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Understanding the dynamics of photoexcited carriers is essential for advancing photoelectronic device design. Photon
absorption generates electron–hole pairs, and subsequent scatterings can induce ultrafast thermalization within a picosec-
ond, forming a quasi-equilibrium distribution with overheated electrons. The high-energy tail of this distribution enables
carriers to overcome energy barriers, thereby enhancing quantum efficiency — a phenomenon known as photothermionic
emission (PTE). Despite its importance, the onset and mechanisms of PTE remain under debate. Using real-time time-
dependent density functional theory (rt-TDDFT), we investigate ultrafast carrier thermalization in two-dimensional (2D)
materials graphene and PtTe2, and the results reveal distinct differences. In graphene, both electrons and holes thermalize
into Fermi–Dirac distributions with good agreement to experiment, while PtTe2 exhibits anomalous high-energy tails for
both electrons and holes, deviating significantly from Fermi–Dirac behavior. We attribute this anomaly to differences in
orbital coupling between the two materials, from which we derive design principles for identifying optimal PTE candidates
and, ultimately, improving photodetector performance.

Keywords: ultrafast phenomena, time-dependent density functional theory, photoelectronics, photo-
thermionic emission, 2D materials, graphene, platinum ditelluride
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1. Introduction

Enhancing the performance of photodetectors remains
one of the central goals in modern photoelectronics. Within
the conventional perspective, two primary mechanisms are
recognized for photon detection: (i) photon energy exceed-
ing the band gap of a semiconductor, leading to a direct pho-
toelectronic absorption, or (ii) photoexcited carriers with en-
ergy surpassing the Schottky barrier at the interface of metal-
semiconductor junction, generating a photocurrent. The lat-
ter mechanism, known as the internal photoemission (IPE)
effect, has been pivotal in the development of visible and
near-infrared photodetectors.[1–3] The efficiency and spec-
tral response range of photodetectors are hence fundamen-
tally constrained by the Schottky barrier height. How-
ever, recent experiments on heterojunction devices of two-
dimensional (2D) materials, particularly graphene–silicon sys-
tems, have challenged this limitation. These systems demon-
strated substantial photocurrent responses to long-wavelength
infrared radiation, even in the presence of high Schottky

barriers.[4–8] The PTE effect has been proposed to explain this
discrepancy.[9–13] Being observed in ultrafast transient mea-
surements of graphene,[14,15] PTE describes a non-equilibrium
process in which the photoexcited carriers undergo ultrafast
thermalization via electron–electron (or hole–hole) scattering,
forming quasi-equilibrium distributions, e.g., a Fermi–Dirac
distribution, within sub-picoseconds. The high-energy tail of
this distribution enables carriers to overcome energy barriers,
thereby generating photocurrent and enhancing quantum effi-
ciency. The two-temperature model (TTM), in which electrons
can have a high temperature while the lattice remains relatively
cool, has been widely adopted to describe such system, and the
energy transfer through the electron–phonon coupling gradu-
ally restores the thermal equilibrium between electrons and the
lattice over a longer timescale.[16–18]

While the TTM has been successful in describing pho-
toelectronic processes in graphene-based heterostructures,
questions remain about its general applicability. Specif-
ically, is the Fermi–Dirac distribution always valid and
“temperature” always well-defined across different sys-
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tems? More importantly, how and when can the car-
rier occupation in the high-energy tail be tuned to en-
hance photodetector efficiency? To address the complexi-
ties observed in ultrafast dynamics, extensions to the TTM
have been developed.[19,20] These include non-thermal lat-
tice models,[21,22] three-temperature models,[23] and alterna-
tive theoretical frameworks such as time-dependent Boltz-
mann equations,[24–29] master equations,[30] non-equilibrium
Green’s functions,[31,32] and TDDFT.[33–39] While con-
ventional models primarily attribute the thermalization to
electron–electron scattering,[14,40–43] alternative perspectives
highlight the role of phonon interactions[44–47] or orbital
coupling[35–37,48,49] in shaping carrier dynamics. Nonetheless,
the lack of first-principles studies limits a comprehensive un-
derstanding of thermalization processes, and the mechanisms
underlying the formation of overheated quasi-equilibrium dis-
tributions remain contentious.

In this study, we use rt-TDDFT[34] to investigate the ul-
trafast carrier thermalization dynamics in 2D materials, mono-
layer graphene and PtTe2. We employ an approach[50] based
on band-to-band transition coefficients to examine the time-
resolved evolution of carrier distributions, not imposed a pri-
ori but computed directly from first-principles simulations. In
graphene, we demonstrate that photoexcited carriers rapidly
achieve a Fermi–Dirac distribution within ultrafast timescales,
consistent with experimental observations. In contrast, in
PtTe2, we uncover significant deviations from Fermi–Dirac
behavior in the distribution of photoexcited carriers, charac-
terized by the presence of overheated electrons and holes.
These anomalous thermalization effects are attributed to the
distinctive orbital coupling mechanisms in PtTe2 compared to
graphene. We then propose design principles for identifying
or engineering high-efficiency PTE materials based on orbital
coupling and consistency, providing a roadmap for future ma-
terial development.

2. Real-time time-dependent density functional
theory
Our rt-TDDFT approach is designed to solve non-

perturbative, non-linear dynamics in systems of hundreds
of atoms over timescales ranging from femtoseconds to
picoseconds.[34,50–52] The concepts of this method are elab-
orated in Ref. [34] and summarized as follows: The time-
dependent electron wavefunctions {ψi(t)}, evolving accord-
ing to the time-dependent Schrödinger equation i∂ψi (t)/∂ t =
H (t)ψi (t), can be expanded in terms of the adiabatic states{

φ j (t)
}

,

ψi (t) = ∑
j

C j,i (t)φ j (t) . (1)

Here,
{

φ j (t)
}

are eigenstates of time-dependent Hamilto-
nian, H (t)φ j (t) = ε j (t)φ j (t). The nuclear positions follow

Newton’s law, with forces derived from the total energy via
Hellmann–Feynman theorem. In our rt-TDDFT implementa-
tion, electron–electron interactions are treated within a single-
determinant framework as in conventional DFT approaches,
i.e., in the Kohn–Sham potential including the exchange–
correlation terms.

To analyze the carrier distribution, the time-dependent
density of state DOS(ε, t) and time-dependent density of oc-
cupied state Occ(ε, t) at energy ε and time t are calculated as
follows:

DOS(ε, t) = g∑
j

δ (ε− ε j) , (2)

Occ(ε, t) = ∑
j

δ (ε− ε j)∑
i

Occ0 (
ε

0
i
)∣∣C j,i (t)

∣∣2, (3)

where the summation over j runs over all adiabatic states, and
the summation over i includes all time-dependent states. g is
the spin degeneracy factor, Occ0 (

ε0
i
)

is the initial occupation
on state i at time zero (before laser), C j,i(t) is the expansion co-
efficient in Eq. (1), and δ (ε− ε j) is the Dirac δ function (sub-
stituted by a Gaussian function with a broadening factor in this
work). The density of excited carriers at time t1, Dexci (ε, t1),
can then be calculated by the difference between Occ(ε,0)
and Occ(ε, t1), which we mark as

Dexci (ε, t1) = Occ(ε, t1)−Occ(ε,0) . (4)

Dexci can be either positive or negative, where positive values
indicate excited electrons and negative ones indicate excited
holes. The time-dependent distribution function of electrons
f (ε, t) is derived from the equation

Occ(ε, t) = f (ε, t)×DOS(ε, t) , (5)

and the distribution function of excited carrier at time t1,
fexci (ε, t1), is defined as the difference between f (ε,0) and
f (ε, t1),

fexci (ε, t1) = f (ε, t1)− f (ε,0) . (6)

This approach ensures that the carrier distribution f is not im-
posed a priori, but is instead computed directly from first-
principles simulations.

The DFT and rt-TDDFT simulations are implemented
in the PWmat package. All runs have been calculated us-
ing norm-conserving pseudopotentials (NCPP) and Perdew–
Burke–Ernzerhof (PBE) functional[53] (see the supplementary
materials for details).

3. Results and discussion
3.1. Ground-state properties of graphene and PtTe2

We first calculated the lattice constants and band struc-
tures for monolayer graphene and PtTe2, and compared the re-
sults with previous literature. As summarized in Table 1, our
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calculated lattice constants of graphene and PtTe2 deviate from
experimental values[54,55] by approximately 0.05% and 0.3%,
respectively. Previous studies have extensively validated the
DFT simulations for graphene.[56–59] In this work, we focus
on the monolayer PtTe2, and the calculated band structures
for both graphene and PtTe2 are presented in Fig. 1. The
result reveals an indirect bandgap of 0.34 eV. Both the gap
energy and the E versus 𝑘 dispersion agree well with prior
studies.[55,60–62]

Table 1. Comparisons of lattice constants of monolayer graphene and
PtTe2.

This work Previous theory Experiment

Graphene 2.458 Å
2.4589 Å[56]

2.4589±0.0005 Å (297 K)[54]2.4595 Å[57]

2.46 Å[58]

PtTe2 4.043 Å
4.05 Å (PBE+D3)[55]

4.03 Å[55]4.1 Å (PBE+TS)[55]

4.06 Å (PBE+MBD)[55]
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Fig. 1. Ground-state properties of monolayer PtTe2 and graphene: (a) schematic diagram of PtTe2 atomic structure, (b) comparisons of
PtTe2 band structures between this work (red) and the previous study in Ref. [55] (blue), (c) dispersive features of PtTe2 along the Γ –K
direction, showing a comparison between this work (red solid lines) and experimental ARPES data from Ref. [55] (black-blue-white colormap),
(d) schematic diagram of graphene atomic structure, (e) comparisons of graphene band structures between this work (red) and the previous
theoretical study in Ref. [63] (blue).

3.2. Photoexcited carrier thermalization in graphene

Using a laser field similar to the one reported in ex-
periment Ref. [15] (See supplementary materials for details
in the “computational parameters” section), we investigate
the photoexcited carrier distributions fexci (ε, t) obtained from
TDDFT and compare them with the ones extracted from en-
ergy distribution curves reported in the same reference. Fig-
ure 2 illustrates the simulated distribution functions of the ex-
cited carriers from TDDFT. Both electrons and holes thermal-
ize into well-defined Fermi–Dirac distributions, with good-

ness of fit R2 > 0.9. Such quasi-equilibrium distributions are
formed within 30 fs (Fig. 2(b)), a timescale aligns well with
that from ultrafast experiment but significantly shorter than
that typically required for electron–phonon coupling. The
temperature of the excited electrons after 30 fs, extracted from
the Fermi–Dirac fit, is approximately 3000 K, which is in good
agreement with experimental results in Ref. [15]. The Fermi–
Dirac behavior is maintained throughout the simulation (to
240 fs, Fig. 2(c)). While there is no evident cooling or recom-
bination processes observed, suggesting that these phenomena
may occur over longer timescales.
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Fig. 2. Carrier distributions in monolayer graphene. (a) The calculated ground-state density of states of monolayer graphene, projected onto the in-plane,
sp2-hybrid orbital (red) and the out-of-plane pz orbital (black). (b)–(c) The distribution functions of photoexcited electrons (red, thin line) and holes
(blue, thin line) after 30 fs (b) and 240 fs (c). Note that for holes the distribution is plotted by the absolute values (reversed in sign) to provide a direct
comparison to electrons. Shaded, thicker lines represent the corresponding Fermi–Dirac fits. The fitting parameters, including the goodness of fit (R2

e ,
R2

h), temperature (Te, Th), and chemical potential (µe, µh), are labeled next to the fitted curves.

3.3. Photoexcited carrier thermalization in PtTe2

The evolution of the carrier distribution in monolayer

PtTe2, however, exhibits significant differences compared to

graphene. Figure 3 illustrates fexci (ε, t) at several different

time steps for monolayer PtTe2 exposed to a 1.5-eV laser. The

dashed vertical lines mark the region from −1.5 eV to 1.5 eV
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(setting the valence band maximum as the energy zero), corre-
sponding to the single-photon absorption region. Beyond this
region lie the overheated electron region (> 1.5 eV) and over-
heated hole region (<−1.5 eV), as shown in Fig. 3(a).

At the initial stage of laser incidence (30 fs, Fig. 3(a)),
almost all excitations occur within the single-photon absorp-
tion region. At this point, the excited electrons have already
thermalized to a Fermi–Dirac distribution with a tail extending
to higher energies, while the holes do not follow the Fermi–
Dirac distribution. After that, the excited carriers quickly di-
verge from the Fermi–Dirac function in both the low- and
high-energy regions. Specifically: (i) For the electron, an in-
ternal gap develops between 2 eV and 2.5 eV, with excited

electrons accumulating around 2.6 eV, forming a small peak
(Figs. 3(b)–3(d)). This results in a non-negligible larger num-
ber of overheated electrons than what would be expected from
a typical Fermi–Dirac high-energy tail. (ii) For the hole, it
exhibits a broad and continuous distribution extending from
−1.6 eV to −2.8 eV, indicating a remarkably high population
of overheated holes. These anomalies persist throughout the
simulation period, with both overheated electrons and holes
maintaining their presence. We have also calculated this sys-
tem with all atoms frozen at their equilibrium positions, i.e.,
with no phonon involved, and found that the thermalization
dynamics remains unchanged (Section S4 in the supplemen-
tary materials).
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Fig. 3. The distribution functions of photoexcited electrons (red line) and holes (blue line) in monolayer PtTe2. The two vertical dashed lines separate the
three regions, i.e., the single-photon absorption, overheated electrons, and overheated holes. Note that only the electron distribution in panel (a) exhibits
an obvious Fermi–Dirac behavior, where the Fermi–Dirac fit is shown by a shaded, thicker red line. No other distribution exhibits significant goodness of
Fermi–Dirac fit.
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Fig. 4. The time-dependent total number of excited electrons and density of excited electrons in PtTe2, from TDDFT calculations. (a) Total
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Indeed, distribution function fexci (ε, t) alone is insuffi-
cient to fully describe the photoresponse. In fact, the pho-
tocurrent is expected to be proportional to the total number
of overheated carriers, which directly correlates with the den-
sity of excited carriers Dexci (ε, t), the product of the distribu-
tion function fexci (ε, t) and the density of states DOS(ε, t), as
derived by Eqs. (4)–(6). To understand the non-trivial ther-
malization, it is necessary to analyze the detailed dynamics
of total number of excited carriers and the Dexci (ε, t). Fig-
ure 4(a) shows the percentage of excited electrons relative to
the total valence electrons in PtTe2 over time. Under the influ-
ence of the oscillating electric field with a Gaussian envelope,
electrons are gradually excited from the valence to conduction
bands. At the end of the laser (approximately 120 fs), the exci-
tation stabilizes, with approximately 1.3% of the valence elec-
trons transitioning to the conduction band. While, to the best
of our knowledge, no direct experimental data has been re-
ported for PtTe2 on the number of ultrafast photoexcited elec-
trons, this value of ∼ 1% is comparable to results for similar
compounds reported in previous studies.[64,65] Figures 4(b)–
4(e) show the density of excited carriers Dexci (ε, t) at 30 fs,
90 fs, 120 fs, and 240 fs, respectively. Positive values rep-
resent excited electrons while negative values correspond to
excited holes. At t = 30 fs (Fig. 4(b)), the laser field intensity
remains low, and the total energy input from laser is relatively
small. As a consequence, there are only limited numbers of
excited electrons and holes. The photoexcitation occurs pre-
dominantly in the single-photon absorption region, indicating
energy-conserving, single-particle excitation processes. As
the laser intensity increases, a significant number of electron-
hole pairs are generated, and Dexci (ε, t) demonstrates non-
monotonic behavior at 2.6 eV for electrons and from −1.6 eV
to −2.8 eV for holes, the same energy regions as observed in
fexci (ε, t) in Fig. 3. This correlation indicates that the anoma-
lies originate from the excitation processes themselves rather
than being an artifact of the density of states. Notably, the
number of overheated holes is significantly larger than that of
overheated electrons. Such asymmetry between electron and
hole is absent in graphene, indicating an asymmetric PTE ef-
ficiency for PtTe2 between n-type and p-type heterojunctions.

3.4. The crystal-field splitting and orbital coupling in
PtTe2

Now, we discuss the physical mechanism behind such
anomalous thermalization.

Firstly, we introduce coupling factor Q to assess the
strength of the coupling between two orbitals α and β :

Q = 1−

∣∣∣projα −projβ
∣∣∣

projα +projβ
, (7)

where projα and projβ are the projected density of states
(PDOS) on orbitals α and β , respectively. By definition, Q

ranges from 0 to 1, with larger values indicating stronger or-
bital coupling.

In PtTe2, the Pt ions are positioned at the center of
distorted (PtTe6) octahedra with D3d site symmetry. The
schematic diagram of Fig. 5(a) summarizes the hierarchy
of crystal-field splitting that lifts the degeneracy of electron
states. In a non-distorted octahedron with Oh symmetry, the 5d
orbitals of Pt split into t2g and eg degeneracies. The D3d distor-
tion induces further splitting among the eg, leading to e′′g , a1g,
and e′g states. The Pt4+ ions have a valence electron configu-
ration of 5d6, resulting in the energy gap between a1g (VBM)
and e′′g (CBM) states, marked by light blue in Fig. 5(a). Once
combined with the ligand configuration of Te2−, the complete
orbital configuration near the Fermi level can be described, as
shown in Fig. 5(b). The VBM in single-photon absorption re-
gion and deeper VB in the overheated hole region consist of
dxy, dyz, and dxz orbitals from Pt 5d, bonding with the π or-
bitals from Te 5p (pπ ); the CB in single-photon absorption re-
gion has dx2−y2 and dz2 from Pt, and the σ orbitals from Te 5p
(pσ ). Above 2.5 eV (overheated electron region) there exists
the s–p coupling which is mainly Pt 6s and Te 5p (pσ ). The
orbital configuration in PtTe2 is in distinct differences to that
of graphene, the latter of which (Fig. 2(a)) is dominated by a
single orbital (pz) in a large energy region near the Fermi level.

After the laser is turned on, the single-particle optical
transitions predominantly occur between the a1g → e′′g states,
as governed by selection rules and the fact that the VBM
is mainly Te 5p orbitals. Consequently, the initially excited
electrons and holes are expected to predominantly occupy Te
5p and Pt 5d orbitals, respectively. Now, the differences in
thermalization efficiency between electrons and holes can be
understood through the distinct orbital coupling mechanisms
they follow:

(I) Electrons: Electrons in the low-energy states can ther-
malize to higher energies via two possible routes. (i) Pt 5d→
Pt 6s. This route is inefficient due to the weak orbital coupling
with Q = 0.33 between 5d and 6s states. (ii) Pt 5d→Te 5p→
Pt 6s. For the first step (Pt 5d→Te 5p), Q = 0.55; for the
second step (Te 5p→Pt 6s), Q = 0.68. This route involves a
two-step process with charge transfer between the ion (Pt) and
the ligand (Te), and the efficiency is hence limited. Orbital-
projected densities of excited electrons (Figs. 5(c)–5(f)) con-
firm that the high-energy electrons observed at the 2.6 eV peak
reside in the Pt 6s orbital, supporting the explanation above.

(II) Holes: Holes exhibit higher thermalization efficiency
because they do not require charge transfer between orbitals
for energy redistribution. The low- and high-energy states
share the same orbital configuration, primarily derived from
Te 5p orbitals. This orbital consistency enables smoother en-
ergy transitions and more efficient thermalization.
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Fig. 5. (a) Schematic diagram of crystal-field splitting in PtTe6 cluster. (b) Ground-state orbital-projected DOS of PtTe2. (c)–(f) Orbital-
resolved density of excited carriers in PtTe2 at (c) 30 fs, (d) 90 fs, (e) 120 fs, and (f) 240 fs.

3.5. Design principles for optimal PTE materials

Based on the orbital coupling mechanism discussed
above, we propose the following design principles for iden-
tifying or engineering compounds with high PTE efficiency.
A necessary (but not sufficient) condition for achieving high
PTE efficiency is the presence of favorable orbital dynamics
that facilitate energy transfer or redistribution. Specifically:

(i) Strong orbital coupling across energy regions
High PTE efficiency can be achieved if there is significant

coupling between the primary orbitals in the single-photon
absorption region (low-energy states) and those in the target
high-energy region. Such coupling ensures efficient energy
redistribution and minimizes energy loss during carrier ther-
malization.

(ii) Orbital consistency across energy regions
Alternatively, if the low- and high-energy regions share

the same dominant orbitals, energy redistribution becomes
seamless, as no charge transfer or interorbital transitions are
required. This condition reduces thermalization bottlenecks,
ensuring rapid carrier relaxation and high PTE efficiency.

Such design principles can be used to identify candidate
materials, or to apply modifications on the orbital composi-
tions of VBM and CBM in materials lacking inherent orbital

coupling or consistency, e.g., doping, strain engineering, or
heterostructuring.

Additionally, the physical phenomena observed in mate-
rials with stronger orbital coupling, such as MoSe2, can also
be explained using the design principles we propose. Com-
pared to PtTe2, theoretical studies[37] have shown that MoSe2

exhibits stronger coupling between Mo 4d and Se 4p orbitals
in the CBM to CBM +4 eV range, whereas at higher energies,
Mo 5s orbitals exhibit weak coupling to other states. Despite
the strong localization of Mo 4d electrons and pronounced
many-body effects, excited electrons in MoSe2 exhibit a faster
and broader thermalized distribution between CBM and CBM
+4 eV, with much weaker thermalization at higher conduction
band states. This trend is consistent with the variation in the
strength of orbital coupling.

4. Conclusion and perspectives
In this study, we employed rt-TDDFT to investigate

the ultrafast thermalization dynamics of photoexcited carriers
in monolayer graphene and PtTe2, revealing the fundamen-
tal mechanisms driving PTE and outlining design principles
for optimizing material performance. In graphene, carriers
rapidly thermalize into Fermi–Dirac distributions within ul-
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trafast timescales, consistent with experimental results and in-
dicative of efficient energy redistribution. In PtTe2, however,
carrier distributions exhibit marked deviations from Fermi–
Dirac behavior, characterized by persistent high-energy tails
resulting from unique orbital coupling mechanisms. These
findings establish the critical role of orbital interactions in
shaping ultrafast dynamics, and provide design principles
for identifying or engineering high-efficiency PTE materials
based on orbital coupling and consistency. This study ad-
vances the understanding of ultrafast carrier dynamics, high-
lights the limitations of conventional thermalization models,
and underscores the need for material-specific considerations
in designing next-generation photoelectronic devices.
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