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M AT E R I A L S  S C I E N C E

Transient absorption signatures of asymmetric carrier 
cooling in semiconductors
Ivan Maliyov1, Piotr Jan Kabacinski2, Hemen Hosseini2, Thomas F. K. Weatherley3, Artur Tuktamyshev4, 
Stefano Sanguinetti4, Nicolas Grandjean3, Stefano Dal Conte2*, Marco Bernardi2*, Giulio Cerullo2,5

Carrier dynamics in semiconductors is central to devices for electronics, optoelectronics, energy, and quantum 
technologies. Following photoexcitation, electrons and holes relax on ultrafast timescales, yet resolving their 
individual dynamics remains challenging because widely used pump-probe spectroscopies, such as transient 
absorption (TA), probe the combined carrier response. Here, we disentangle the cooling dynamics of excited electrons 
and holes through a joint experiment-theory approach that combines high time-resolution femtosecond TA spec-
troscopy with quantitative first-principles simulations. We show a pronounced asymmetry in electron and hole 
cooling in both wurtzite and zinc-blende semiconductors, exemplified by gallium nitride (GaN) and gallium arse-
nide (GaAs). Guided by theory, we unravel signatures of electron and hole cooling in our femtosecond-resolved TA 
spectra and show that the TA response is dominated by electron cooling, which occurs on characteristic timescales 
on the order of 100 fs and is governed by scattering with optical phonons. In contrast, our simulations predict that 
hole cooling is one order of magnitude faster and produces a comparatively weak contribution to the TA response. 
Our study reveals the microscopic origin of this asymmetric carrier cooling, establishing it as a general feature of 
direct-gap wurtzite and zinc-blende semiconductors. Our work shows a predictive experiment-theory framework 
for understanding the individual dynamics of excited electron and hole carriers, with broad implications for con-
ventional and quantum materials.

INTRODUCTION
In semiconductors, photoexcitation drives electron and hole carri-
ers out of equilibrium, with energies well above the thermal scale 
kBT . After rapid carrier-carrier scattering establishes a hot Fermi-
Dirac distribution, excited (or “hot”) carriers dissipate their excess 
energy through inelastic scattering, typically via electron-phonon 
(e-ph) interactions, on a subpicosecond timescale (1). Understanding 
and controlling hot carrier cooling are central to the performance of 
electronic and optoelectronic devices (2), including transistors (3–6), 
solar cells (7–9), nanostructured devices (10–12), light-emitting 
devices (13, 14), sensors (15), and power devices (16).

During the cooling process, hot carriers release their excess en-
ergy and relax to the respective band edges by emitting optical and 
acoustic phonons. Although the qualitative mechanisms governing 
carrier cooling are well established (10), quantitatively resolving 
electron and hole cooling dynamics remains more challenging. Ex-
perimentally, pump-probe spectroscopies (17) provide direct access 
to ultrafast relaxation processes, but widely used techniques such as 
transient absorption (TA) inherently measure a combined response 
from both electrons and holes. As a result, separating their individ-
ual contributions has proven difficult, particularly when the relevant 
dynamics occurs on femtosecond timescales, where accurate mea-
surements require high temporal resolution combined with broad 

probe-pulse spectral coverage to obtain an energy-resolved picture 
of carrier relaxation (18–20).

Recent advances in first-principles methods have enabled predic-
tive simulations of nonequilibrium carrier dynamics, for example, 
using the real-time Boltzmann transport equation (rt-BTE) with 
e-ph interactions computed from first principles (21–24). Using this 
approach, Jhalani et al. (21) predicted a pronounced asymmetry 
between electron and hole cooling rates in wurtzite gallium nitride 
(GaN), with holes relaxing substantially faster than electrons due to 
differences in band structure and e-ph coupling. This cooling asym-
metry has been proposed as a contributing factor to efficiency droop 
in GaN-based light-emitting diodes (21). However, direct experi-
mental confirmation of asymmetric carrier cooling in GaN has 
remained elusive, both because of the ultrafast nature of the effect 
and due to the difficulty of disentangling electron and hole signals in 
time-domain measurements. TA measurements are ideally suited for 
studying carrier cooling in semiconductors, but observing the carrier 
cooling asymmetry in GaN requires the combination of high tem-
poral resolution and broad spectral coverage, stretching the current 
capabilities of TA measurements. In addition, the interpretation of 
electron and hole signals in TA spectra requires guidance from theory.

In this work, we take a step toward addressing these challenges 
by combining sub–20-fs temporal resolution TA spectroscopy and 
state-of-the-art first-principles simulations of carrier cooling and the 
transient optical response of GaN. Our calculations play a central 
role in identifying the distinct features in the measured TA spectra 
and in separating electron and hole contributions. We show that the 
TA signal is dominated by electron cooling, which occurs on a 100- to 
200-fs timescale and originates from electrons relaxing toward the 
conduction band edge. In addition, our simulations reveal weak hole-
related signatures in the TA spectrum on a ∼10-fs timescale. We 
demonstrate that this behavior is not specific to a single material by 
observing analogous dynamics in gallium arsenide (GaAs). Last, we 
reveal the microscopic origins of the carrier cooling asymmetry, 
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namely, the heavier effective masses and weaker phonon coupling of 
holes compared to electrons. Because these are generic features of 
direct-gap wurtzite and zinc-blende semiconductors, asymmetric 
carrier cooling is expected to be a general mechanism in these classes 
of materials.

RESULTS
TA measurements in GaN
We investigate the ultrafast relaxation dynamics of photoexcited 
carriers in thin-film GaN using broadband TA spectroscopy with 
high temporal resolution. The nonequilibrium optical response is 
measured at room temperature in transmission geometry over an 
energy window spanning the optical bandgap. We use sub–20-fs 
pump pulses with photon energies in the ultraviolet range, well above 
the optical gap, to generate hot carriers near the Γ valley— electrons 
above the conduction-band edge and holes below the valence-band 
edge—while remaining slightly below the threshold for direct interband 
transitions at the X and L valleys (25, 26). Additional details of the ultra-
fast TA setup are provided in Materials and Methods and in note S1.

Following photoexcitation, carriers are expected to rapidly relax 
toward the band edges by dissipating excess energy primarily through 
emission of optical phonons (21). Our sub–20-fs pump pulses allow 
us to access these early-stage relaxation processes experimentally. 
The wide spectrum of the probe pulse and broadband detection 
enable high time resolution monitoring of carrier relaxation by 
measuring the rise time of the photobleaching signal associated with 
Pauli blocking of optical transitions (27, 28). We note that previous 
optical pump-probe studies of GaN have focused on different ex-
citation and detection regimes—typically using narrowband, two-
color schemes—to investigate intervalley Γ -L scattering and determine 
the corresponding intervalley transition energy (29, 30). To date, TA 
or transient reflectivity (TR) measurements of GaN with sub–100-fs 
temporal resolution have not been reported.

Figure 1 (A and B) shows the TA maps in GaN as a function of 
probe photon energy and pump-probe delay for two excitation photon 
energies above the optical gap, centered at 4.23 and 4.86 eV, respec-
tively. For an incident fluence of 0.35 μJ/cm2 and an absorption coef-
ficient of ∼1.4 × 105 cm−1 at a pump photon energy of 4.86 eV (31), 
we estimate a photoexcited carrier density of 7 × 1016 cm−3. (The 
influence of carrier density on the TA maps is examined later in the 
manuscript.) Both TA maps exhibit a derivative-like spectral signature 

in a narrow energy range around 3.45 eV, corresponding to the ab-
sorption edge of GaN. The strong negative signal (dark blue regions 
in Fig. 1, A and B) is attributed to photobleaching arising from Pauli 
blocking of near-band-edge electronic transitions. At slightly lower 
probe energies, we observe a positive TA signal (dark red regions), 
tentatively assigned to a photoinduced red shift of the absorption 
edge resulting from pump-induced changes in Coulomb screening, 
or bandgap renormalization (32). This positive feature decays on a 
substantially faster timescale (a few hundred femtoseconds) than 
the bleaching signal, which dominates the nonequilibrium optical 
response on the picosecond timescale. At higher probe photon ener-
gies, the TA spectrum shows a significantly weaker bleaching signal 
that decays rapidly, within ∼200 fs.

We analyze the dynamics of the transient response in Fig. 1C, fo-
cusing on the time evolution of the TA signal at the minimum of the 
photobleaching band (3.47 eV) for two pump photon energies. We 
find that excitation at higher photon energy leads to a slightly longer 
rise time of the bleaching signal. The high temporal resolution of 
our measurements further allows us to resolve a delay of about 20 fs 
in the formation of the bleaching signal at the band edge relative to 
that at higher probe energies.

Modeling ultrafast carrier dynamics and TA
To interpret the experimental observations and elucidate the micro-
scopic origin of the features observed in the TA spectra, we turn to 
theoretical modeling of the nonequilibrium carrier dynamics. We 
simulate the time-dependent evolution of photoexcited carriers us-
ing the rt-BTE, in which electron-phonon and hole-phonon scatter-
ing processes are computed fully from first principles (see Materials 
and Methods). This approach offers a trade-off between accuracy and 
computational efficiency, providing simulations that capture ultra-
fast carrier dynamics with femtosecond resolution over several 
picoseconds (21–24, 33–36).

To describe hot-carrier cooling following photoexcitation, we ex-
tend the rt-BTE with e-ph scattering by introducing an explicit source 
term describing the optical pump pulse with finite duration

where fnk(t) are the time-dependent electron or hole occupations 
for an electronic state with band index n and crystal momentum k 
and Ie−ph

[

fnk(t)
]

 is the e-ph scattering integral computed from first 

�fnk(t)

�t
= Ie−ph

[

fnk(t)
]

+ F
pump

nk
(t) (1)

Fig. 1. Experimental ultrafast TA maps in GaN. (A and B) TA maps, ΔA(E, t) , shown as color-coded intensity as a function of pump-probe delay and probe photon en-
ergy. Results are given for two pump photon energies of 4.23 eV (A) and 4.86 eV (B). The dashed lines mark the probe energy of 3.47 eV analyzed in (C). (C) Normalized TA 
dynamics at 3.47 eV for both pump photon energies. The shaded orange region indicates the duration of the pump pulse [full width at half maximum of 20 fs (45)].
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principles (33, 37); the source term Fpump

nk
(t) describes the pump- 

pulse–induced increase in the carrier population and accounts for 
the pump pulse energy and spectrum, pulse duration, and optical 
transition dipoles, with photoinduced carrier density matching the 
experimental value (see note S2 for details).

We perform rt-BTE simulations separately for electrons and holes 
to obtain their time-dependent occupations, f e

ck
(t) and f h

vk
(t) , where 

c and v are conduction and valence band indices. Using these occu-
pations, we compute the TA spectrum as a function of probe photon 
energy E and pump-probe delay t according to

where pvck are momentum-resolved dipole matrix elements for optical 
transitions between valence and conduction bands, E is the probe 
photon energy, and εe

ck
 and εh

vk
 are electron and hole band energies, 

respectively. By construction, Eq. 2 allows the TA signal to be sepa-
rated into distinct electron and hole contributions by selectively 
retaining the corresponding time-dependent occupation term, f e

ck
(t) 

for electrons or f h
vk
(t) for holes. (Note that hole occupations are de-

fined as f h = 1 − f e).

Carrier cooling signatures in TA maps
Figure 2A shows simulated TA maps in GaN for a pump photon 
energy of 4.23 eV. The spectral shape of the photobleaching signal 

and the associated cooling timescales are in good agreement with 
the experimental TA measurements, as is seen by comparing Fig. 2A 
and Fig. 1A. To characterize the spectral features associated with 
electron relaxation, we overlay a straight line corresponding to the 
simulated electron cooling trajectory on the TA map. This curve 
provides a visual representation of the energy loss of photoexcited 
electrons and quantifies their cooling rate, obtained from additional 
first-principles rt-BTE simulations in which carrier relaxation is 
modeled by initializing the carrier occupations as wave packets peaked 
at the pump photon energy (see note S3 and fig. S1 for details). Note 
that we do not provide a straight cooling trajectory for holes as the 
simplified analysis, which uses a constant cooling rate, does not reli-
ably capture the dynamics near the valence-band edge.

In our simulated TA maps in Fig. 2A, the signal is dominated by 
the electron contribution. The electron cooling trajectory closely 
follows the main spectral feature, starting at t = 0 and E = 4.2 eV 
and reaching a steady state at t ≈ 250 fs and E ≈ 3.5 eV. This behavior 
is further corroborated by the electron-only TA map shown in Fig. 2B, 
which reproduces the key features of the total transient response. 
In contrast, the hole contribution (Fig. 2C) exhibits a substantially 
broader energy distribution and reaches a steady state on a much 
shorter timescale, of the order of 30 fs; note that the color scale in 
the hole-only map is one order of magnitude smaller than that used 
for the total and electron-only maps. Figure 2E shows temporal cuts 
of the separated electron and hole contributions to the TA signal. 
Their distinct rise times confirm the substantially faster hole cool-
ing, with most of the hole response developing within the first 30 fs, 

ΔA(E, t)∝ −
∑

vck
∣pvck ∣

2 [f e
ck
(t) + f h

vk
(t)]

×δ[E−
(

εe
ck
−εh

vk

)

]
(2)

Fig. 2. Simulated carrier dynamics and TA maps in GaN. (A) Normalized TA map, shown as color-coded signal (in arbitrary units) as a function of pump-probe delay time 
and probe photon energy at 4.23-eV pump energy. (B and C) Corresponding electron and hole contributions to the TA map, shown respectively in (B) and (C), normalized 
to the maximum of the signal in (A). The straight magenta line is the cooling trajectory for electrons extracted from our first-principles calculations. Note that the origin of 
the simulated TA maps in (A) to (C) corresponds to the bandgap, and we neglect bandgap renormalization effects in our calculations. (D) Time-dependent electron (ma-
genta) and hole (gray) occupation snapshots from 0 to 250 fs, overlaid on the band structure at selected pump-probe delays. The line thickness represents the magnitude 
of the occupations fnk . The side panels show Brillouin-zone integrated occupations as a function of energy for electrons (top) and holes (bottom). (E) Simulated electron 
and hole contributions to the TA signal as a function of pump-probe delay at a fixed probe energy of 3.52 eV. Both contributions are normalized to the maximum magni-
tude of the total TA signal. The hole contribution is shown at its original amplitude as a dashed line and, for visibility, multiplied by a factor of 10 as a solid line. The probe 
energy used for these temporal cuts is marked by dashed lines in (B) and (C). The black dashed lines show linear fits that help estimate the characteristic electron and hole 
cooling times. The shaded orange region indicates the duration of the pump pulse.
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compared with the much slower rise (100 to 200 fs) of the electron 
TA signal.

The carrier distributions in momentum space shown in Fig. 2D 
provide additional insight into the microscopic relaxation dynam-
ics. Following photoexcitation at t = 0 , electron and hole wave pack-
ets are generated with an initial energy separation equal to the pump 
photon energy. As relaxation proceeds through carrier-phonon scat-
tering, both packets lose energy as they move toward their respective 
band edges while simultaneously broadening in momentum space. 
The markedly different relaxation rates of electrons and holes are 
evident in the occupation snapshots: Holes cool significantly faster 
and reach the valence-band edge on a much shorter timescale than 
electrons approach the conduction-band minimum. The rapid cooling 
of holes arises from two distinct physical mechanisms. First, GaN 
exhibits an intrinsic asymmetry in electron-phonon and hole-phonon 
coupling strengths. Because of strong hole-phonon coupling, com-
bined with threefold valence-band degeneracy in the Γ valley, photo-
excited holes lose energy more rapidly through phonon emission 
(21, 35). From our first-principles simulations, we extract a hole 
cooling rate of rh = 12.3 meV/fs compared to a slower electron cooling 
rate of re = 5.9 meV/fs.

Second, differences in the effective masses of electrons and holes 
lead to distinct initial excitation conditions. As shown in the t = 0 
snapshot in Fig. 2D, holes are excited closer to the valence-band 
edge than electrons are to the conduction-band edge. As a result, 
even in the hypothetical case of identical cooling rates, holes would 
reach the band edge earlier following photoexcitation. Both effects 
are captured in the analytical expression for the slope of the electron 

cooling trajectory, given by −re
(

1+
meff

e

meff
h

)

 (see note S4 and fig. S2). 

For GaN, these effects together account for the order-of-magnitude dif-
ference between electron and hole cooling following optical excitation.

Another clear trend is that the TA signal is substantially larger 
for electrons than for holes. This behavior originates from the three-
fold degeneracy of the valence band at the Γ valley. The occupation 
of a conduction-band state with momentum k Pauli blocks optical 
transitions from all three valence-band states at the same k , as only 
a single conduction band is present near the band edge. In contrast, 
the occupation of a hole state blocks transitions involving only a single 
valence-band state. Therefore, because the densities of photoexcited 
electrons and holes are equal, electron relaxation produces a signifi-
cantly stronger Pauli blocking signal in the TA spectrum.

Dependence of TA on photoexcited carrier density
We next examine the dependence of the TA spectra on the photoex-
cited carrier concentration. Figure 3 shows the TA maps in GaN for 
three carrier densities, obtained from experiment (Fig. 3, A to C) 
and simulations (Fig. 3, D to F). For direct comparison, all maps are 
shown using identical energy and timescales, with a focus on the 
bleaching dynamics. Below the experimental TA maps in Fig. 3 (A to C), 
we show temporal cuts of the experimental and simulated TA signals 
at a fixed probe energy near the minimum of the photobleaching 
feature. To enable a direct comparison of the signal build-up, both 
the simulated and experimental temporal traces are plotted such that 
the TA signal reaches 5% of its maximum value at t = 0 in both 
experiments and simulations. At carrier densities of 2.0 × 1017 and 
4.0 × 1017 cm−3, the experimental and simulated signals reach satura-
tion on comparable timescales of ∼100 to 200 fs and display similar 
early-time rise rates and overall temporal behavior. At the highest 

carrier density of 4.8 × 1019 cm−3, the experimental dynamics exhib-
its two components: an initial rise with a slope comparable to those 
observed at the lower densities, followed by a slower evolution that 
is absent from the simulated result. We tentatively attribute this 
slower component to electron-electron scattering, which is expected 
to become increasingly important at high carrier densities but is not 
included in our first-principles simulations.

At the lowest carrier concentration, the cooling trace associated 
with electron relaxation is only weakly visible in the experimental 
spectrum. With increasing carrier density, this feature becomes pro-
gressively clearer and shows good agreement with the electron cooling 
trajectory extracted from first-principles simulations. In addition, 
the experimental maps exhibit an early-time low-energy tail at probe 
energies below ∼3.5 eV, visible at pump-probe delays t < 10 fs for all 
carrier concentrations. Although this feature is not sharply resolved 
in the simulated TA maps, the calculated carrier dynamics shows 
that hole relaxation is expected to occur on a ∼10-fs timescale. This 
provides indirect evidence that the low-energy tail at early times may 
be a signature of hole cooling.

At longer times after carrier cooling has concluded, we observe 
a difference between experiment and simulation in the steady-state 
photobleaching band (dark blue regions at t < 200 fs in Fig. 3), 
which appears narrower in the experimental maps. The width of the 
photobleaching band reflects the energy spread of the steady-state 
carrier distributions and is not captured reliably in our simulations 
because electron-electron (e-e) interactions, which become increas-
ingly important at higher carrier densities, are not included. Never-
theless, both experiment and theory show the same trend: The width 
of the steady-state bleaching band increases with carrier density, 
reflecting the increasing energy spread of the steady-state carrier 
distributions. Including e-e scattering would modify the steady-state 
bleaching band in the simulated TA maps but is expected to have a 
negligible impact on early-time carrier cooling at the relatively low 
carrier densities studied here.

Ultrafast carrier dynamics in GaAs
Having established the signatures of asymmetric electron and hole 
cooling in the transient optical response in GaN, we now turn to 
GaAs to assess the presence of asymmetric cooling and its spectro-
scopic signatures in a prototypical zinc-blende semiconductor. Because 
of the smaller bandgap in GaAs (1.42 eV compared to 3.45 eV in GaN), 
transmission measurements in GaAs require thin free-standing crys-
tals or epilayers grown on transparent substrates, both of which are 
challenging to fabricate and handle. For this reason, we perform mea-
surements on bulk GaAs samples in reflection geometry. Although 
nonequilibrium measurements generally exhibit distinct spectral re-
sponses in reflection and transmission geometries—owing to photo-
induced variations of the real and imaginary parts of the dielectric 
function combining in nontrivial ways—their temporal evolution is 
expected to remain largely unchanged, as it reflects the underlying 
carrier dynamics rather than the specific optical detection approach.

Figure 4 compares the experimental and simulated transient optical 
response in GaAs. To match the color coding in the TA spectra, in 
Fig. 4A, we plot the negative of the experimental TR signal, −ΔR∕R . 
With this convention, blue-negative features are associated with 
hot carrier cooling, while red features correspond to bandgap re-
normalization. In the simulations in Fig. 4B, we still analyze the 
TA spectra to extract the carrier cooling timescales and spectro-
scopic signatures.
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In the experimental TR map, we observe a pronounced bandgap 
renormalization trace (red feature in Fig. 4A), while the carrier 
cooling signal (blue) appears at a slightly higher energy of 1.43 eV at 
∼0.5 ps and reaches saturation at ∼1.0 ps. The bandgap renormal-
ization signal occurs at zero time delay independent of the pump 
photon energy, whereas the carrier cooling feature exhibits progres-
sively longer saturation times for higher pump photon energies (see 
note S5 and fig. S3 for TR spectra in GaAs at different pump photon 
energies). These observations confirm that the blue feature in the 
experimental TR spectrum originates from carrier cooling.

In the simulated TA spectrum shown in Fig. 4B, we observe satu-
ration of the carrier cooling signal at ∼2.5 ps. Despite a discrepancy 
of about a factor of two in the cooling time, both experimental and 
simulated spectra exhibit clear signatures of electron relaxation and 
cooling. As in GaN, hole cooling in GaAs occurs on a much shorter 
timescale and gives rise to a weaker TA signal (see the separated car-
rier contributions in note S6 and fig. S4). Because of the very short 
timescale and weak signal, we cannot unambiguously resolve this 
fast hole cooling signature in the experimental TR spectra of GaAs.

Carrier cooling is substantially slower in GaAs than in GaN. Al-
though the ratio of electron to hole effective masses in GaAs is com-
parable to that in GaN, the cooling rates in GaAs are significantly 

smaller and display a stronger asymmetry. From our simulations, we 
extract cooling rates of re = 0.1 meV/fs and rh = 0.7 meV/fs. When 
accounting for the different carrier excitation conditions due to the 
different effective masses, holes excited by an optical pulse reach the 
band edge ∼66 times faster than electrons in GaAs. The main origin 
of this difference lies in the longitudinal optical (LO) phonon en-
ergies in the two materials: ℏωLO ∼ 90 meV in GaN compared to 
ℏωLO ∼ 35 meV in GaAs (38). Therefore, a single LO-phonon emis-
sion event removes substantially more energy from a hot carrier in 
GaN than in GaAs. In addition, while the hole-phonon scattering 
rates in GaN and GaAs are comparable, the electron scattering rates 
in GaAs, including contributions from LO-phonon and other scat-
tering channels, are approximately an order of magnitude smaller 
than those in GaN (see note S7 and fig. S5). Together, these factors 
account for the substantially slower electron cooling and enhanced 
cooling asymmetry in GaAs.

DISCUSSION
Our combined experimental and theoretical investigation of ultra-
fast carrier cooling in GaN and GaAs reveals common spectroscop-
ic signatures in the transient optical response of both wurtzite and 

Fig. 3. TA dependence on photoexcited carrier density in GaN. (A to C) Experimental TA maps as a function of pump-probe delay and probe photon energy for photo-
excited carrier densities of (A) 2.0 × 1017 cm−3, (B) 4.0 × 1017 cm−3, and (C) 4.8 × 1019 cm−3, obtained with a pump photon energy of 4.35 eV. The panels below the experi-
mental TA maps show the normalized TA as a function of pump-probe delay at a fixed probe energy chosen near the minimum of the saturated TA signal: 3.47 eV for the 
experimental curves (blue) and 3.52 eV for the simulated curves (red). (D to F) Corresponding simulated TA maps computed for the same carrier densities and pump en-
ergy. The electron cooling trajectories extracted from first-principles simulations (see note S4) are overlaid on both the experimental and simulated maps.
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zinc-blende semiconductors. The TA signal is dominated by electron 
cooling mediated by LO-phonon emission through e-ph interactions, 
with relaxation to the steady state occurring on timescales ranging 
from ∼100 fs to several picoseconds. Guided by first-principles cal-
culations, we identify the temporal and spectral region in which the 
comparatively weak hole contribution is expected to appear, on a 
timescale of 10 fs, although it cannot be resolved unambiguously 
in the experimental spectra. The pronounced asymmetry between 
electron and hole cooling originates from the stronger hole-phonon 
coupling and larger effective masses of holes, which together lead to 
order-of-magnitude faster hole relaxation. Theoretical modeling is 
essential for identifying these hole-cooling signatures, as the hole 
contribution to the transient optical response is comparatively weak 
and broadly distributed in energy. We note that this combined 
experiment and theory framework is transferable to other material 
systems in which hole signatures are more pronounced and can be 
distinguished clearly. Early work on GaAs quantum wells (39) observed 
a similar carrier cooling asymmetry and attributed it to hot-phonon 
effects, whereby excited LO phonons reheat electrons and slow their 
cooling. In contrast, our simulations reproduce large electron-hole 
cooling asymmetries in quantitative agreement with experiment 
without invoking coupled phonon dynamics or hot-phonon effects 
(24). This demonstrates that hot-phonon effects are not a prerequi-
site for observing large cooling asymmetries in bulk GaN and GaAs.

Our findings have broad implications for electronic materials 
and devices. On the basis of its microscopic origin, the carrier cooling 
asymmetry identified in this work is expected to be a general mech-
anism in wurtzite, zinc-blende, and possibly other classes of semi-
conductors. Therefore, differences in excited electron and hole 
dynamics could be leveraged in semiconductor-based technologies, 
including photovoltaics, photocatalysis, thermoelectrics, sensing, and 
spintronics. Beyond conventional semiconductors, other material 

classes—including complex oxides, organic crystals, and topological 
materials—are promising candidates for exhibiting similarly distinct 
electron and hole dynamics, owing to widely different e-ph coupling 
strengths, effective masses, and band dispersions of electron and 
hole carriers.

Our work establishes a predictive theory-experiment framework 
for resolving the distinct electron and hole cooling dynamics in 
generic materials. By advancing the microscopic understanding of 
nonequilibrium excited-state dynamics, this approach opens new 
opportunities across conventional and quantum materials. Future 
work will extend the modeling to capture coherent dynamics at early 
times and develop advanced ultrafast experimental schemes to more 
effectively disentangle the coupled dynamics of electrons, holes, spins, 
and phonons.

MATERIALS AND METHODS
Sample growth and preparation
GaN sample preparation
The 75-nm-thick GaN film is grown by metal-organic vapor phase 
epitaxy on a double-sided polished sapphire substrate with a 70-nm 
AlN nucleation layer on top. The AlN layer facilitates the high crystal-
line quality of the GaN layer and is optically inactive in the spectral 
region of the experiment because its 6-eV optical gap is much larger 
than that of GaN.
GaAs sample preparation
The 200-nm-thick GaAs layer is grown by molecular beam epitaxy 
on a single side polished undoped GaAs(001) substrate. The substrate 
temperature during the epilayer growth is 570°C, and the growth 
rate is 0.5 ML/s [1 ML corresponds to the site number density of the 
unreconstracted GaAs(001) surface: 6.26 × 1014 atoms/cm−2]. The 
As4 beam equivalent pressure during the growth is 8 × 10−6 torr 
measured by the ion gauge, which is equivalent to V/III ratio of ∼10. 
Homoepitaxial growth smooths the surface after thermally removing 
the native oxide layer. After the growth, the smooth surface is con-
firmed by the appearance of the GaAs(001)-(2x4) reconstruction 
monitored by the reflection high-energy electron diffraction technique.

Computational details
Ground-state density functional theory calculations are performed 
using a plane-wave basis within the local density approximation 
(LDA) using the Quantum Espresso package (40). We use relaxed 
lattice parameters, a = 3.18 Å and c = 5.18 Å for GaN and a = 5.595 Å 
for GaAs. The plane-wave kinetic energy cutoffs are 80 Rydberg 
(Ry) for GaN and 72 Ry for GaAs, and scalar-relativistic norm-
conserving pseudopotentials are used for both materials (41). The 
Brillouin zone is sampled with coarse k-point grids of 12 × 12 × 12 
for GaN and 24 × 24 × 24 for GaAs. In the carrier dynamics and TA 
calculations, we use electron and hole band structures obtained from 
G0W0 calculations performed with the YAMBO (42) code on top of 
the LDA electronic structure, which provides improved bandgaps 
and carrier effective masses. Phonon dispersions and e-ph perturba-
tion potentials are computed using density functional perturbation 
theory DFPT (40). The e-ph matrix elements are first computed on 
coarse grids and then interpolated to ultrafine grids using the Per-
turbo package (37) starting from Wannier functions generated with 
Wannier90 (43). The coarse grids for e-ph calculations are as follows: 
in GaN, 8 × 8 × 8 k-points for electrons and q-points for phonons, 
and in GaAs, 8 × 8 × 8 k-points for electrons and 16 × 16 × 16 

Fig. 4. Transient optical response in GaAs. (A) Experimental TR map, shown as the 
negative of the TR signal ( − ΔR∕R ) as a function of pump-probe delay and probe 
photon energy for a pump energy of 1.7 eV. (B) Corresponding simulated TA map for 
the same pump energy. The straight magenta line is the electron cooling trajectory.
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q-points for phonons, using the tetrahedron integration method (44). 
We use dense grids of 1803 k - and 903 q-points for GaN, and 1603  k-
and 803 q-points for GaAs. To compute the optical transition dipole 
matrix elements between valence and conduction bands, we first 
obtain the Kohn-Sham wave functions in Quantum Espresso on a 
40 × 40 × 40 k-grid for both materials. The dipole matrix elements 
are then computed with YAMBO using the G-space approach (42) 
and linearly interpolated to dense grids for simulations of carrier 
dynamics and TA spectra. The ultrafast carrier dynamics within the 
rt-BTE is simulated with Perturbo using fourth-order Runge-Kutta 
time integration with a time step of 1 fs.

Ultrafast optical spectroscopy
Broadband optical pump-probe measurements on GaN and GaAs 
were performed in transmission and reflection geometries using a 
home-built pump-probe setup based on a Ti:Sapphire laser. A fraction 
of the laser power was used to pump different home-built noncol-
linear optical parametric amplifiers operating in distinct spectral 
regions, namely, the near-IR/visible and visible/ultraviolet ranges, 
which were used to photoexcite the materials close to and above 
their bandgaps. The probe pulse consisted of a white-light supercon-
tinuum generated by focusing either the laser fundamental or the 
output of a near-IR optical parametric amplifier into a CaF2 plate 
and an yttrium-aluminum-garnet plate, respectively. The estimated 
temporal resolution of the measurements performed on GaN and 
GaAs was 25 to 35 and 120 to 150 fs, respectively. Although the tem-
poral resolution in the GaAs measurements is lower than in the GaN 
case, it remains fully adequate to resolve the hot-electron relaxation 
dynamics, which occur on timescales significantly longer than those 
observed in GaN. Further details about the setup are reported in the 
Supplementary Materials.

Supplementary Materials
This PDF file includes:
Notes S1 to S7
Figs. S1 to S5
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