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We use time- and angle-resolved photoemission spectroscopy (TR-ARPES) combined with density
functional theory to investigate ultrafast carrier dynamics in low-symmetry layered semiconducting
PdSe,. The indirect bandgap is determined to be 0.55 eV. Following photoexcitation above this gap,
we resolve a valence band shift and broadening, both lasting less than a picosecond, consistent with
bandgap renormalization and carrier scattering, indicative of strong many-body interactions.
Subsequently, hot carriers populate the conduction band minimum and are captured by defect states.
A surface photovoltage (SPV) of ~67 meV emerges, persisting for over 50 ps, driven by defect-assisted
charge separation. The formation of native vacancies, promoted by the low-symmetry lattice, likely
gives rise to the mid-gap states responsible for this long-lived SPV response. Detailed analysis of TR-
ARPES spectra disentangles the contributions of bandgap renormalization, carrier scattering, defect
states, and SPV. These findings establish PdSe; as a prototypical layered quantum material exhibiting

exotic photoresponses on ultrafast timescales.

Quantum materials composed of stacked van der Waals layers have
attracted tremendous attention in scientific research and advanced tech-
nology owing to their distinctive quantum effects and remarkable physical
properties'”. Among these is the noble transition metal dichalcogenide
(TMDC) PdSe,. Distinct from the widely studied TMDCs such as MoS,,
WS,, and WSe,, PdSe, features a unique puckered layered structure com-
parable to that of black phosphorus (BP)*, and has recently been shown to
induce anisotropic, gate-tunable spin-orbit coupling in two-dimensional
heterostructures'’. Its corrugated morphology yields a low symmetry, giving
rise to exotic properties such as strong in-plane anisotropy’. Moreover,
PdSe, exhibits high chemical stability compared to BP, which suffers from
degradation under ambient conditions, thereby limiting its
applications*"'™". Its crystallographic direction-dependent physical prop-
erties, high electron field-effect mobility, and exceptional photodetection
performance, with a high quantum efficiency across the visible to mid-
infrared range, make it a promising candidate for next-generation electro-
nics, optoelectronics, spintronics, and valleytronics™*. Despite recent
progress in uncovering various properties of PdSe,, including anisotropic
phonon response™”, oxygen substitution effects”, linear dichroism™,

strong  anisotropic = magnetoresistance”, and  pressure-induced
superconductivity’>”, its intrinsic electronic band structure and photo-
excited carrier dynamics remain relatively unexplored.

The features of the electronic band structure of PdSe, are still under
debate, with studies reporting widely varying band gap values. For the bulk,
estimates range from 0 to 0.52 eV”**”"', while for the monolayer, values
between 1.32 and 1.43 eV have been reported™****, These discrepancies are
largely attributed to the choice of theoretical models and experimental
techniques. Angle-resolved photoemission spectroscopy (ARPES) has
recently been applied to investigate the band structure of bulk PdSe,*™".
Initial ARPES studies identified the valence band (VB) maximum (VBM) at
the Brillouin zone (BZ) center. The absence of conduction band (CB) states
at or below the Fermi level confirmed the semiconducting character®, in
contrast to earlier predictions suggesting a semimetallic nature’. Additional
ARPES investigations revealed a highly dispersive electronic band along the
interlayer direction, indicative of strong interlayer coupling™. Under in situ
electron doping via alkali metal deposition, the CB minimum (CBM)
became observable in ARPES measurements, and the indirect band gap was
estimated to be approximately 0.36 eV*°. However, such doping techniques
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may alter the intrinsic electronic structure, an effect that has also been
observed in other materials, such as in BP, where band modulation and
Stark effects have been reported™. More recently, dark states in the VB of
PdSe, were discovered as a result of sublattice interference, rendering certain
bands invisible to ARPES across the BZs”. These interference effects stem
from multiple glide-mirror symmetries associated with the PdSe, complex
sublattice structure and may be relevant to other quantum materials.
Additionally, temperature- and photon energy-dependent valence band
asymmetries have been observed”, adding further complexity to the
interpretation of static ARPES results.

Although these ARPES-based studies offer valuable insights into the
electronic properties of PdSe,, a more direct method to access the unoc-
cupied states, and the bandgap is time-resolved ARPES (TR-ARPES),
which in addition enables a study of nonequilibrium carrier dynamics*' ™.
This technique, widely employed in the study of quantum materials,
enables simultaneous energy- and momentum-resolved tracking of elec-
tronic states in the time-domain following optical excitation with an
ultrashort laser pulse. It also allows the investigation of transient processes
such as band structure renormalization, carrier relaxation, and coherent
phonon coupling, key to the understanding light-matter interactions. In
PdSe,, investigations into these ultrafast processes have so far been lim-
ited, focusing primarily on its optical response. These studies, mainly
using pump-probe THz spectroscopy, revealed a 4.3 THz coherent pho-
non mode coupled to interlayer charge carriers’. TR-ARPES has emerged
as an effective tool in revealing the detailed electronic response in ana-
logous layered materials such as BP, where it has uncovered phenomena
such as photoinduced band gap renormalization (BGR), broadening, and
Stark effects*™’". Moreover, TR-ARPES has enabled the exploration of the
influence of defect states on carrier dynamics*™, as well as surface
photovoltage (SPV) effects and band bending dynamics under
photoexcitation® ™.

Recent theoretical studies have shown that intrinsic point defects in
PdSe,, particularly Se vacancies and Pd+Se vacancy complexes, can intro-
duce localized in-gap states and magnetic moments. Owing to the PdSe,
characteristic five-fold morphology, Se vacancies are energetically favorable
and highly mobile in both lateral and vertical directions, while Pd vacancies
exhibit significantly higher diffusion barriers and remain largely immobile.
This anisotropic defect behavior supports the formation of weakly

dispersive, real-space localized states that enable charge trapping and
internal field modulation in PdSe,” .

In this work, we combine TR-ARPES with density functional theory
(DFT) calculations to investigate the ultrafast carrier dynamics in pristine
bulk PdSe,. This approach allows direct population of the conduction band
and a precise determination of the indirect band gap. Moreover, we resolve
the energy- and momentum-dependent relaxation pathways of photo-
excited carriers, enabling us to disentangle transient valence band renor-
malization from the emergence of a pronounced surface photovoltage
(SPV) induced by optical excitation.

Results
Electronic structure and sample characterization
The crystallographic structure of PdSe; is shown in Fig. 1a. In its most stable
configuration, PdSe, adopts an orthorhombic crystal structure, classified
under the Pbca space group (No. 61), with lattice parameters: a = 5.741 A, b
=5.806 A, and c=7.691 A, determined via X-ray diffraction™. The bulk unit
cell consists of two PdSe, layers separated by a van der Waals gap, while each
monolayer has a thickness of 52 A””. In the top-view projection, the
monolayer forms a puckered network of non-hexagonal rings similar to the
corrugated layered structure of BP°, as depicted in Fig. la. Structurally, it
comprises three atomic subplanes, with Pd atoms centrally positioned and
covalently bonded to four Se atoms in the upper and lower subplanes’.

Based on theoretical calculations, we focus on the I'-S direction, where
the band dispersion is maximal. This direction enables us to probe the VBM
and CBM (red dots in Fig. 1b), consistent with other first-principles DFT
calculations and prior experimental results™*.

The samples were initially characterized by Raman spectroscopy using
532 nm excitation. To prevent potential sample damage, the laser power was
maintained below 200 4W, with a spot size of 20 ym. To eliminate surface
oxidation, samples were cleaved via micromechanical cleavage using
adhesive tape prior to measurement. Raman experiments were performed in
a parallel geometry with the incident and scattered lights polarized along
both the a-axis or the b-axis, as shown in the lower and upper panels of Fig.
lc, respectively. The Raman spectra of PdSe,, shown in Fig. ¢, reveal six
major peaks corresponding to in-plane and out-of-plane A, and By,
vibrational modes. Specifically, the As-symmetry modes are observed at
147.7, 209.4, and 260.6 cm ™", while the B;,-symmetry modes are found at
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Fig. 1 | Electronic structure of PdSe,. a Top and side views of the PdSe, crystal
structure (upper part), along with a 3D representation of the Brillouin zone showing
high-symmetry points. The lower-right partillustrates the corrugated layer structure
of PdSe,. b k-resolved density of states (DOS) calculated using density functional
theory (DFT) along high-symmetry paths in reciprocal space. Red squares and dots
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highlight the upper valence band and lower conduction band positions. ¢ Raman
spectrum of bulk PdSe, measured at room temperature using 532 nm excitation,
with the polarization of the incident light parallel to the a-axis (lower panel) and to
the b-axis (upper panel).
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Fig. 2 | Determination of the indirect bandgap. a Differential ARPES map of PdSe,
along the I"-S' direction at a pump-probe delay of 1 ps, showing conduction band
(CB) population. Dark brown indicates enhancement, while dark turquoise repre-
sents depletion. The CBM and VBM are observed simultaneously, and the black

dashed lines serve as guides to the eye for the band dispersions. Vertical red and blue
dashed lines mark the energy cuts at the VB and CB, respectively. b DFT calculations
for the highest VB and lowest CB along the I'-S axis at k, = 0 (brown bands) and along
I'-S" at k, = 0.165 plane (green bands) across the BZ (for details see the text). This
figure demonstrates the strong k, dependence as the band gap changes from 0.45 eV

up t0 0.66 eV for k, = 0 and k, = 0.165, respectively. The grey shaded region indicates
the energy range of defect-induced states obtained from DFT calculations (see
Supplementary Information). ¢ EDCs of the VB (red) and CB (blue), extracted along
the corresponding dashed lines in (a) with an integration width of 0.04 A~! from the
absolute intensity of the TR-ARPES signal. The EDC intensity corresponding to the
CB has been multiplied by a factor of 15. The bandgap at this k, point is approxi-
mately 0.80 eV (from the VB peak to the CB peak), whereas the indirect band gap of
PdSe, is calculated to be 0.55 eV; for details, see the main text.

149.5, 225.9, and 271.5 cm™". Based on the strong in-plane anisotropy, the
sample crystal was aligned along either the a-axis or b-axis, as shown in Fig.
1c. The observed Raman modes and their relative intensities are consistent
with those reported for bulk PdSe, in the literature’”.

Determination of the indirect bandgap

For TR-ARPES measurements on PdSe,, the sample was oriented along the
I' — S high-symmetry direction (see Fig. 1b) to enable simultaneous
detection of the VBM and CBM within a single acquisition. Figure 2a
presents a TR-ARPES map of bulk PdSe,, as acquired along the I' — S
direction with 10.8 eV probe photon energy, following excitation by a pump
pulse of 1.2 eV photon energy with a duration of 300 fs. This map was
obtained by subtracting the photoemission spectrum recorded before pump
arrival from the spectrum at a 1 ps pump-probe delay. Dark brown regions
represent photo-induced increase in spectral weight, while dark turquoise
indicates spectral weight depletion.

For comparison, Fig. 2b schematically shows where the CBM is esti-
mated to be near the Brillouin zone corner. The band dispersion, shown in
Fig. 2a, simultaneously reveals the VBM and CBM, directly confirming the
indirect band gap of bulk PdSe,. At 1 ps, the TR-ARPES spectrum exhibits
clear optical excitation across the band gap, leading to electron population in
the CB. The VBM is located at the I'-point. The VB exhibits a pronounced
response at 1 ps, with intensity depletion below and enhancement above the
VBM, which will be discussed later. The CBM is observed 0.54 eV above the
Fermi level in the corresponding constant energy map, slightly away from
the Brillouin zone corners, in good agreement with our DFT results shown
in Fig. 1b.

The energy distribution curves (EDCs) of the VB and CB were
extracted from the corresponding red and blue dashed lines at the I'-point
and at 0.65 A", with an integration width of 0.04 A~, shown in Fig. 2c. We
used a fitting method combining a Shirley-Sherwood, slope and baseline
components to subtract the inelastic background. The resulting spectra
enabled accurate extraction of the valence band peak and energy gap (see
Supplementary Information for further details). The VBM is located at —
0.26 eV below the Fermi level at the I'-point. We note that the probe photon
energy in our photoemission experiment does not access the I'-S plane at

k, =0, where the indirect band gap reaches its minimum, but instead probes
finite out-of-plane momenta corresponding to the I'-S’ plane (see Fig. 2a).
To determine the indirect band gap of PdSe,, we combine TR-ARPES
measurements with the relative k.-dependent dispersion trends from DFT.
Our TR-ARPES experiment utilized a probe photon energy of 10.80 eV.
Based on the known periodicity of I' — Z — I features observed in photon-
energy-dependent ARPES™, the chosen probe photon energy of TRARPES
selects an out-of-plane momentum estimated as k, = 0.162 on a normalized
scale where k, = 0 represents the I point and k, = 0.5 represents the Z point.
We measured the band gap experimentally at this k, value as 0.80 eV (i.e.,
between I" and S/, corresponding to the symmetry points at k, = 0.162
plane). While DFT may not yield the precise absolute band gap, it accurately
models the relative variation of the gap along k.. Therefore, we used the
DFT-calculated dispersion trend to extrapolate our experimental value from
k, = 0.162 back to the I" point (k, = 0). This procedure yields an estimated
indirect band gap at I'of 0.55 eV. This value is grounded in the experimental
measurement and relies only on the relative k, dispersion predicted by DFT
(see Supplementary Information for details).

Photoinduced band dynamics

Figure 3 a displays the differential photoemission intensity near the I point,
obtained by subtracting spectra measured before pump excitation (7 < 0 ps)
from those measured after (7 > 0 ps). This map reveals transient changes,
including intensity increases and decreases, around the VBM. Several
processes can influence the VB lineshape after excitation, such as BGR and
SPV (affecting energy position), spectral depletion (reducing intensity), and
increased carrier scattering (causing band broadening). To quantify these
transient modifications, we analyze the photoemission intensity dynamics
at different energies. We assume that these processes modify the measured
lineshape of the VB EDC. Each process evolves with a characteristic time-
scale and influences the VB dynamics, but can affect distinct energy regions
of the VB differently, leading to varying increases or decreases in the pho-
toemission intensity across the spectrum. To disentangle these contribu-
tions and track the VB dynamics, the differential signal (Fig. 3a) is integrated
over three representative energy regions below Er (dotted boxes, ~30 meV
width). This procedure yields the temporal traces shown in Fig. 3b. To
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Fig. 3 | Photoinduced bandgap renormalization, depletion, and surface photo-
voltage. a Differential ARPES map at the I point shows transient VB evolution after
photoexcitation. b Pump-probe traces or the difference in photoemission (PE)
intensity at selected energy regions (1-3), each integrated over a 30 meV window,
highlight distinct dynamical behaviors. The error bars scale with the fitting uncer-
tainty. ¢ Multi-exponential fit reveals components attributed to band gap renor-
malization, depletion (Dep), and SPV, with shared time constants. d Differential
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ARPES at ~0.65 A~! shows CB electron population and below-Ey. depletion. e The
dynamics of the conduction band minimum (region 4) and the depletion region
(region 5), integrated over energy widths of 300 and 130 meV, respectively, exhibit
asymmetric behavior and delayed hole trapping. f Comparative rise times indicate
ultrafast VB broadening, CB rise ~0.3 ps, and delayed hole depletion (~1 ps),
represented by the black and brown arrows, respectively.

model these temporal traces, we employ a function incorporating three
contributions characterized by distinct timescales, attributed to BGR,
Depletion (Dep), and SPV processes. Using this simple set of assumptions,
we are able to successfully reproduce the spectral weight dynamics of the VB.
The time-dependent photoemission intensity Pl,(f) in the n™ energy
region is given by:

Pl(n)(t) — { |:AR1G)R (1 _ eft/-r?GR)e—l/‘rgGR
—}—A(D:)P (1 — e‘t/T?eP)e_t/Tgcp (1)

]xH@}@Rm,

SPV

+ A et

where A, denotes the amplitude of each component in the n™ energy
region, and 7,, 74 represent the rise and decay time constants, respectively.
The function H(t) is the Heaviside step function, and R(t) accounts for the
Gaussian instrument response. A key assumption is that all regions share the
same time constants (7,, 74) for each process, while the amplitudes (A,))
vary with energy. The extracted timescale values from fitting are summar-
ized in Fig. 3c: BGR rise time 7R is limited by time resolution; decay time
78R = 0.68£0.35 ps; depletion rise 0% = 0.62+0.41 ps; depletion
decay T?ep =276+0.77 ps; and a long-lived SPV decay 75FV =
59.75+12.73 ps (additional discussion is provided in the Supplementary
Information).

Figure 3d presents the temporal evolution of the ARPES intensity at
0.65 A7, corresponding to the momentum of the CBM (blue dashed line in
Fig. 2a). The differential map reveals an increase in spectral intensity fol-
lowing optical excitation, indicating the accumulation of electrons at the
CBM. Interestingly, a reduction in photoemission intensity is seen below Ef,
yet both static ARPES measurements and DFT calculations do not predict
any states at this energy and momentum. Figure 3e shows the dynamics of
the energy regions above and below E, corresponding to dashed boxes 4

and 5 in Fig. 3d. After an initial fast decay of approximately 0.8 ps, attributed
to intraband thermalization and scattering processes, the CBM exhibits
negligible further dynamics and remains populated over long timescales. In
contrast, the depletion observed in region 5 follows a distinct dynamical
behavior compared to the VBM at the I'-S' point as it exhibits a delayed rise
and a significantly slower recovery, persisting for more than 6 ps. This
indicates that region 5 is not associated with the intrinsic valence band
dynamics but rather reflects a separate relaxation channel. This behavior is
inconsistent with strong secondary electron contributions, which are gen-
erated almost instantaneously through inelastic scattering and lack both
temporal structure and energy selectivity. The distinct delay in the signal
onset (see the arrow in Fig. 3f), its localized energy character (region 5), and
its picosecond dynamics collectively support an interpretation based on hole
trapping into mid-gap states introduced by intrinsic defects.

Figure 3 f compares the rise times of BGR (72R) with those of the CB
and the depletion in region 5. The ~ 0.3 ps delay in CB rise reflects intraband
and interband scattering processes, whereas the depletion emerges only after
~1 ps, supporting a scenario of defect-assisted carrier trapping. Our DFT
calculations, together with the observed violation of the selection rules in
Raman spectra, support the presence of such defect states (for details, see
Supplementary Information). The role of these mid-gap states in generating
a long-lived SPV is further discussed in the next section. Such defect-
induced states, most likely native Se or Pd vacancy states that lie within the
band gap, are generally weakly dispersive and localized in real space. They
may not be detectable using static ARPES due to their low cross-section and
occupation. However, following photoexcitation, hole redistribution, matrix
element changes, or enhanced spectral weight due to altered band renor-
malization can reveal their presence. This differential analysis, comparing
pumped and unpumped spectra, isolates the transient pump-induced
dynamics by suppressing the static background, thereby enhancing their
detectability. The timescales of trapping dynamics are in line with obser-
vations across various 2D TMDCs (e.g, MoS,, WS,), where this
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Fig. 4 | Analysis of the surface photovoltage effect. a ARPES maps at three different
pump fluences and a negative pump-probe delay ~—1 ps, along with a differential
ARPES map at high pump fluence, highlighting the negative shift of the top of the
VB. b EDCs (bullets) and their fits (solid lines) near the top of the valence band,
integrated around ~0.1 A", for five different excitation powers, showing a clear band
shift with increasing intensity. The shift of the spectra is the result of SPV. Inter-
pretation of the positive- and negative-delay dynamics in VB. ¢ The upper inset
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illustrates the valence and Fermi bands of the bulk and at the surface. The dashed red
line represents the band bending potential, @spy (surface photo-voltage). The lower
inset in this panel sketches the expected ARPES spectrum. d A comparison of the
event sequences. The black lines perpendicular to the sample surface represent the
SPV-induced electric field. e SPV versus pump fluence. Experimental data (black
marks) were fitted by the test function Eq.(2) (solid red line).

phenomenon is attributed to phonon-assisted trapping or defect capture of
the Auger type™.

Surface photovoltage and transient band Renormalization
Figure 4 reveals the emergence and evolution of SPV in PdSe,, in agreement
with previous studies on other materials****'~**. Figure 4a shows the VB
dispersion for three pump fluences measured 1 ps before the pump pulse
arrival (7). As the pump fluence increases, the entire VB shifts rigidly toward
higher binding energies. This systematic shift is a hallmark of SPV formation:
photoexcited electron-hole pairs screen the equilibrium surface band
bending by partially neutralizing the space-charge field, thereby raising the
local vacuum level and shifting the entire band structure to higher binding
energy in the photoemission spectrum**. Figure 4b presents the corre-
sponding EDCs of the VB, showing a rigid shift without significant broad-
ening upon increasing pump fluence. This confirms that the shift is
electrostatic in origin and not due to heating or lifetime effects. The fluence-
dependent energy shift directly reflects the transient flattening of the band
bending potential via SPV. Figure 4c sketches the band alignment before and
after pump excitation. In equilibrium, intrinsic defects generate upward band
bending at the surface. The arrival of the pump pulse creates a population of
carriers in the near-surface region, which screen the built-in field and reduce
the band bending by an amount @gpy; this manifests as a transient, rigid shift
of both the VB and core levels toward higher binding energy’"*.

Figure 4 d illustrates the event sequence from negative to positive delay
configurations. For positive delays, the pump pulse initially induces the SPV
and the corresponding electric field. This field influences the propagating
photoelectrons, as shown in the green shaded region. The electric field
decays exponentially, after which the electrons are no longer affected by the

SPV. The sketch explains why a SPV effect is also observed at negative
delays. The probe pulse arrives before the pump, ejecting electrons in the
unperturbed band structure. For negative delays (7 < 0 ps), the electron is
photoemitted before the pump pulse reaches the sample. However, while the
electron propagates away from the surface, the pump pulse arrives and
generates a transient SPV by spatially separating photocarriers within the
near-surface depletion region. This separation creates a macroscopic dipole
layer whose associated electric field extends into the vacuum. As the emitted
electron continues its flight, it enters this evolving field and experiences an
acceleration, gaining additional kinetic energy. The energy gain AE,(d)
depends on the local dipole potential at the electron’s distance Z, = v,|7| from
the surface, AEy;,(d) = e¢(d) where ¢(d) is the potential created by the dipole
field. To model this, prior works™*>** use a disk-shaped dipole layer of
radius R, representing the illuminated pump region. The potential at a point
along the axis perpendicular to the disk (i.e., along the photoelectron path) is

given by, ¢(d) = ¢, (1 — \/ﬁ). At long negative delays, this effect

disappears, as we measure no difference between the unpumped spectrum
and the spectrum at delay — 200 ps, consistent with the absence of a SPV.
Figure 4e shows the extracted SPV potential @spy as a function of pump
fluence. The maximum SPV shift is approximately 67 meV, yielding a
surface defect density on the order of 10"-10" cm ™ (see Supplementary
Information for estimation details). The data follow a phenomenological
logarithmic saturation trend, described by:

"

po)’

Dypy = rxln<1 + 2)

npj 2D Materials and Applications | (2025)9:110


www.nature.com/npj2dmaterials

https://doi.org/10.1038/s41699-025-00629-2

Article

(@)

0.1

'Shift SN -1ps
| V7 +0.5 ps

/

PE Intensity (Arb. units)

-0.3

-02
E-E (eV)

-0.1 S'

!

Fig. 5 | Valence band dynamics and carrier scattering pathways. a VB energy
distribution curves at —1 ps and 0.5 ps delays (black and red dots). The solid lines
show background-subtracted spectra fitted with Gaussian profiles, revealing a
valence band shift and broadening indication of band gap renormalization.

b Schematic of carrier redistribution after photoexcitation with a 1.2 eV pump: the
top VB is directly excited, and electrons reach the CBM in about 300 fs. Holes are
transferred to localized surface defect states, triggering the SPV process.

where & = 20.8 meV and p, = 63.38 x 10> cm’/m] are the fitting para-
meters. This trend indicates that SPV generation saturates at higher
fluences, consistent with carrier screening and depletion-layer filling
effects in semiconductors***’. Therefore, our results confirm that PdSe,
exhibits a robust SPV response under ultrafast photoexcitation. This
effect is attributed to intrinsic defect states near the surface, facilitating
long-lived charge separation. Our DFT calculations (see Supplementary
Information) align with theoretical studies indicate that selenium
vacancies in PdSe, are mobile and can migrate towards the surface,
forming localized in-gap states™. Given their propensity to be negatively
charged, these surface vacancies are expected to create an initial upward
band bending. Therefore, the most plausible mechanism consistent with
our observations is that upon photoexcitation, the trapping of
photogenerated holes by these states partially neutralizes the surface
charge. This leads to a flattening of the band bending, which manifests as
the observed SPV.

We finally focus on the analysis of the transient spectral lineshapes
to derive the potential VB energy shift and broadening after photo-
excitation. In Fig. 5a, the solid lines depict Gaussian fits to the
background-subtracted EDCs at delays of — 1 ps and 0.5 ps, allowing for
accurate determination of variations in linewidth and central energy (see
SI for more information). Therefore, one can determine the photo-
driven VB dynamics, showing modest VB broadening of 22 meV and an
energy shift of approximately 15 meV, which we attribute to BGR and
increased carrier scattering.

Discussion

Figure 5b schematically illustrates the underlying mechanism: upon 1.2 eV
excitation, electrons are promoted from the VB to the CBs, where they
thermalize to the CBM within ~300 fs. The photogenerated holes are
trapped in localized surface defect states, resulting in spatial charge
separation, flattening of the band bending and the formation of a transient
electric field responsible for the SPV. This separation generates a macro-
scopic dipole layer, which modifies the kinetic energy of photoelectrons
depending on the pump-probe delay. These findings confirm that photo-
excitation of carriers results in ultrafast BGR and broadening. Further stu-
dies may help clarify whether the observed effects are related to the Stark
effect reported in BP*.

Our study unveils the ultrafast photoinduced charge dynamics in
semiconducting PdSe,, revealing a rich interplay between transient band
dynamics and SPV formation. Time-resolved ARPES measurements
directly capture the population of conduction band states and renormali-
zation of the valence band within sub-picosecond timescales. These effects
are accompanied by a pronounced, long-lived surface photovoltage, driven
by defect-assisted hole trapping and macroscopic dipole layer formation.
The indirect band gap is determined to be 0.55 eV. From a detailed inves-
tigation of the TR-ARPES results, we disentangle the contributions of BGR
and band broadening. The SPV shift in PdSe, exceeds 67 meV. The com-
bination of air-stable low-symmetry structure, strong many-body effects,
and defect-mediated surface fields positions PdSe;, as a compelling platform
for light-tunable carrier separation and ultrafast surface potential engi-
neering. These features may open pathways for developing high-speed
optoelectronic switches and photogated transistors leveraging surface
charge dynamics. Crucially, the demonstrated influence of native vacancies
in shaping mid-gap state dynamics and enabling long-lived SPV under-
scores the pivotal role of intrinsic defect landscapes in governing the
nonequilibrium electronic responses of quantum materials.

Methods
Time-resolved and angle-resolved photoemission spectroscopy
Bulk PdSe, samples were obtained from HQ Graphene®. Prior to TR-
ARPES measurements, the samples were cleaved in situ at room tempera-
ture in ultrahigh vacuum (UHV) conditions, with a pressure better than ~
2x 107" mbar. The orientation of the sample was determined by low-energy
electron diffraction (LEED). TR-ARPES measurements were conducted at
the T-ReX laboratory operated by the Elettra Sincrotrone Trieste, S.C.p.A.,
using the setup described in ref. 62, based on a 200 kHz Coherent Monaco
laser system. The output centered at 1.2 eV was used as the pump. The ninth
harmonics (10.8 eV) of the laser were used as the pobe and were p-polarized.
The pump fluence was tunable, and a variable delay (7) was applied to the
sample relative to the probe pulse. The pump and probe beams were focused
to spot sizes of approximately 300 ym and 200 y,m respectively, and
impinged on the sample surface at a 30-degree angle. The experimental
time, energy, and angular resolutions were better than 800 fs, 50 meV, and
0.1 degrees, respectively.

The sample temperature was maintained at ~100 K during the mea-
surements. The photoemitted electrons were detected by a hemispherical
analyzer, with an acceptance angle of +15°.

Density Functional Theory

Density functional theory (DFT) calculations of the band structure were
carried out using the plane wave DFT code Quantum Espresso®. In the
DFT calculations presented in Fig. 1b, ultrasoft pseudopotentials with the
PBE exchange-correlation functional®” were used with a kinetic energy
cutoff of 680 eV and a Monkhorst-Pack™k-point density of 8 x 8 x 6 for the
primitive unit cell. The structures were relaxed to achieve forces of order
10~ eV A" and pressures less than +0.2 kbar. Results were compared to (i)
calculations using the regularized SCAN meta-GGA exchange-correlation
functional” along with the rVV10 kernel for the inclusion of van der Waals
forces between layers” and to (ii) Heyd-Scuseria-Ernzerhof hybrid
functional® calculations with the use of Wannier90™ for interpolation. The
trends of the band edge positions at the I” and S’ points as a function of k,
were found to be similar across all levels of theory.

Data availability

The TR-ARPES data that support the findings of this study are openly
available in https://doi.org/10.5281/zenodo.17542171. The DFT calcula-
tions were performed using the open-source Quantum Espresso package.
No custom code was developed for this work.
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