red line shows a fit to the experimental data,
which exhibits an instrument-limited rise time of less than 200fs. The
horizontal grey line denotes the baseline AAbs=0. ¢, Power-dependent
transient absorption peak signal monitored at 2,060 cm™ (4,4, =4.85pm)
from Au/p-GaN heterostructures displaying linear behaviour up to around
600 pW cm~2. The error bars indicate the standard deviation about the
mean and the dashed line serves as a guide to the eye.

(r,10ps) and another on the order of a few nanoseconds
(z;75ns). A distribution of charge-carrier traps and/or surface
states may be responsible for the broad spread in observed relax-
ation times. We tentatively attribute the 7, component to trapping
of hot holes within shallow traps located near the p-GaN valence
band edge, and the 7, component to charge trapping within deep
traps located within the p-GaN band gap. A linear relationship was
observed between the incident pump power and the magnitude of
the differential absorption signal (AAbs) from the Au/p-GaN sam-
ple at low incident power (I, <600 uW cm™2) (Fig. 2c, black squares,
and Extended Data Fig. 2). Two additional control experiments
were performed to conclusively assign the origin of this transient
absorption signal (AAbs) to hot-hole injection from Au to p-GaN.
In the absence of Au nanoparticles, no transient absorption
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response was observed from bare p-GaN substrates (Fig. 2b,
open circles), confirming that the pump wavelength of 530 nm is
incapable of exciting carriers directly within the p-GaN support.
Similarly, excitation of Au nanoparticles supported on insulating
ZrO, substrates, for which hot-carrier injection is prohibited®,
fails to yield any spectroscopic signal (Extended Data Fig. 3).
This result excludes the possibility that the signal observed in the
mid-infrared with Au/p-GaN originates solely from photogen-
erated hot carriers that remain confined to the Au nanoparticles.
Taken together, these observations demonstrate that optical excita-
tion of the Au nanoparticles induces ultrafast (f <200fs) hot-hole
injection to the p-GaN support.

Ultrafast dynamics of hot electrons

The electronic heat capacity (C.(T.,N,)) of Au nanoparticles, which
is proportional to both the electronic temperature (7.) and the elec-
tron density (N,), is highly sensitive to the electronic structure of
the metal®. Ultrafast hot-hole injection to the p-GaN valence band
effectively raises N, of the Au nanoparticles on timescales commen-
surate with electron-electron thermalization, thereby increasing
C.(T,N,) of the metal as the hot electrons are actively establishing
an elevated T, above the Au Fermi level. The electronic density of
states and corresponding heat capacity C.(T.,N,) collectively deter-
mine the peak electronic temperature (T,.,.) attained via electron-
electron scattering processes”. The observed ultrafast collection of
hot holes is therefore anticipated to limit T, ., of the electron gas
and alter the subsequent thermalization dynamics of hot electrons
left behind on the Au nanoparticles.

Since changes in the relaxation dynamics of the electron gas
will be manifest in the electron-phonon coupling time (z,_,)
of the Au nanoparticles''¥, we employed ultrafast transient
absorption spectroscopy to probe subtle changes in the elec-
tron dynamics occurring on the metal due to hot-hole injection
at the Au/p-GaN interface (see Methods). As a reference for the
hot-electron dynamics observed on Au/p-GaN, we also prepared
Au nanoparticles on insulating sapphire (Al,O,) and glass (SiO,)
supports (Supplementary Figs. 2 and 3). Given that the dynam-
ics are pump-power dependent'*'¢, the electron-phonon coupling
time (7, ,,) of the Au nanoparticles on the different substrates was
obtained by fitting the relaxation dynamics at various pump powers
(Extended Data Figs. 4-6). Although 7, ;, is known to be indepen-
dent of size for metal nanoparticles within the range studied here
(d=7-15nm)"", the observed thermalization dynamics at a given
pump power are proportional to the electronic temperature of the
electron gas of photo-excited metal nanoparticles®. To account for
variations in photon absorption due to differences in Au nanopar-
ticle size, substrate coverage and optical density between the sam-
ples, the determined values of 7, _, are plotted as a function of the
absorbed energy density, U, (Jm™) in Fig. 3 (see Methods).

As shown in Fig. 3a, when pumping at 530nm, Au nanopar-
ticles supported on p-GaN (black squares) exhibit shorter 7, ,, at
all values of U, with a much smaller slope than those supported
on ALO; (blue circles) or SiO, (blue triangles). Extrapolating each
curve to zero Uy, yields a similar value of 7, ,, for all samples of
around 0.9 ps, which is consistent with previous observations from
similarly sized Au nanoparticles'*'*. The nearly identical slope of
7., on both insulating supports, despite an ~30-fold lower ther-
mal conductivity of SiO, relative to Al,O;, confirms that the unique
dynamics observed on p-GaN do not originate solely from differ-
ences associated with the thermal conductivity of the substrates.
The much lower value of 7, , observed from Au nanoparticles
supported on p-GaN at all values of U, is indicative of a lower T,
in Au/p-GaN compared with Au/Al,O; or Au/SiO,. We therefore
attribute the markedly different relaxation dynamics observed on
Au/p-GaN to the ultrafast hot-hole injection process, which does
not occur on the two insulating supports.
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Fig. 3 | Influence of ultrafast hot-hole collection on the dynamics of hot electrons in Au nanoparticles. a, Experimentally derived values of electron-
phonon coupling times (z,_,,,) as a function of absorbed energy density U,,, (Jm=2) for Au/p-GaN (black squares), Au/Al,O; (blue circles) and Au/SiO,
(blue triangles); the dashed lines serve as guides to the eye. Error bars represent the standard deviation of the mean particle volume. The slope of 7.,

for Au/p-GaN is 1.09 x10~? ps m?J~', and for Au/Al, O, is 6.42 x10~2 psm3J~". b, Ab initio calculation showing the temporal evolution of the electronic
temperature (T,) after laser excitation at 530 nm (U,,,=5.3x108Jm~3) in Au/Al,O; (blue curve) and Au/p-GaN (grey curves). For Au/p-GaN, the influence
of removing hot holes 1eV below the Au Fermi level is shown (light-grey curve: 25% — black curve: 100% hot-hole collection). €, Ab initio calculation

of .., as a function of absorbed energy density (U,,,) to show the influence of removing hot holes 1eV below the Au Fermi level in Au/p-GaN (white
squares: 0% — black squares: 100% hot-hole collection). The shaded region denotes the upper and lower bounds of computed 7, ,, values. The slope of
the experimental data points from panel a is also plotted (dashed black line) to aid comparison between theory and experiment. d, Experimentally derived
values of 7., as a function of U, for Au/p-GaN (open black squares) and Au/Al,O; (open blue circles) at a pump wavelength of 730 nm; the dashed lines
serve as guides to the eye. Error bars represent the standard deviation of the mean. Inset: an enlarged view of the Au/Al,0; data points. The slope of 7.,
for Au/p-GaN is 1.77 x 10~° ps m3J~", while the slope of Au/Al,O, remains unchanged.

Ab initio electronic structure calculations**’-* were then per-
formed to further examine the influence of hot-hole injection on
the thermalization dynamics of hot electrons in the Au nanopar-
ticles (see Methods). As shown in Fig. 3b, removing hot holes from
below the Au Fermi level on an ultrafast timescale indeed limits the
peak electronic temperature attained in Au/p-GaN (grey-to-black
curves) relative to Au/ALQO; (blue curve), and further modifies the
subsequent relaxation dynamics of hot electrons in the Au nanopar-
ticles. The reduced T, in Au/p-GaN is consistent with the observed
difference in 7, ,, between these two heterostructures (Fig. 3a).
Theoretical estimation of z,_,, as a function of hot-hole collection at
different absorbed energy densities (U,,,) further supports the inter-
pretation of the experimentally observed trend: increased hot-hole
collection reduces T, of the electron gas, and therefore shortens 7,
in the Au nanoparticles (Fig. 3¢c). The excellent quantitative agree-
ment between the experimentally observed values of 7, ,, (Fig. 3a)
and that predicted from ab initio theory (Fig. 3c) confirms that
our first-principles calculations accurately capture the relaxation
dynamics of hot carriers without any adjustable parameters.

We can use the close correlation between experiment and theory
to estimate the fraction of hot holes that are collected by p-GaN
upon photo-excitation of the Au nanoparticles (see Methods).

To account for the markedly reduced value of 7, ;, observed on
Au/p-GaN would require that the majority (~88 +8%) of hot holes
reaching the Au/p-GaN interface with energies in excess of the
Schottky barrier are injected into the p-GaN valence band (Fig. 3¢,
dashed black line). Such a high injection efficiency for hot holes sub-
stantially exceeds previously reported values for hot electrons'****>*
and is consistent with theoretical predictions of the hot-hole energy
distribution created upon interband excitation”**. Despite the large
estimated injection efficiency, we note that the net change in the
conduction electron density (AN,) in the Au nanoparticles due to
hot-hole injection is only ~1% because the number of photo-excited
carriers is still a small fraction of the overall electron density (N,) in
the metal (Supplementary Fig. 4).

Influence of pump wavelength on hot electrons

Optical excitation of the Au nanoparticles at 530 nm (hv=2.34eV)
preferentially produces hot holes in the d bands of the metal®,
but a distribution of hot holes spanning the sp band is also pres-
ent””. To explore the contribution from injected sp-band holes to
the change in thermalization dynamics observed on Au/p-GaN,
additional experiments were performed at a pump wavelength of
730nm (hv=1.70eV). Note that this pump wavelength produces
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hot holes with sufficient energy to surmount the Schottky barrier
at the Au/p-GaN interface (@;=1.1eV), but they must arise from
the sp bands of the metal; the d bands are inaccessible. As shown
in Fig. 3d, pump-probe experiments performed at 4,,,,=730nm
also show differences in the slope of 7, ;, between Au/p-GaN (black
open squares) and Au/ALO; (blue open circles). Notably, however,
relative to the Au/AlO, sample (m =6.42x 10~ psm?*J™"), the relax-
ation dynamics of hot electrons on Au/p-GaN were not as notice-
ably altered when pumped at 730nm (m=1.77x10"psm?J™,
Fig. 3d) as compared to 530nm (m=1.09%x10~°psm?*J~', Fig. 3a).
These results suggest that hot-hole injection from the Au d bands
exerts a greater influence over the dynamics of hot electrons than
that originating from the sp band. Indeed, photo-excitation above
the interband threshold of Au is known to deposit most of the pho-
ton energy in hot holes that are more than 2eV below the Fermi
level”. Removing these hot holes on ultrafast timescales via injec-
tion into p-GaN is anticipated to eliminate a substantial fraction of
the absorbed energy from the electron gas.

To explain the experimental observations requires an understand-
ing of the complex interplay between the wavelength-dependent
energetics of hot holes, their associated velocities and their injec-
tion probability over the Schottky barrier. Figure 4a,b shows
first-principles predictions of the energy (Fig. 4a) and velocity
(Fig. 4b) distributions of hot carriers generated by pump energies
above (2.34¢eV, solid curves) and below (1.70eV, dashed curves)
the interband threshold of Au (~1.8eV). As shown in Fig. 4a, the
distributions exhibit nearly uniform probability, extending from the
Au Fermi level up to the photon energy of both electrons and holes
for indirect transitions (dashed curve). In contrast, a much nar-
rower distribution of high-energy holes peaked around the d bands
accompanied by low-energy electrons centred just above the Au
Fermi level is created via direct transitions (solid curve). Figure 4b
shows that the d-band holes possess lower relative velocities than
the more mobile sp-band holes produced via indirect transitions
(holes shown with negative velocity only as a visual aid to separate
them from the electrons). Despite the bimodal velocity distributions
between sp-band and d-band holes (Fig. 4b), we emphasize that a
sizeable fraction of hot holes retains a sufficiently high velocity to
enable transport to the Au/p-GaN interface upon photo-excitation
at 530nm (hv=2.34eV). Combining the hot-carrier energy distri-
butions with their associated velocities allows for computing the
flux of hot holes impinging upon the Au/p-GaN interface normal-
ized by U, (Fig. 4c, dashed black curve). Interestingly, the lower
carrier velocity of d-band holes compared to sp-band holes results
in a relatively constant flux of hot holes across the visible regime.

Obtaining the subset of hot holes that are successfully trans-
ferred to p-GaN from those that merely reach the interface requires
knowledge of the wavelength-dependent injection efficiency for
hot holes across the Au/p-GaN interface. To this end, we fabricated
Au/p-GaN hot-hole photodiodes (see Methods and Supplementary
Figs. 5a—c) and evaluated the internal quantum efficiency (IQE) of
hot-hole injection (Supplementary Fig. 5d). Combining ab initio
calculations with the experimentally measured IQE allows determi-
nation of the hot-hole injection efficiency (Supplementary Fig. 5e).
Finally, we computed the flux of hot holes that reached the Au/p-GaN
interface and were successfully injected into the p-GaN valence
band (Fig. 4c, solid black curve). The obtained plot of the injected
hot-hole flux reveals the combined influence of both carrier energy
and velocity on the hole-injection probability at the Au/p-GaN
interface. Although a similar flux of high mobility sp-band holes
and less mobile d-band holes impinges upon the interface (Fig. 4c,
dashed black curve), the lower energies of sp-band holes relative to
their d-band counterparts limit their injection probability across
the Schottky barrier (Fig. 4c, solid black curve). Overall, these
theoretical predictions qualitatively capture the observed experi-
mental trends: ultrafast hot-hole injection from the sp band of the
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Fig. 4 | Influence of incident pump wavelength on hot-hole injection at
the Au/p-GaN interface. a, Ab initio calculation of the energy distributions
of hot electrons (positive energies) and hot holes (negative energies)
produced on the Au nanoparticles at a pump wavelength of 530 nm
(hv=2.34¢V, solid lines) and 730 nm (hv=1.70¢eV, dashed lines). The
vertical dashed line denotes the Schottky barrier (@, =1.1eV) at the
Au/p-GaN interface. The colour scale indicates the relative contribution
from direct (blue) and indirect (red) electronic transitions and applies

to panels a and b. b, Ab initio calculation of the velocity distributions of

hot electrons and hot holes produced on the Au nanoparticles at a pump
wavelength of 530 nm (solid lines) and 730 nm (dashed lines). Negative
velocities of hot holes used only as a visual aid to distinguish them from the
hot electrons. ¢, Ab initio calculation of the total flux of hot holes impinging
upon the Au/p-GaN interface as a function of incident photon energy
normalized by the absorbed energy density, U, (dashed black curve, left
ordinate axis). The solid black curve (right ordinate axis) represents the
relative number of hot holes that reach the interface and are successfully
injected into the p-GaN valence band. a.u., arbitrary units.

metal is capable of modifying the thermalization dynamics of hot
electrons, but to a lesser extent than from the d bands, because the
Schottky barrier limits their injection probability upon reaching the
Au/p-GaN interface.

Summary and outlook

Figure 5a shows the calculated peak electronic temperature (T, )
established after photon absorption plotted as a function of hot-hole
collection from the Au nanoparticles for various absorbed energy
densities (U,,). These curves indicate that T, ., is increasingly lim-
ited with increasing hot-hole collection efficiency at the Au/p-GaN
interface (Fig. 5a). A summary of how hot-hole injection influences
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Fig. 5 | Comparison of ultrafast hot-carrier dynamics in Au nanoparticles supported on p-GaN and Al,O; substrates. a, Ab initio calculation of the

peak electronic temperature (T,) established in Au/p-GaN (red squares) for various absorbed energy densities (U.

) plotted as a function of the total

abs

percentage of hot holes more than 1eV below the Au Fermi level that are collected from the Au nanoparticles by the p-GaN support. b,¢, Schematic
representation of hot-electron dynamics occurring on the Au nanoparticles with (b) and without (¢) hot-hole collection by the underlying substrate.
Optical excitation creates hot electrons (blue, e) and hot holes (red, h*) on the metal (b(i),c(i)). Ultrafast (t <200 fs) hot-hole injection in Au/p-GaN
heterostructures increases the electron density (N,) of the Au nanoparticles on timescales commensurate with electron-electron scattering (b(ii)),

while hot carrier separation is forbidden on an insulating substrate like Al,O; (c(ii)). As a result, a lower electronic temperature (T,) of the electron gas is
observed on Au/p-GaN heterostructures (b(iii)) relative to that of Au/Al,O; heterostructures (c(iii)). The horizontal black arrow indicates the approximate

timescales (t) for these processes to occur on the Au nanoparticle.

the thermalization dynamics of hot electrons occurring on
Au/p-GaN heterostructures relative to Au/Al O, is depicted sche-
matically in Fig. 5b,c. A hot-carrier population consisting of hot
electrons (e, blue circles) and hot holes (h*, red circles) is ini-
tially produced on the Au surface via photon absorption at time
() zero (Fig. 5b(i),c(i)). On p-GaN supports, the majority of hot
holes generated in the Au nanoparticles with energies in excess of
the Schottky barrier are injected into the p-GaN valence band in
less than 200 fs (Fig. 5b(ii)). This increased electron density (N,) on
the Au nanoparticles raises the electronic heat capacity (C,) of the
electron gas in the Au/p-GaN heterostructures (Fig. 5b(ii)) relative
to Au/AlLO, (Fig. 5¢c(ii)), in which charge separation is prohibited.
The electronic temperature (T,) of each system is subsequently
increased via electron-electron scattering, but the elevated C, of the
Au/p-GaN system results in a lower T, (Fig. 5b(iii)) relative to that
observed on Au/Al,O, (Fig. 5c(iii)).

In summary, we have observed ultrafast (t<200fs) hot-hole
injection from Au nanoparticles to the valence band of p-GaN,
placing hot-hole transfer on similar timescales as hot-electron
transfer’>*. Excellent quantitative agreement between experiment
and ab initio theory suggests that nearly 90% of hot holes possess-
ing enough energy to surmount the Schottky barrier (®;=1.1eV)
at the Au/p-GaN interface are collected by the p-GaN support.
Together with the relatively long lifetime of the charge-separated
state (t~ns), these observations suggest that hot-hole-based
optoelectronics could offer comparable, if not improved, device
performance relative to that obtained with hot-electron-based
systems. Particularly for photodetectors that operate via hot-hole
collection, the apparent high efficiency of hot-hole injection
from the metal nanoantenna is anticipated to provide better
responsivity at shorter wavelengths relative to devices that oper-
ate via hot-electron collection. We also demonstrate that selec-
tively extracting hot holes from below the Au Fermi level on
timescales commensurate with electron-electron scattering con-
siderably alters the relaxation dynamics of hot electrons. Overall,
these observations suggest the potential for manipulating the
electronic temperature of hot carriers on metal nanostructures by
collecting hot holes from the metal on ultrafast timescales. Such a
strategy may enable shaping the energy distributions of hot elec-
trons in metal nanostructures by tailoring the occupation of states
above the metal Fermi level to control the selectivity of photo-
chemical reactions.
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Fabrication of Au/p-GaN, Au/Al,O; and Au/SiO, heterostructures. The
Au/p-GaN heterostructures were constructed via evaporation of Au thin

films onto commercial p-type GaN on sapphire substrates (Pam-Xiamen).
Immediately before Au evaporation, the p-GaN substrates were pretreated

with dilute NH,OH solution (0.02% v/v%) for 30s to remove any native oxide,
followed by 30's of copious washing in Nanopure water. The p-GaN/sapphire
substrate was then blown dry with N, gas and loaded into the vacuum chamber.
A 1.5-nm-thick film of Au was deposited onto the p-GaN surface using
electron-beam physical vapour deposition at a base pressure of ~1 X 1077 torr
and a deposition rate of 1.0 A s™'. The Au/p-GaN films were then annealed in
ambient air at 300 °C for 1 h to ensure coalescence of the discontinuous Au

thin film into Au nanoparticles and to achieve good adhesion with the underlying
p-GaN surface. Note that no interfacial adhesion layer was used to construct
the Au/p-GaN heterojunction. The control samples (Au/Al,O,, Au/SiO, and
Au/ZrO,) were prepared the same way as the Au/p-GaN heterostructures
described above, except that sapphire (Al,O,), glass (SiO,) or zirconia (ZrO,)
were used as the substrate. The Al,O, (MTI, sapphire wafer, c-plane, 2sp),

SiO, substrates (VWR soda-lime glass) or ZrO, substrates were sequentially
cleaned with acetone, isopropanol and then water for 5min each, while
sonicating in a water bath. The substrates were then copiously rinsed with water
and blown dry with N, gas before loading into the vacuum chamber for Au
deposition. No interfacial adhesion layer was used for the Au/Al,O,, Au/SiO, or
Au/ZrO, heterostructures.

Ultrafast transient absorption spectroscopy experiments. The detection of
ultrafast hot-hole injection to the p-GaN valence band was monitored via transient
infrared absorption spectroscopy (TIRAS). TIRAS experiments were carried out
in a femtosecond transient absorption spectrometer (Helios IR, Ultrafast Systems
LLC) at room temperature. Briefly, the output of a Ti:sapphire amplifier with
integrated oscillator and pump lasers (800 nm, 40fs, 3kHz, Libra LHE, Coherent)
was split into two beams, which were used to pump two TOPAS Prime optical
parametric amplifiers coupled with frequency mixers (Light Conversion). This
setup produced a depolarized visible pump pulse (4., =530nm) and a broad
mid-infrared probe spectrum (4, = 1,850-2,200 cm™"). Pump pulse energies were
adjusted using a neutral density filter placed before the sample. The laser spot size
for the 530-nm pump was ~120 X 160 pm?. Before reaching the sample, the probe
beam was split into equal-intensity probe and reference beams. The detection of
probe and reference beams was done using a femtosecond transient absorption
spectrometer (Helios IR, Ultrafast Systems LLC). The instrument response
function for the experiments was approximately 200 fs. All the films were measured
in a Specac cell. The samples were moved manually during the measurements to
minimize possible laser-induced sample damage.

The hot-electron dynamics on the Au nanoparticles were monitored with
femtosecond transient absorption spectroscopy across the visible regime.
Measurements were performed at the Center for Nanoscale Materials, Argonne
National Laboratory using an amplified Ti:sapphire laser system (Spectra Physics,
Spitfire Pro) and an automated data acquisition system (Ultrafast Systems,
HELIOS). The output of the amplified laser (800 nm, 150 fs, 5kHz) was split 90:10,
with the majority used to pump an optical parametric amplifier (Light Conversion,
TOPAS), which provided the pump beam (4,,,,,= 530 nm). The remaining 10%
was used to make the probe beam (4,,,,. =450-750 nm) after traversing an optical
delay line by focusing into a 2-mm-thick sapphire window. The probe continuum
was passed through a 785-nm short-pass filter (Semrock) to remove residual
800 nm and longer wavelengths of light. The pump and probe beams were focused
(~180 pm diameter at full width half maximum (FWHM)) and overlapped
on the sample. Pump energies ranged from 100to 600 pW (0.16-0.96 mJ cm™2).
Four scans covering 50 ps were collected and averaged, with no sample
degradation detected.

Ab initio theoretical calculations. We predicted the evolution of electron
temperature T, using first-principles calculations of carrier excitation by

the pump pulse, electron thermalization by electron-electron (e-e) scattering

as well as relaxation by electron-phonon (e-ph) coupling. We performed

density functional theory calculations of electron and phonon states, and their
interaction matrix elements in the open-source JDFTx software”. Using Fermi’s
golden rule in an efficient Wannier representation®*, we then calculated the initial
hot-carrier distributions as well as the collision integrals necessary for solving

the Boltzmann transport equation for the evolution of the electron distribution®'.
Within this Wannier framework, we also calculated carrier velocities for each
electronic state and histogram the Fermi golden rule calculations for carrier
generation by velocities to compute the carrier velocity distributions excited

by each photon energy. Similarly, we also weighted the energy distribution
histograms by carrier velocities to calculate carrier flux resolved by carrier energies
for each photon energy of excitation. Integrating over this energy-resolved flux

for carrier energies above the Schottky barrier, or additionally weighted by
experimentally estimated carrier injection probabilities P,,() (see below), we
estimated the total carrier flux impinging upon the interface with energies above
the Schottky barrier and the flux injected across the interface, respectively.

Briefly, for the transport simulations, the initial carrier distribution following
excitation by the pump is

P(a, hw, Pinj)
gle) 7

where f, is the Fermi distribution at equilibrium, U, is the pump energy absorbed
density, g(¢) is the electronic density of states and P(e, iw, P,) is the energy
distribution of carriers excited by a photon energy of 7iw. Here, P, is the percentage
of holes greater than 1 eV below the Fermi level that are injected into the substrate
(only for the p-GaN case). The absorbed pump energy density U, is determined
by the nanoparticle size, beam diameter, pump pulse energy and the steady-state
absorption coefficient of the sample (see below).

Evolution of the carrier distribution with time ¢ is then captured by the
nonlinear Boltzmann equation:

fle,t =0) = fo(e) + Unbs

d
(D) = T clf(e) + Telf, Ti(e),
where T, . and T, _,, are the collision integrals for e-e and e-ph scattering,
determined fully from first principles exactly as detailed in ref. *', and T} is the
lattice temperature. From the predicted distribution function f(e) at each time t, we
estimate the electron temperature T, from the derivative of f(¢) at the Fermi energy,
because this correlates well with the dominant change in the optical response due
to a large number of lower energy carriers near the Fermi level”. Finally, we predict
the electron—phonon relaxation time, z,_,, from the fall time of the calculated
electron temperature, which is in excellent agreement with fall times extracted from
ultrafast transient absorption experiments. To estimate the injection efficiency
1, we use the calculated values of 7, ,, as a function of Uy, and 5. Specifically, we
sample 1,000 7,_,, and U, from normal distributions of each experimental data
point using the error estimates as standard deviations, compute 7 for each sample
by interpolation on the computational results and report the mean and standard
deviation of the 77 samples as the experimental efficiency estimate with error bars.
The Au/p-GaN, Au/ALO; and Au/SiO, heterostructures exhibit different
particle diameter, area coverage and optical absorption. Although the electron—
phonon coupling constant is known to be independent of size for metal
nanoparticles in the size regime studied here (d=7-15nm)'*"'*, the observed
thermalization dynamics at a given pump power are proportional to the electronic
temperature of the photo-excited electron gas of the metal nanoparticles. A fair
comparison between the different heterostructures can thus be obtained only on
the basis of the energy absorbed per unit volume of gold, U,,, (Jm~). We determine

U,y according to the following expression:
AbssyoEpuse . Trip
X

_ energy absorbed per nanoparticle _ ( [

U, m™
abs (Jm ™) nanoparticle volume

ke
where Abs;;, is the steady-state absorption at 530 nm (11.7% for Au/p-GaN,
8.7% for Au/AlL,O, and 13.1% for Au/Si0,), E,. is the pump pulse energy
(0.4-2.0x 1077] per pulse for 100-500 pW), 21y, is the nanoparticle diameter
(7.3nm for Au/p-GaN, 12.2 nm for Au/Al,O, and 14.7 nm for Au/SiO,), Cis the
nanoparticle area coverage (18.7% for Au/p-GaN, 38.8% for Au/Al,O, and 13.7%
for Au/SiO,) and 21, is the pump beam diameter (~180 pm FWHM). The average
size of the Au nanoparticles, and hence the experimental U,,, for each sample, was
obtained by analysis of scanning electron microscopy (SEM) images of Au/p-GaN
using Image]J software and atomic force microscopy scans for Au/AL O, and
Au/SiO, using the Gwyddion software package. In each case, there is an uncertainty
associated with the initial choice of the threshold value for identifying particles
using the ‘Particle Analysis’ function or the ‘Grain Size Distribution’ function in

the software packages. Therefore, on several images of each sample, we repeatedly
determined the mean diameter using a slightly different threshold for which

visual inspection of the identified nanoparticle region gave an acceptable result.
The mean diameter used to calculate U, for each sample was then the average of
the repeated analysis above, and the uncertainty in U,;,, was determined from the
standard deviation of the mean nanoparticle diameter.

Fabrication and characterization of solid-state Au/p-GaN photodiodes. Devices
were fabricated and characterized according to the protocols outlined in ref. °.

We emphasize that exactly the same surface treatment steps that were used for

the Au/p-GaN heterostructures (described above) were applied to the solid-state
Au/p-GaN photodiodes. Moreover, no interfacial adhesion layer was used between
the Au nanoantennas and the p-GaN support, to ensure that the interface is
identical between the two Au/p-GaN heterostructures. From measured internal
quantum efficiency IQE(w) as a function of photon energy, we estimate the
carrier-energy-resolved carrier injection probability P,,(¢) by inverting the relation,

inj
hw

IQE(w):/ Pinj(€)Pgen (£, w)de
Dy

where P(w, €) is the probability density that a photon of energy fiw generates a
carrier of energy ¢, calculated from first principles using the Wannier framework
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described above (accounting for direct and phonon-assisted excitations). To carry
out this inversion in a numerically stable way, we assume that the IQE contributions
in the p-GaN device only arise from hole injection. We correspondingly assume
P,,(¢) to be non-zero only for hole energies above the Schottky barrier @, (that is,
&< —®,). We then assume the P,;(¢) to be a smooth function of €, represented as

a cubic spline, and convert the above integrals to a system of linear equations of

the spline control points. Finally, we solve those equations using a least-squares
method to effectively fit P,,(¢) to the experimentally measured IQE based on ab
initio predictions of hot-carrier distributions.

Data availability
The datasets generated and analysed during the study are available from the
corresponding authors upon request.
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Extended Data Fig. 1| Transient infrared absorption spectroscopy of Au/p-GaN heterostructures. Full infrared probe spectrum (. =1850-2250 cm™)

obtained from Au/p-GaN upon 530 nm pump pulse at an incident power of 400 pW. The plot shown in Fig. 2b shows the temporal rise and decay taken at

2060 cm' Oy gpe =4.85 pm).
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Extended Data Fig. 2 | Power-dependent transient infrared absorption spectroscopy of Au/p-GaN heterostructures. Ultrafast transient rise and decay
probed at 2060 cm™ (A4, = 4.85 pm) obtained from Au/p-GaN upon 530 nm pump pulse at several different incident powers.
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Extended Data Fig. 3 | Transient infrared absorption spectroscopy of Au/ZrO2 heterostructures. a, Full infrared probe spectrum (A, . = 1900-2300 cm™)
obtained from Au/ZrO, upon 530 nm pump pulse at an incident power of 500 pW. b, Ultrafast transient rise and decay probed at 2060 cm™

(Aprope = 4.85 um) obtained from Au/p-GaN (black points), bare p-GaN (open circles), and Au/ZrO, (grey points) upon 530 nm pump pulse at an incident
power of 500 pW (Au/p-GaN and Au/ZrO,) and 750 pW (bare p-GaN). The red line shows a fit to the experimental Au/p-GaN data, which exhibits an
instrument-limited rise time of less than 200 fs. No signal was obtained from either bare p-GaN or Au/ZrO, heterostructures.
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Extended Data Fig. 4 | Power-dependent pump-probe studies of visible-light transient absorption spectroscopy from Au/p-GaN heterostructures.
a, Power-dependent dynamics of the transient bleach at 560 nm from 200 pW to 500 pW pump power. b, Power-dependent differential transient

absorption spectra (A, 4. = 450 - 750 nm) from Au/p-GaN heterostructures cut at 350 fs.
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Extended Data Fig. 5 | Power-dependent pump-probe studies of visible-light transient absorption spectroscopy from Au/Al20;, heterostructures.
a, Power-dependent dynamics of the transient bleach at 550 nm from 100 pW to 400 pW pump power. b, Power-dependent differential transient
absorption spectra (A, . = 450 - 750 nm) from Au/p-GaN heterostructures cut at 350 fs.
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Extended Data Fig. 6 | Power-dependent pump-probe studies of visible-light transient absorption spectroscopy from Au/SiO, heterostructures.
a, Power-dependent dynamics of the transient bleach at 586 nm from 100 pW to 400 pW pump power. b, Power-dependent differential transient
absorption spectra (A, 4. = 450 - 750 nm) from Au/SiO, heterostructures cut at 370 fs.
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