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In brief

Hot carriers can turn light into useful
current, but they disappear within
trillionths of a second. Heo et al. introduce
an electrical time-domain method that
separates fast and delayed photocurrent
pathways in working Schottky
nanodiodes. The approach reveals how
bias and metal choice control which
carriers are collected, providing a
practical way to diagnose and improve
hot-carrier devices.
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PROGRESS AND POTENTIAL Hot carriers generated by light can, in principle, drive useful electrical and
chemical processes, but they lose energy extremely quickly. In most devices, the measured current com-
bines several pathways, making it difficult to know whether the collected carriers were extracted promptly
before thermalization or after partial relaxation. This work introduces time-resolved two-pulse photocurrent
spectroscopy (TR-2PPS), an all-electrical approach that uses a Schottky barrier as a built-in energy filter. By
measuring how photocurrent changes with the delay between two femtosecond pulses, TR-2PPS separates
a prompt current pathway from a delayed pathway associated with carriers that remain available for re-exci-
tation and collection.

This pathway-resolved view turns a conventional device current into a time-domain probe of hot-carrier sur-
vival. Applied to metal/TiO, Schottky nanodiodes, the method distinguishes simple bias-enhanced collection
from changes in the carrier population sampled by the junction and yields metal-dependent hot-electron life-
times and electron-phonon coupling constants. The approach could help identify which device architectures,
materials, and operating conditions preserve useful hot carriers long enough for extraction. More broadly,
TR-2PPS provides a practical framework for optimizing hot-carrier photodetectors, photocatalytic inter-
faces, and nanoscale energy-conversion devices under realistic operating conditions.

SUMMARY

Determining how nonequilibrium carriers contribute to photocurrent in a functioning Schottky junction re-
mains challenging because ultrafast relaxation and interfacial transmission pathways are typically inferred
rather than quantitatively separated under device-operating conditions. Here, we present time-resolved
two-pulse photocurrent spectroscopy (TR-2PPS), an all-electrical readout time-domain method that turns
the Schottky barrier into an intrinsic energy filter and partitions the photocurrent into pathway-resolved com-
ponents. Fitting time-delay-dependent photocurrent traces separates a prompt, delay-independent baseline
(lbase) from a delay-dependent nonlinear component (lo,,) with a sub-picosecond lifetime (tgecay), directly
tracking the survival of the current-generating electron population. The bias dependence of Agxp, and Tgecay
allows us to distinguish a collection-enhancement regime from a high-reverse-bias regime in Au/TiO, where
both the delayed pathway weight and its apparent lifetime increase. Across Au, Ag, Pt, and Pd/TiO,, TR-2PPS
yields metal-dependent lifetimes and electron-phonon coupling constants (Ggp) consistent with ultrafast
diffraction benchmarks using a single excitation wavelength.

INTRODUCTION tocatalysis, and energy conversion.'~> More generally, resolving

how photoexcitation redistributes energy and charge on ultrafast
Harvesting photoexcited hot carriers has long been pursued asa  timescales remains a central problem across chemical and ma-
route to overcome thermalization losses in photodetection, pho-  terials systems.”® The core challenge is an ultrashort extraction
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Figure 1. Schematic diagram of TR-2PPS

Photocurrent (a.u.)

Schematic of the experimental setup and a metal/
TiO, Schottky nanodiode used in TR-2PPS. The
Schottky nanodiode was fabricated to create an
electrical circuit that enabled in situ measurement
of photocurrent. To investigate the time-resolved
dynamics of hot electrons, we first generated hot
electrons in the Au layer using a pump laser pulse.
After a certain time delay (At) following the pump
: Ve pulse, a probe pulse with fluence equivalent to that

(1) lbase of the pump pulse was sent onto the sample. The
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5] photocurrent generated by the probe and pump
pulses was detected using a current meter con-
nected to the circuit. The time-resolved photo-
current data on the right (error bars denote the

corresponding standard errors) show three current components: (1) lpase, the current signal from the uncorrelated pulses; (2) lexp, the current signal resulting from
interactions among hot electrons, which reflects the lifetime of hot electrons; and (3) loveriap, an ultrafast current contribution that appears only when the pump and
probe pulses temporally overlap (At ~ 0), corresponding to an instrument-limited cross-correlation window. We treat this overlap-limited feature as a convenient
marker of temporal overlap rather than assigning it to a specific multiphoton mechanism. The width of this feature reflects the pump-probe cross-correlation and
is consistent with the independently measured laser autocorrelation (~100 fs). The le., component was fitted with an exponential decay function to extract the

hot-electron lifetime, 7gecay-

window: in metals, an initial nonequilibrium electron population
redistributes its excess energy through electron-electron scat-
tering within tens of femtoseconds and subsequently cools to
the lattice via electron-phonon (e-p) coupling on sub-pico-
second timescales. Consequently, even when hot-electron
extraction is invoked to explain device performance, it remains
difficult to determine which part of the generated photocurrent,
if any, originates from carriers harvested before thermalization
rather than from carriers that have already relaxed into a thermal-
ized distribution.”"*

This distinction matters because “hot-electron photocurrent”
is not a single physical process in an operating device. A
measured current can embed multiple pathways: prompt interfa-
cial transfer, field-dependent collection, photoconductive
response, and heating, whose contributions are typically insep-
arable in steady-state measurements. What is missing is an
approach that is simultaneously ultrafast, all-electrical, and inter-
face selective, capable of partitioning the total photocurrent into
physically distinct components at a buried metal/semiconductor
Schottky junction under realistic bias conditions.

Time-domain electrical correlation methods using two femto-
second pulses provide an attractive alternative because they
interrogate current directly.'* " Prior work has shown that
time-delay-dependent photocurrent can report on ultrafast elec-
tronic processes and can distinguish transport regimes in spe-
cific heterostructures.'*'>?° However, those studies primarily
used the correlation decay as a diagnostic of relaxation or trans-
port mechanisms rather than as a route to quantitatively decom-
pose the total device current into distinct photocurrent path-
ways. In particular for metal/semiconductor Schottky devices,
which are the canonical platform for hot-electron extraction,?
an in-device method that separates prompt nonthermal injection
from delayed contributions of thermalized carriers has been
missing.

Here, we introduce a new approach, time-resolved two-pulse
photocurrent spectroscopy (TR-2PPS), to resolve hot-electron
photocurrent pathways in working Schottky nanodiodes under
ambient conditions. Our central concept is to use the Schottky
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barrier as a built-in energy filter: the measured current is inher-
ently dominated by the subset of metal electrons that satisfy
the in-device transmission condition at the buried interface. In
practice, this “filter” is not an ideal step threshold; rather, the
effective selection window is set by the barrier landscape and
therefore links the electrical signal (current) to the high-energy
tail of the evolving electron distribution. By measuring the photo-
current as a function of pump-probe delay and fitting the traces,
we separate a prompt, delay-independent component (lpase)
from a delay-dependent, exponentially decaying component
(lexp) With a characteristic lifetime Tgecay- This decomposition
yields not only a correlation time but also a quantitative partition
of the total photocurrent into two operationally distinct harvest-
ing pathways.

Using bias as an in-device knob to reshape the barrier pro-
file,”® and thereby the effective detection window defined by
the energy filter, we identify regimes where tgecay reflects
intrinsic hot-electron cooling rather than bias-dependent collec-
tion. Applying TR-2PPS to Au/TiO,, Ag/TiO,, PY/TiO,, and Pd/
TiO, Schottky nanodiodes, we extract metal-specific hot-elec-
tron lifetimes and e-p coupling constants consistent with estab-
lished ultrafast benchmarks. Beyond parameter extraction, TR-
2PPS further shows that carriers that have cooled below the
prompt-extraction condition can still contribute to photocurrent
when re-excited within their survival window, suggesting a
time-domain handle for improving hot-carrier utilization.

RESULTS AND DISCUSSION

TR-2PPS concept and signal decomposition

Figure 1 illustrates the TR-2PPS concept and the Schottky nano-
diode architecture used in this work. A metal layer forms a
Schottky contact with n-TiO,, enabling current collection
through the built-in barrier at the buried metal/semiconductor
interface. Two femtosecond laser pulses (pump and probe) at
800 nm excite the metal with a controlled delay At. The photo-
current is recorded under defined bias (or short-circuit) condi-
tions using electrical readout. Because carriers must cross the
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Schottky barrier to be detected as current, the measured TR-
2PPS signal is inherently interface selective: it primarily reports
on the population of electrons in the metal that (1) have sufficient
energy and (2) are transmitted/collected across the barrier at that
moment.

Operationally, the two-pulse measurement probes the nonlin-
earity of current generation with respect to excitation. If the two
pulses are separated by a delay much longer than any excited-
state lifetime relevant to current generation, the total current
equals the sum of two independent single-pulse responses. If,
however, an excited population persists after the pump and
modifies the response to the probe, an additional nonlinear
contribution appears. TR-2PPS turns this concept into an in-de-
vice time-domain spectroscopic observable.

A representative TR-2PPS trace in Figure 1 shows a pro-
nounced feature near time zero and a longer lived tail that decays
with increasing |At|. To extract physically meaningful parame-
ters, we fit the delay-dependent photocurrent using

/(At) = lpase +loverlap(At) +Iexp(At), (Equation 1)

|at]

2 2
where loveriap (At) = Aoveriap e 27 and loxp(At) = Agxp € Tdecar,

Validating the pathway assignment
Before using bias and material dependence to interpret physical
mechanisms, we verify that the extracted components corre-
spond to interfacial hot-electron phenomena rather than slow
thermal or circuit artifacts. First, we examine the fluence depen-
dence. In the fluence regime used for the main experiments, lpase
scales linearly with excitation, consistent with a single-pulse
response that is not dominated by multiphoton absorption or
macroscopic heating.'® The delayed component lexp, DY con-
struction, reflects a nonlinear enhancement that requires survival
of an excited population and thus exhibits a distinct scaling
behavior. Importantly, the persistence of an exponential tail on
sub-ps to ps scales is inconsistent with electrical resistance-
capacitance artifacts of the measurement circuit, which would
be independent of optical delay and would not yield a symmetric
delay dependence around zero delay. Consistent with this
assignment, Aqx,, exhibits a markedly superlinear fluence depen-
dence (Figure S2), whereas |5 remains linear in the same flu-
ence range. This contrast supports that the delayed pathway re-
flects a genuine nonlinear survival-and-re-excitation process
rather than a trivial scaling of the single-pulse response.
Second, we perform control measurements on bare TiO, de-
vices (without the metal layer). Under otherwise comparable exci-
tation and bias conditions, TiO, shows no analogous delay-
dependent exponential component (Figure S3). This indicates
that the delayed component originates from excited-state dy-
namics in the metal (and/or at the metal/semiconductor interface)
rather than from a photoconductive transient in the oxide alone.
While we cannot strictly exclude the possibility that interfacial
defect-related states or metal-induced gap states affect trans-
mission at the buried junction, the consistent Schottky barrier
height observed in our current-voltage (/-V) measurements im-
plies the practical absence of gap states, as the bias-dependent
occupation of such interfacial states would otherwise induce
modulation of the effective Schottky barrier height.>**°> Addition-
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ally, the TR-2PPS data for bare TiO, indicate that those gap states
are not the dominant origin of the delayed nonlinear decay. Under
800 nm excitation, carrier generation is predominantly metal
based, bare TiO, shows no analogous delayed exponential
response, and the extracted tgyecay and Ggp values follow the
known metal-dependent ultrafast relaxation hierarchy. We there-
foreinterpret o« as a metal-originated hot-electron cooling signal
observed through an interface-filtered current measurement.

Together, these controls support an interpretation that lp,se is
associated with prompt barrier crossing by the high-energy
portion of the photoexcited distribution generated by a single
pulse, whereas lex reports on a population that persists long
enough to be re-excited by the second pulse and subsequently
contribute to current. Following the first pulse, a nonequilibrium
electron distribution is generated in the metal. A subset of the
highest energy nonthermal electrons crosses the Schottky bar-
rier promptly and contributes to lpase, While the remaining excited
electrons stay in the metal, undergo rapid electron-electron
redistribution, and then cool through e-p coupling. When the
second pulse arrives before this residual population has fully
cooled, it generates an additional nonequilibrium population
that interacts with the surviving pump-generated electrons re-
maining in the metal. Through rapid electron-electron scattering,
the two populations form a new transient hot distribution, whose
high-energy tail can again satisfy the effective Schottky trans-
mission condition and generate the delayed nonlinear photocur-
rent leyp. Thus, T4ecay reflects the time window over which the re-
sidual metal-electron population can still modify the probe
response strongly enough to produce an additional barrier-
crossing current.

lbase is the delay-independent baseline (the long-delay limit of
two uncorrelated single-pulse responses). The Gaussian term
captures the overlap-limited contribution within the pump-probe
cross-correlation window (At ~ 0) and is treated as an instru-
ment-limited marker of temporal overlap without assigning a
specific microscopic mechanism. The Gaussian width o, corre-
sponding to a full width at half maximum (FWHM) of ~100 fs, is
consistent with the independently measured laser autocorrela-
tion. The exponential term quantifies a delayed nonlinear contri-
bution with amplitude Ao, and decay time tgecay- In the following
discussion, we refer to the exponential component as lg,p(At)
and note that t4ecay is determined from the long-delay exponen-
tial tail (after separating the overlap term), whereas A is the
fitted amplitude at At = 0.

This explicit decomposition is crucial for two reasons. First, it
allows us to treat the prompt overlap response separately from
the delayed survival response, avoiding ambiguities that can
arise when a single empirical biexponential is used. Second, it
provides two distinct observables, lpase and leyp, that can
be compared as bias and material are varied, enabling a
pathway-level interpretation rather than an “all-in-one” current
interpretation.

Bias as an in-device knob: Energy-filter window and
barrier profile

A major advantage of the Schottky architecture is that bias pro-
vides a controlled way to reshape the barrier profile and there-
fore the effective “energy-filter window” for current detection.

Matter & Light 7, 100024, June 18, 2026 3
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Figure 2. Influence of external bias (V) on
hot-electron transfer and nonlinear photo-
current, le,p

(A) The effect of the bias potential on the Schottky
barrier landscape at the TiO, interface. As the
external bias is applied, the height and position
(vertical dashed lines) of the Schottky barrier
changes, affecting electron transfer. Because the
changes in barrier height are small (~0.06 eV in
total, for our bias voltage range), changes in bar-
rier height are neglected in the figure. In a reverse
bias condition (V < 0), reverse bias increases the
interfacial field and reduces the effective barrier
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In the case of forward bias condition (V > 0),
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(B) The relationship between A.,,, (delayed expo-
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remains essentially constant for both metal/TiO,
systems. At higher reverse-bias magnitude (more
negative than ~—0.6 V), Tqecay increases sharply in
Au/TiO,, whereas no comparable change is

observed in Pt/TiO,. Data points in (B) and (C) represent parameter estimates obtained from exponential fitting, and the error bars denote the corresponding

standard errors.

In a simplified picture, the barrier height sets an energetic selec-
tivity. In real devices, however, the barrier is not an infinitely thin
step; its spatial profile matters because transmission depends
on barrier width and electric field. Figures 2A-2C illustrate these
changes in Schottky barrier landscapes that are dependent on
the applied bias. Under reverse bias, the depletion region and
barrier profile change in a way that tends to reduce the effective
width of the barrier near the interface and increase the interfacial
field. Under forward bias, the barrier becomes effectively wider
or less favorable for extracting the same population. Although
the barrier height may vary only modestly over the explored
bias range, changes in barrier width and field can dramatically
alter the current contributed by the high-energy tail, particularly
when field-assisted transmission becomes important (including
possible tunneling contributions).

Au vs. Pt: Pronounced vs. suppressed crossover in the
delayed pathway

To highlight the physical meaning of bias dependence without
overcomplicating the main figures, we present A.,, and tgecay
versus bias voltage (negative sign for the “reverse bias”) for
two representative metals, Au and Pt, in Figures 2B and 2C.
These two systems exemplify the most pronounced contrast
observed across our metal series (additional metal data are
shown in Figure S1).

For both Au/TiO, and Pt/TiO,, the delayed photocurrent Ag,,
increases monotonically with increasing reverse-bias magnitude
(more negative V) in the moderate-bias regime. In this regime, the
increase in current is accompanied by an essentially bias-inde-
pendent Tyecay, indicating that the intrinsic hot-electron cooling

4 Matter & Light 7, 100024, June 18, 2026

dynamics are not significantly altered. This behavior is consis-
tent with current driven by effective above-barrier (thermionic-
like) transmission described in Schottky field-assisted transport
frameworks, in which an increasing surface electric field en-
hances carrier transmission and collection efficiency without
modifying the fundamental relaxation timescales.'*?®

In Pt/TiO,, this monotonic trend persists across the entire bias
range explored: A, increases smoothly as reverse bias in-
creases, While Tgecay remains nearly constant. This response
suggests that bias primarily modulates the interfacial collection
conditions rather than introducing a new transport or relaxation
pathway.

By contrast, Au/TiO, exhibits a qualitatively different behavior
at sufficiently high reverse bias (V < —0.6 V). Beyond this point,
both Agxp and Tgecay Show @ pronounced upturn, signaling a de-
parture from the monotonic thermionic emission-dominated
regime. The simultaneous increase in current and decay con-
stant suggests that the device enters a distinct operating regime,
beyond which the effective population of electrons contributing
to the delayed pathway increases. The bias-dependent increase
in Tgecay fOr Au/TiO, at high reverse bias is reproducible in inde-
pendent measurements (Figure S8), supporting that the
observed regime change is not an artifact of a single scan.
Importantly, this regime cannot be described by simple sur-
face-field-driven above-barrier crossing alone and instead re-
flects a qualitatively different transport condition that becomes
accessible only after the barrier profile passes a critical configu-
ration in which the spatial extent and local field near the interface
are substantially modified. In other words, bias does not simply
increase transmission probability; it changes which part of
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Figure 3. Time-resolved photocurrent re-

’:.‘ AUITIO, 1.00 + 0.04 ps [ ]TR-2PPS . sults and e-p coupling constants, G,
© ~ 100+ [ | Theory (A) Time-resolved two-pulse photocurrent traces
:C’ ) \ 3< 80 Previous works 7 and elxtractedl dec.ay constants for Scho.ttky
S |AgTiO, 0.69 + 0.02 ps é nanodiodes with different metals. Normalized
5 § 60 photocurrent spectra of Au/TiO,, Ag/TiO,, Pt/
o - TiO,, and Pd/TiO, are shown as black, red, blue,
8 PYTIO, 0.28 £+ 0.01ps| o 401 and green symbols, respectively. The corre-
%‘ A zg 2 sponding Schottky barrier heights are 0.907 (Au),
Q 4 ..
£ [pPdrTio, 0.19 + 0.01 ps (Dq) 5] 0.979 (Ag),. 0.914. (Pt), and 0.962 eVI(Pd). Ea.ch
5 trace was fitted with a sum of a Gaussian function
Z 9 " : . " ? P 8 and a single-exponential decay to capture the in-
-3 -2 -1 0 1 2 3 Au Ag Pt Pd strument-limited overlap and the delayed photo-

Delay time (ps)

current component; the resulting fits are shown as
solid lines. The extracted exponential decay con-
stant t corresponds to the lifetime of the current-

capable (“reusable”) hot-electron population. The FWHM of the Gaussian component reflects the pump-probe cross-correlation width, consistent with the
measured laser autocorrelation (~100 fs). For clarity, all photocurrent traces are normalized to their respective peak intensities.

(B) Comparison of e-p coupling constants G, obtained from TR-2PPS (solid bars), theoretical predictions (diagonally upward striped bars), and previous
experimental reports (diagonally downward striped bars). In the “previous works” category, individual scatter points represent experimentally reported Gep
values from the literature, while the bar height indicates the median of these reported values. Error bars denote +1.5 times the standard error of the reported
experimental values. The close correspondence between G, values extracted from TR-2PPS, theoretical expectations, and the statistical distribution of prior
experimental reports demonstrates the quantitative reliability of TR-2PPS across different metals. Numerical values and literature sources are summarized in

Table S1.

the cooling distribution is selected by the barrier-filtered
measurement.

The high-reverse-bias upturn in Au/TiO, is interpreted as an
observable-level crossover rather than a change in the intrinsic
Au cooling constant. In the moderate-bias regime, reverse bias
mainly increases transmission probability for essentially the
same energetic segment of the cooling distribution, so A in-
creases without changing tgecay- Once the barrier profile be-
comes sufficiently narrow with increasing reverse bias (V < 0),
however, lower energy and therefore longer lived electrons are
recruited into the effective transmission window through field-
assisted transmission (potentially including tunneling-like contri-
butions), causing both A, and the apparent tgyecay to increase.
This crossover is reproducible in independent measurements.

Overall, the coupled bias dependence of Agxp, and Tyecay re-
veals whether bias acts only as a collection knob or also changes
which portion of the cooling distribution is sampled by the bar-
rier-filtered measurement. The key distinction between the mod-
erate-bias and high-bias regimes lies not in the increase of the
delayed photocurrent alone but in its correlation with the decay
time. An enhancement of current amplitude without a change
iN Tgecay CaN be naturally understood within conventional field-
assisted collection models, in which bias increases the transmis-
sion probability while leaving the underlying relaxation dynamics
intact. In contrast, the concurrent increase of Aep and Tyecay
observed in Au/TiO, at high reverse bias points to a qualitatively
different situation, where bias modifies not only the collection ef-
ficiency but also the effective portion of the electron distribution
that contributes to the delayed current.

From this perspective, T4ecay S€rves as a discriminator be-
tween simple collection enhancement and a genuine change in
the sampling of nonequilibrium carriers. The bias independence
of Tgecay iN PY/TIO, across the explored range indicates that,
despite increased current, the delayed signal continues to orig-
inate from the same energetic segment of the cooling distribu-
tion. In Au/TiO,, however, the upturn of Tyecay signifies that the

delayed pathway begins to draw from a broader, longer lived
population of electrons once a critical barrier configuration is
reached. This result establishes a key advantage of TR-2PPS:
the onset of the high-bias regime in Au/TiO,, which is invisible
in current amplitude alone, becomes identifiable only through
time-domain photocurrent readout.

Extracting hot-electron lifetimes and e-p coupling
constants

Having established the physical meaning of the delayed photo-
current, we next use the decay constant tyecay as a quantitative
measure of hot-electron energy relaxation. Figure 3 summarizes
the extracted t4ecay Values for Au, Ag, Pt, and Pd, obtained under
bias conditions chosen to minimize changes in the effective
transmission window. Under these conditions, Tgecay reflects
the intrinsic cooling dynamics of the current-capable portion of
the electron distribution, rather than bias-induced variations in
carrier collection efficiency.

The extracted decay constants exhibit a clear and systematic
material dependence: tgecay = 1.00 + 0.04, 0.69 + 0.02, 0.28 =
0.01, and 0.19 = 0.01 ps for Au, Ag, Pt, and Pd, respectively.
This trend of longer lifetimes for noble metals and progressively
shorter lifetimes for platinum-group transition metals is consis-
tent with the known hierarchy of e-p coupling strengths and elec-
tronic heat capacities in these materials. We emphasize that
these lifetimes are obtained directly from time-domain photocur-
rent measurements and do not rely on optical observables or as-
sumptions tied to probe-specific electronic transitions.?*?

To convert Tg4ecay iNto an e-p coupling constant Gep, we simu-
lated the relaxation of a hot electronic distribution using a two-
temperature (or equivalent energy balance) framework. In this
model, the electronic system cools via e-p coupling, while the
experimentally measured photocurrent is determined by the
fraction of electrons that remain within the effective Schottky
transmission window (parameterized by E.. in the materials
and methods). By identifying the G, values that reproduce the
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Figure 4. Energy band diagram illustrating the relaxation dynamics of hot electrons in a Schottky junction system

The diagram shows the elevated conduction band edge (Ec) and valence band edge (Ey) forming a Schottky barrier (Esg) at the metal-semiconductor interface.
Upon the arrival of the pump pulse, hot electrons are generated via photoexcitation in the metal, as shown in the characteristic distribution. The hot electrons with
high energy can overcome the Schottky barrier and transfer to the semiconductor layer, contributing to the I,ase cOmponent of the measured photocurrent. After
electron-electron coupling, where the electrons in the metal have a Fermi-Dirac (F-D) distribution, the hot electrons lose their energy by e-p coupling. The diagram
shows the gradual lowering of the energy distribution over time due to this relaxation process. As the high-energy hot electrons have been already transferred to
the semiconductor layer, the remaining electrons cannot overcome the Schottky barrier. During the relaxation process, if the probe pulse arrives at the device
after At, the electron distribution would form a new distribution. Right after the irradiation, hot electrons generated from the probe pulse would have the char-
acteristic distribution similar to that of the pump pulse. After electron-electron coupling between the remaining electrons, if the energy of electrons is high enough,
the electrons can overcome the Egg and contribute to an additional current, lo.p,, that can be detected by a current meter.

experimentally observed decay constants, we obtain Gg, =
1.83 + 0.08 x 10"® W/(m?®K) for Au, 2.38 + 0.07 x 10'® W/(m°K)
for Ag, 3.19 + 0.12 x 10" W/m3K) for Pt, and 6.71 =
0.63 x 10"” W/(m°K) for Pd. These values are in good agreement
with established ultrafast benchmarks, as summarized in
Figure 3B.

A direct comparison to ultrafast electron diffraction (UED)
helps clarify what tg4ecay represents in TR-2PPS. For Au, Tgecay
extracted from TR-2PPS (~1 ps) is shorter than the electron-lat-
tice equilibration time ., typically reported by UED (2-3 ps at
comparable fluence).*>** These timescales are not contradic-
tory: Tgecay reports how rapidly the barrier-transmissive, cur-
rent-capable tail of the electron distribution loses the ability to
contribute to photocurrent, whereas 1, reflects the global elec-
tron-to-lattice energy transfer that governs lattice heating.

Consistent with this observable-level distinction, the resulting
Gep values for Au, Ag, Pt, and Pd agree well with theoretical ex-
pectations and prior ultrafast benchmarks (Figure 3B). Impor-
tantly, unlike optical pump-probe techniques that infer electronic
cooling indirectly through changes in specific optical transitions
and therefore often require different probe wavelengths for
different metals,”’*° TR-2PPS quantifies relaxation through a
photocurrent observable filtered by the Schottky barrier. As a
result, the same excitation wavelength can be used across
different metals while still yielding quantitative, material-specific
Gep Vvalues. Together, these results establish TR-2PPS as a
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pathway-resolved, wavelength-robust route to quantify ultrafast
energy dissipation in operating Schottky junctions by directly
constraining it with a measurable photocurrent.

To test generality beyond planar junctions, we applied TR-
2PPS to a nanostructured Au/TiO, device geometry. The ex-
tracted delay-dependent photocurrent can be analyzed within
the same decomposition framework, yielding a delayed compo-
nent characterized by Aep and Tgecay- Detailed morphology-
dependent results and additional datasets are provided in
supplemental information (Figures S4 and S5).

Mechanistic picture: Two operational harvesting
pathways

Figure 4 summarizes the mechanistic insights from TR-2PPS in a
schematic band diagram. Upon pump excitation, a nonequilib-
rium distribution is created in the metal. A subset of carriers
rapidly crosses the barrier and contributes to a prompt current,
forming the baseline lpase. The remaining carriers thermalize
and cool; nevertheless, within a finite time window, they can still
be re-excited by the probe pulse and produce additional current,
giving rise to lg,p that decays with Tgecay. Importantly, bias
changes not only the overall collection efficiency but also the
effective energy window for transmission. In Au, sufficiently
strong reverse bias can enable field-assisted transmission
(potentially including tunneling contributions), recruiting lower
energy carriers into the transmissive window, thereby increasing
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lexp @and extending Tgecay- In Pd, faster intrinsic dissipation and
higher loss suppress the delayed channel and prevent a pro-
nounced crossover within the explored bias range. This two-
pathway picture directly links ultrafast relaxation physics to
measurable photocurrent components in an operating Schottky
device.

In conclusion, TR-2PPS enables an all-electrical readout,
time-domain partitioning of photocurrent in operating Schottky
nanodiodes, separating prompt and delayed pathways and ex-
tracting metal-specific hot-electron lifetimes and Gep under a
unified protocol. By linking ultrafast energy dissipation to a
measurable device current, TR-2PPS provides a practical frame-
work for diagnosing and optimizing hot-carrier utilization in
nanoscale optoelectronics.

METHODS

Sample preparation

The Schottky nanodiodes were fabricated using four different
metals, Au, Ag, Pt, and Pd, as a top layer. First, a 140-nm tita-
nium film was deposited on a quartz substrate (20 x 10 mm?)
via electron beam evaporation. Here, a 4 x 6 mm? stainless steel
mask was used, and the deposition rate was 0.7 A/s under avac-
uum of 2.0 x 10~® Torr. Then, the Ti film was annealed at 520°C
in air for 2.5 h to form n-TiO,. Next, three Au/Ti ohmic pads were
deposited, two of which were fabricated on the n-TiO, layer to
measure the resistance of TiO,. The Ti and Au films, 50 and
100 nm thick, respectively, were deposited using electron
beam evaporationata 1.0 A/srate and 2.0 x 10~ Torr. The sizes
of the masks for the ohmic pads on the n-TiO, side and top-layer
side were 2.5 x 4 and 4 x 5 mm?, respectively. Finally, a 20-nm-
thick top metal layer was deposited to form a 2 x 2 mm?
Schottky junction on n-TiO,. This process was performed with
a2 x 6 mm? mask and a deposition rate of 0.3 A/s for the first
5 nm and 0.7 A/s for the remaining 15 nm at 8 x 10~ Torr. To
verify the optical response of the fabricated diodes, we
measured their absorption spectra, as shown in Figure S6.

An Au NN/TiO, nanodiode was fabricated in the same pro-
cess, with the addition of self-assembly nanosphere lithography
prior to the deposition of the top Au layer.®® The polystyrene (PS)
beads (Sigma-Aldrich) with a 460 nm size were coated on the n-
TiO, film to form a hexagonal close-packed pattern, followed by
reactive-ion etching for 70 s to reduce the size of the PS beads.
Then, the top Au layer of 20 nm was deposited by electron beam
evaporation at 8 x 10~ Torr with the same deposition rate
described earlier. The size of the hole composing the nanonet
was measured as 363 + 9 nm using scanning electron micro-
scopy (Hitachi, SU8230). Finally, the sample was sonicated in
water for 5 min to remove the PS beads.

Characterization of Schottky nanodiodes (/-V
measurement)

The [-V curves were measured using a source meter (Keithley
2400) to characterize the electrical properties and rectifying be-
haviors of the fabricated nanodiodes. The Schottky barrier
height (Esg) of the nanodiode was obtained by fitting the /-V
curves to the following thermionic emission equation:
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* ESB q(V ”sl)
« T2
| = FA*T exp(— _BT) {exp( TkaT 1].

(Equation 2)

Here, Fis the active area, A* is the effective Richardson constant,
T is the room temperature, kg is the Boltzmann constant, q is the
elementary charge, n is the ideality factor, and Rg is the series
resistance.®® The Egg values of Au, Ag, Pt, and Pd/TiO, nanodi-
odes were 0.907, 0.979, 0.914, and 0.962 eV, respectively, and
their fitted /-V curves are displayed in Figure S7. The /I-V mea-
surements were performed before and after the TR-2PPS exper-
iment, and it was confirmed that the /-V properties were un-
changed under laser irradiation.

Data collection of TR-2PPS

TR-2PPS is a technique developed to study the dynamics of hot
electrons generated in a metal-semiconductor junction. In the
TR-2PPS experiment, a Schottky diode, which was composed
of a metal and a semiconductor that were in contact with each
other, was used as the metal-semiconductor junction.

Two femtosecond laser pulses with a well-defined time delay
between them were sent to the device, and the generated photo-
current as a function of time delay was measured. The laser
pulses with a center wavelength of 800 nm used in the TR-
2PPS experiment were generated from a Ti:sapphire regenera-
tive amplifier. The laser pulses were split into two beams using
a 5:5 beam splitter. The two beams were then overlapped at
the sample position after passing through a 150-mm focusing
lens. One beam was used as the pump beam, which generated
the hot electrons, and the other beam was used as the probe
beam, which also generated the hot electrons, resulting in the
nonlinear response with the prior electrons. The hot electrons
generated in the metal layer traveled across the metal-semicon-
ductor junction and into the semiconductor layer. The hot elec-
trons interacted with other electrons and phonons, which could
affect their behavior and the resulting photocurrent. The photon
energy of each pulse (1.54 eV) was smaller than the band gap of
TiO, (3.0 eV), which means that hot electrons were generated
predominantly in the metal layer (Au, Ag, Pt, or Pd), while direct
interband excitation of TiO, is energetically suppressed at
800 nm. For each scan, including scans with applied bias, the
dark current was measured with the laser blocked and was sub-
tracted from the corresponding laser-on current. All photocur-
rent values reported in the main text and supplemental
information therefore represent dark-current-subtracted signals
at the same bias.

In the experiment, 800-nm laser pulses with a 1 kHz repetition
rate were directed at the sample, and the resulting photocurrent
was measured using a Keithley 2400 sourcemeter. The photo-
currents were measured for every 0.1 s. To achieve a sufficient
signal-to-noise ratio (SNR) for data analysis, approximately 200
measurements were conducted and averaged at each time
delay. The measured data were analyzed without any further
processing. By varying the time delay between the pump and
probe pulses using a mechanical delay stage, the TR-2PPS
experiment provided information on the interactions between
hot electrons and their environment over time. For the
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measurements, we confirmed a linear photoresponse to photon
fluence, eliminating potential nonlinear effects, such as two-
photon absorption, as shown in Figure S2. We focused on re-
gions where lp,se Was directly proportional to photon fluence to
ensure reliable comparison.

Delay-scan protocol and fitting procedure

TR-2PPS delay scans were acquired over a +10 ps window. To
densely sample the overlap region, At was stepped by 0.025 ps
within —0.25 < At < 0.25 ps. Outside this window, At was step-
ped by 0.1 psfor -5 < At <5psand by 0.5 psfor —10 < At <10
ps. Overlapping points between these ranges were measured
once, yielding a non-uniform grid that is dense near time zero
and coarser at long delays.

The measured delay-dependent photocurrent was fitted to
Equation 1. The Gaussian component accounts for the over-
lap-limited contribution within the pump-probe cross-correlation
window and was used to model the At ~ 0 feature without as-
signing a specific microscopic mechanism. Across the fluence/
metal/bias conditions used in this work, the extracted Gaussian
FWHM remained ~100 fs, consistent with the independently
measured laser autocorrelation. Agy,, is defined as the amplitude
of the single-exponential term; thus, lexp(At) attains its maximum
value Ao at At = 0 in the fitted model.

TR-2PPS simulation and extraction of G,
To convert the experimentally extracted 7gecay iNto an e-p
coupling constant G, we simulated the time evolution of the
electronic temperature using a two-temperature energy-balance
model and generated a synthetic TR-2PPS delay trace that is
directly comparable to the measured le,o(At). In the present anal-
ysis, the two-temperature/energy-balance model is used to
describe the post-thermalization cooling of the electron popula-
tion that remains in the metal and gives rise to the delayed
nonlinear response, rather than the earliest prompt nonthermal
injection event itself. This means that the simulation does not
explicitly model the earliest prompt interfacial transfer event.
Instead, it starts from the surviving hot-electron population re-
maining in the metal after prompt extraction and describes the
subsequent cooling of that population.

First, the absorbed energy density was calculated from the
incident fluence using the measured optical absorbance A at
800 nm and the metal thickness d (Figure S6):

Qabs = (1 —107%) (J/m?) (Equation 3)

Qas
lass = =2 (J /).

The total absorbed energy was partitioned into pump and probe
contributions in energy space by writing the electronic energy
density as E. = 1yT2 and assigning a fixed fraction to the
pump (with the remainder added by the probe at delay At).
This yields the pump-only initial temperature T, o and a probe en-
ergy increment Uprope-

Next, pump-only cooling was simulated by integrating the
two-temperature equations with C4(T,) = yTe and a constant lat-
tice heat capacity C*":

(Equation 4)
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dTe

Colle) g

aT,
= — Gep(Te — T,>,c,d—t’ = +Ge(Te — T)).
(Equation 5)

In the simulation, we used an explicit Euler scheme with At =
10 fs over a 50 ps window and evaluated T¢(At) to represent
the electronic temperature just before the probe pulse. Probe
excitation was then applied instantaneously by adding Ugrope 10
E., yielding T.*(At) immediately after the probe.

To map T.*(At) onto an observable proportional to the popula-
tion capable of contributing to photocurrent, we used the
Schottky barrier as an effective energy threshold E.: (set to
the measured Schottky barrier height for each metal,
Figure S7) and computed a high-energy-tail proxy:

Ecu
S(At) x o e, (Equation 6)

The long-delay baseline was subtracted, and S(At) was fitted

to a single-exponential form to extract a simulated Tgecay,sim-

, 2
Finally, Gep Was obtained by minimizing [Tf/é"cay (Gep) — TZ’;‘;ay]

over log1o(Gep) space. Uncertainty bounds for G, were esti-
mated by repeating the inversion for ¥+ c,.

In these simulations, the total fluence was fixed to the experi-
mental condition (0.2 mJ/cm? per pulse), and a constant hot-
electron transfer fraction (0.32) was applied following the UED-
based estimate for the fraction of carriers remaining in the metal
after interfacial transfer.®*
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