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Abstract

The intrinsic out-of-plane polarity of two-dimensional (2D) Janus materials
provides a natural route to regulate photogenerated carrier dynamics. Here, we study
electronic  structures, stability, and carrier recombination dynamics of
five-atomic-layer Janus group-III chalcogenide monolayers with chemical formulas
MNS;, MNSSe,, and MNSTe,, where M and N represent In, Ga, and Al. Strongly
tunable carrier lifetimes have been found in these Janus monolayers. After structural
stability screening, the carrier recombination time varies from 0.27 ns in InGaSTe, to
1272.8 ns in InAlS;, showing a change over more than four orders of magnitude.
Moreover, the maximum photocurrent of InAlS; reaches 4.13 a3/photon, highlighting
its potential for high-efficiency photovoltaic applications. By calculating band-edge
charge densities, electrostatic potentials, nonadiabatic couplings, and pure-dephasing
times, we find that the lifetime variation is closely related to the built-in electric field
and band-edge charge localization. The long lifetime in InAlS; originates from weak
nonadiabatic coupling, whereas the short lifetime in Te-containing Janus layers is
mainly attributed to enhanced nonadiabatic coupling between band-edge states. Our
work reveals the microscopic mechanism of carrier recombination in

five-atomic-layer Janus group-III chalcogenides and provides design principles for 2D
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1. Introduction

Two-dimensional (2D) semiconductors have attracted considerable attention as
promising candidates for next-generation optoelectronic, photovoltaic, and

photocatalytic devices because of their atomic thickness, tunable electronic structures,

[1-10]

strong light-matter interaction, and large specific surface area In these

applications, the performance is not determined only by the static band structure, but

[11-15]

also by the excited-carrier dynamics after photoexcitation . Efficient charge

separation and long carrier lifetime are highly desirable for photovoltaic and

[16-18

photocatalytic energy conversion!'®'®, whereas fast and controllable recombination is

19.20] Therefore,

important for light-emitting and high-speed photodetection device!
understanding and regulating the microscopic processes of carrier relaxation, transfer,
and electron-hole recombination are central issues in the design of high-performance
2D semiconductors.

Recent theoretical and experimental studies have shown that carrier dynamics
can be effectively tuned by modifying electron-phonon coupling, nonadiabatic
coupling, electronic decoherence, and interfacial electrostatic field*"!. For example,
external electric fields can enhance interlayer charge separation in 2D van der Waals
heterostructures by changing band alignment, charge redistribution®, and
electron-phonon coupling. Defect engineering can also accelerate hot-carrier
relaxation by introducing intermediate electronic states and strengthening

electron-phonon  interaction**!.

In addition, nonadiabatic molecular dynamics
(NAMD) simulations have revealed that a smaller nonadiabatic coupling between
band-edge states, together with faster electronic decoherence, can suppress

nonradiative electron-hole recombination and thus prolong carrier lifetime!****!. These



results indicate that the carrier lifetime is governed by a subtle interplay among
electronic structure, lattice vibration, and charge localization, rather than by the band
gap alone!?®.

Among various strategies for carrier-dynamics engineering, introducing an
internal electric field is particularly attractive because it can drive photogenerated
electrons and holes in opposite directions without relying on external bias. Type-II
van der Waals heterostructures are widely used for this purpose, since their staggered
band alignment spatially separates electrons and holes and suppresses
recombination'?”. However, constructing heterostructures usually requires careful
lattice matching, interfacial control, and material selection. In contrast, 2D Janus
materials provide an intrinsic and structurally simpler platform for generating built-in

[28,29

electric fields’®**!. Owing to the different atomic species on the two surfaces, Janus

structures break the out-of-plane mirror symmetry and possess permanent dipole

3031 Such intrinsic dipoles can shift

moments perpendicular to the layer plane
electrostatic potentials, redistribute band-edge charge densities, and regulate carrier
separation and recombination. Recent studies on Janus transition-metal
dichalcogenides monolayers have demonstrated that the built-in electric field can
promote charge separation, reduce nonradiative recombination, and improve
photocatalytic or photovoltaic performance™.

Despite these advances, most previous studies have focused on Janus
transition-metal dichalcogenides, Janus-based heterostructures, or
electric-field-modulated van der Waals systems” . Much less attention has been
paid to five-atomic-layer Janus group-III chalcogenide monolayers, although
group-III chalcogenides offer rich chemical flexibility and potentially favorable

optoelectronic properties>®>"

. In such systems, replacing the terminal chalcogen
atoms can simultaneously tune the lattice structure, electrostatic potential difference,
band gap, frontier-orbital distribution, and electron-phonon interaction®®**. These

coupled changes may lead to a wide range of carrier recombination behaviors.

However, the microscopic relationship among Janus asymmetry, band-edge
3



localization, nonadiabatic coupling, decoherence, and carrier lifetime remains
uncleart**,

Motivated by these issues, we focus on five-atomic-layer Janus group-III
chalcogenide monolayers as a chemically tunable platform for carrier-lifetime
engineering. Using first-principles calculations combined with time-domain
nonadiabatic molecular dynamics, we construct a series of MNS;, MNSSe,, and
MNSTe; monolayers, where M and N represent In, Ga, and Al, and examine their
structural stability, electronic properties, excited-carrier recombination, and
photovoltaic response. Particular attention is paid to how the choice of group-III
elements and terminal chalcogen atoms modifies the intrinsic polarity, band-edge
charge distribution, nonadiabatic coupling, and electron-hole recombination pathway.
By establishing the connection between Janus structural asymmetry and carrier
dynamics, this work aims to provide a microscopic understanding of recombination

control in five-atomic-layer Janus semiconductors and to identify useful design

principles for 2D photovoltaic and optoelectronic materials.

2. Computational structures and methods

First-principles calculations were performed within density functional theory!***!

using the Vienna Ab initio Simulation Package (VASP)*"*l The electron-ion
interactions were described by the projector-augmented wave (PAW) method "',
The exchange-correlation interaction was treated within the generalized gradient

(51 The kinetic

approximation using the Perdew-Burke-Ernzerhof (PBE) functional
energy cutoff for the plane-wave basis was set to 450 eV. To avoid artificial
interactions between neighboring periodic images, a vacuum layer of 20 A was
inserted along the out-of-plane direction. The Brillouin zone was sampled using a 21
x 21 x 1 Monkhorst-Pack k-point grid for the primitive cells””. The convergence
criterion for the total energy was set to 10 ° eV, and all atomic structures were fully
relaxed until the residual force on each atom was less than 0.01 eV/A. The Grimme

DFT-D3 method was adopted to describe the weak van der Waals interactionl®>).



Post-processing analyses were carried out using the VASPKIT code!®".

To evaluate the photovoltaic response of the selected monolayers, quantum
transport simulations were performed using DFT combined with the nonequilibrium

Green’s function (NEGF) formalism™ " as implemented in the Nanodcal

581 The carrier recombination dynamics were studied by time-domain

package
nonadiabatic molecular dynamics simulations based on time-dependent density
functional theory™ and surface-hopping dynamics(Note S1)[°**!!, as implemented in
the Hefei-NAMD package. Orthogonal 3 X% 3 supercells containing 90 atoms were
constructed for the NAMD simulations. The systems were first equilibrated at 300 K
for 1 ps in the canonical ensemble. Then, ab initio molecular dynamics trajectories
were generated in the microcanonical ensemble for 5 ps with a time step of 1 fs. From
these trajectories, 2000 configurations were extracted for self-consistent

electronic-structure calculations and nonadiabatic coupling evaluations!®?.

3. Results and discussion

3.1 Structural and electronic properties

Fig. 1 shows the atomic structures of the five-atomic-layer Janus group-III
chalcogenide monolayers investigated in this work. These materials can be regarded
as layered structures formed by the alternating arrangement of group-III metal atomic
layers and chalcogen atomic layers along the out-of-plane direction. Their general
chemical formulas are MNS3;, MNSSe,, and MNSTe,, where M and N are selected
from In, Ga, and Al. In the constructed structures, the atomic radius of M is larger
than that of N (Figs 1(a), 1(b) and 1(c)). Therefore, the inequivalent arrangement of
two group-III elements along the vertical direction further enhances the structural
asymmetry. Meanwhile, the different chalcogen species or local chemical
environments on the two surfaces break the out-of-plane mirror symmetry, giving rise
to an intrinsic polarity perpendicular to the layer plane.

Such Janus structural asymmetry introduces a built-in electric field into the

monolayers, which may further affect their band structures, band-edge charge
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distributions, and photogenerated carrier recombination behaviors. For a fixed cation
combination, the optimized lattice constant gradually increases when the terminal
chalcogen atoms are changed from S to Se and Te. This trend is consistent with the
increasing atomic radii of S, Se, and Te, indicating that the size effect of terminal
chalcogen atoms has an important influence on the lattice structure. Therefore, the
structural parameters and out-of-plane polarity of five-atomic-layer Janus group-III
chalcogenides can be effectively tuned by changing the group-III element
combination and terminal chalcogen species.

@ M (In/Ga/Al) @ N (In/Ga/Al) @ S © Se © Te

. b

e Y

Fig. 1. Schematic diagram of the structure of five-atomic-layer Janus group-III chalcogenides
(the radius of the M atom is larger than that of the N atom). (a) MNS;, (b) MNSSe,, (¢)
MNSSe,

All nine monolayers exhibit semiconducting behavior, indicating that these
five-atomic-layer Janus group-III chalcogenides have the basic electronic
characteristics required for optoelectronic functional materials (Fig. S1). Among them,
GaAlS;, GaAlSSe,, GaAlSTe,, and InAlSTe, are indirect-gap semiconductors, while
the other five monolayers show direct band gaps. The direct-gap feature is generally
favorable for light absorption and photogenerated carrier generation, suggesting the
potential advantages of these materials in optoelectronic devices.

As shown in Table 1, the band gap generally decreases with increasing lattice
constant. This trend is mainly associated with the increased bond length and modified
orbital hybridization induced by larger atomic sizes. For example, in the InAl-based

series, the band gap decreases from 1.61 eV for InAlS; to 1.12 eV for InAlSSe, and



further to 0.69 eV for InAlSTe, (Figs S1(d), S1(e) and S1(f)). A similar trend is
observed in the InGa-based series, where the band gap decreases from 0.91 eV for
InGaS; to 0.47 eV for InGaSSe, and 0.42 eV for InGaSTe, (Figs S1(g), S1(h) and
S1(i)). These results indicate that replacing the terminal chalcogen atoms is an
effective way to regulate the electronic structures of these systems.

It is worth noting that the band gaps of these Janus monolayers cover an energy
range relevant to near-infrared and visible-light responses. For photovoltaic and
optoelectronic applications, a suitable band gap is beneficial for improving solar-light
absorption and photogenerated carrier generation. Therefore, by selecting different
group-III element combinations and terminal chalcogen species, the band gaps of
five-atomic-layer Janus group-III chalcogenides can be tuned over a relatively wide
range, providing possibilities for screening 2D Janus semiconductors with promising

photovoltaic performance.

Table 1. Lattice constants, effective thickness (d), band gaps-PBE (E,-PBE), band gaps-hse06
(E,-hse06), potential differences (AV) and average built-in field (Eer) of nine

five-atomic-layer Janus group-III chalcogenides.

Materials Lattice d(A)  EgPBE(eV) Eghse06(eV) AV (eV) Eer(V/A)
constant (A)

GaAlS; 3.58 5.91 1.72 2.12 1.75 0.29
GaAlSSe; 3.73 6.15 1.31 2.01 1.36 0.22
GaAlSTe, 3.99 6.36 0.49 1.02 0.87 0.13

InAIS; 3.74 6.09 1.61 2.48 1.93 0.31
InAISSe; 3.87 6.29 1.12 1.93 1.52 0.24
InAlSTe, 4.12 6.52 0.69 1.27 1.07 0.16

InGaS; 3.77 6.16 0.91 1.75 1.65 0.26
InGaSSe; 3.89 6.34 0.47 1.21 1.44 0.22
InGaSTe, 4.13 6.55 0.42 0.98 1.14 0.17

To further characterize the intrinsic polarity, the planar-averaged electrostatic
potentials along the out-of-plane direction were calculated, as shown in Fig. 2. A
distinct potential difference between the two surfaces is observed for all monolayers,
confirming the presence of an intrinsic built-in electric field induced by the Janus
asymmetry. The direction of the built-in electric field is from the bottom side to the

top side of the monolayer. The average built-in electric field, estimated from
7



Eerr = %, ranges from 0.13 to 0.31 V/A, indicating a strong internal electric field in

these Janus structures. Among the investigated materials, InAlS; exhibits the largest
potential difference of 1.93 eV and the strongest built-in electric field of 0.31 V/A,
whereas GaAlSTe, has the smallest potential difference of 0.87 eV and the weakest
field of 0.13 V/A. For a fixed cation pair, both the potential difference and the built-in
electric field generally decrease as the terminal chalcogen atoms are changed from S
to Se and then to Te. These results demonstrate that chemical substitution provides an
effective means of regulating not only the band gap but also the internal electrostatic

environment and built-in electric field of the Janus monolayers.
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Fig. 2. Electrostatic potentials along the z-direction for monolayers (a) GaAlS;, (b) GaAlSSe,,
(c) GaAlSTe,, (d) InAlS;, (e) InAlSSe,, (f) InAlSTe,, (g) InGaS;, (h) InGaSSe,, (i) InGaSTe,.

The band-edge charge densities provide further insight into the possible carrier
recombination behavior (Figs. S2-S4). For the GaAl-based series, GaAlSTe, exhibits
the strongest localization of both VBM and CBM charge densities, indicating a
relatively weak spatial separation between photogenerated holes and electrons (Fig.

S2). In contrast, the InAl-based series shows a more distinct trend. The VBM charge
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density of InAlS; is mainly distributed around the upper S atoms, while its CBM
charge density is mainly distributed around the lower S and Al atoms, giving rise to a
clear spatial separation of electrons and holes. InAlSSe, shows a similar but slightly
more localized charge distribution (Fig. S3). For InAlSTe,, the band-edge states
become much more localized, which is expected to accelerate electron-hole
recombination. The InGa-based series follows a similar tendency: InGaSs shows the
most favorable spatial separation, InGaSSe?2 is intermediate, and InGaSTe, exhibits
the strongest localization (Fig. S4). These results suggest that the carrier lifetime
should decrease in the order S-based > Se-based > Te-based monolayers for the same

cation combination.

3.2 Finite-Temperature Structural Stability

As shown in Fig. 3, the thermal stability of the nine Janus monolayers was
evaluated by ab initio molecular dynamics simulations at 300 K. During the
simulations, most structures retained their original lattice frameworks, indicating good
thermal stability at room temperature. However, GaAlSSe, and GaAlSTe, underwent
obvious structural transformations, suggesting that these two monolayers are
thermodynamically unstable under the present simulation conditions (Figs. 3(b) and
3(c)). Therefore, they were excluded from the following carrier-dynamics

calculations.
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Fig. 3. Total-energy evolution during the 300 K AIMD simulations of the nine
five-atomic-layer Janus group-III chalcogenide monolayers, used to examine their
finite-temperature structural evolution: (a) GaAlS;, (b) GaAlSSe,, (¢) GaAlSTe,, (d) InAlS;,
(e) InAlSSe,, (f) InAlSTe,, (g) InGaS;, (h) InGaSSe,, (i) InGaSTe,.

Although GaAlS; does not show obvious structural collapse in the AIMD
simulation, it is also not included in the NAMD calculations. This is because the
conduction-band minimum of GaAlS; cannot be folded to the I' point in the
orthogonal 3 X 3 supercell used for the carrier-dynamics simulations. Since the
NAMD calculations require a consistent description of the band-edge states in the
selected supercell, GaAlSs is excluded from the final recombination analysis. After
this screening, six stable and computationally suitable monolayers remain: InAlSs;,

InAlSSe,, InAlISTe,, InGaS;, InGaSSe,, and InGaSTe,.
3.3 Carrier recombination dynamics

The electron-hole recombination dynamics of the six selected monolayers are
studied using time-domain nonadiabatic molecular dynamics simulations. The

time-dependent excited-state population is fitted by an exponential decay function
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f(t) = exp(—t/T) to extract the recombination lifetime!®!. As shown in Fig. 4, the
carrier lifetime can be tuned over nearly four orders of magnitude by changing the

cation combination and terminal chalcogen species.
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Fig. 4. (a) Time evolution of the population of the electron-hole recombination process at
the CBM in InAlS;, InAISSe, and InAlSTe,; (b) time evolution of the population of the
electron-hole recombination process at the CBM in InGaS;, InGaSSe, and InGaSTe,.

For the InAl-based series, InAlS; exhibits the longest carrier lifetime of 1272.8
ns. When the terminal chalcogen atoms are changed from S to Se, the lifetime
decreases to 251.2 ns for InAlSSe,. A further substitution by Te dramatically shortens
the lifetime to 2.7 ns for InAlSTe; (Fig. 4(a)). The same tendency is observed in the
InGa-based series. The carrier lifetimes of InGaS;, InGaSSe,, and InGaSTe, are 124.7
ns, 14.1 ns, and 0.27 ns, respectively (Fig. 4(b)). These results clearly show that
S-based Janus monolayers possess much longer carrier lifetimes than their Se- and
Te-containing counterparts. Among all studied systems, InAlS; is the most promising
candidate for photovoltaic applications because of its long carrier lifetime, while

InGaSTe, shows the fastest electron-hole recombination.
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Fig. 5. Average nonadiabatic coupling (NAC) strength for electrons (holes) between
donor and acceptor states along the 2000 fs NAMD trajectory at 300 K for (a) InAlS;, (b)
InAlSSe;,, (¢) InAlSTe,, (d) InGaS;, (e) InGaSSe,, (f) InGaSTe,.

To understand the microscopic origin of the lifetime variation, the nonadiabatic

coupling between the band-edge states is analyzed along the molecular dynamics

trajectories. Its mathematical formulation can be written as!®*®*:
—{o|2]p,) = eil7tled
i = ()] 3| ox) = LT R (1)

where H is the Kohn-Sham Hamiltonian, ¢;, @i, & and g, are the wave
functions and eigenvalues for electronic states j and k, and R is the velocity of the
nuclei. A large NAC can effectively increases the probability of nonradiative
electron-hole recombination. For the InAl-based series, the average NAC increases
from InAlS; to InAlSSe, and InAlISTe,, consistent with the shortening of the carrier
lifetime. This indicates that the slow recombination in InAlS; originates from weak
coupling between the VBM and CBM states. By contrast, the enhanced NAC in
InAlSTe, provides an efficient nonradiative recombination channel, leading to a much
shorter lifetime.

A similar mechanism governs the InGa-based series. InGaSTe, exhibits the

strongest band-edge charge localization and the largest effective nonadiabatic
12



coupling, resulting in the shortest lifetime of 0.27 ns. Although the pure-dephasing
time also influences the recombination process, its role is secondary compared with
the NAC strength in this system. For example, InGaSSe, shows a relatively long
dephasing time, but its recombination lifetime is still longer than that of InGaSTe,
because the NAC strength remains the dominant factor. Therefore, the carrier
recombination in these five-atomic-layer Janus group-III chalcogenides is mainly
controlled by the nonadiabatic coupling associated with band-edge charge
localization.

According to Eq. (1), the NAC strength is not only related to the energy

separation between the initial and final states, but also depends on the
electron-phonon coupling term (g0j||7RH |g0k) and the nuclear velocity R, both of

which can be characterized by phonon modes. Fig. S5 presents the phonon modes
involved in the electron-hole recombination dynamics, which are obtained from the
Fourier transform of the band-gap fluctuations between the VBM and CBM states.
For the InAl-based series (Fig. S5(a)), the dominant phonon signals of InAlS; and
InAlISSe, mainly appear in the low-frequency region (176.2 and 212.7 cm™),
indicating relatively weak phonon-assisted modulation of the band-edge energy gap.
In contrast, InAlSTe, shows stronger spectral features, especially in the
high-frequency region (581.2 cm™), suggesting that Te substitution activates stronger
lattice vibrations coupled to the band-edge states. A similar behavior is observed in
the InGa-based series (Fig. S5(b)). The spectral intensity becomes more pronounced
from InGaS; to InGaSSe, and InGaSTe,, implying enhanced -electron-phonon
coupling during the recombination process. Compared with S-based monolayers, the
Se- and Te-containing systems involve stronger phonon-induced band-gap
fluctuations, which can increase the NAC between the VBM and CBM states and
accelerate nonradiative electron-hole recombination. Therefore, the shorter carrier
lifetimes in Te-containing Janus monolayers originate from stronger phonon-assisted

electronic coupling, while the long lifetime of InAlS; is associated with weaker
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band-edge modulation and smaller NAC. The time correlation of these band-gap
fluctuations was then examined using the unnormalized autocorrelation function,
Cik(t") = [OEj (t')SEj (t — t')]y 11 As shown in Fig. S6, the autocorrelation
functions describe how rapidly the band-gap fluctuation loses memory along the
molecular dynamics trajectory. The initial value of ¢j (t") is related to the variance
of the band-gap fluctuation and can be regarded as a measure of -elastic
electron-phonon scattering strength. A larger initial value usually indicates stronger
fluctuation of the band-edge energy gap, while a faster decay of the autocorrelation
function implies a faster loss of electronic phase memory. Therefore, the ACF analysis
links the phonon-induced band-gap fluctuation to the decoherence behavior of the
electronic states. Based on the second-order cumulant approximation, the

pure-dephasing function can be obtained from the autocorrelation function asl’071

D(t) = exp |- [; dr [} dr' (@) 2)

The corresponding pure-dephasing functions and fitted dephasing times are
shown in Fig. S7. By fitting D(t) with the Gaussian form f(t) = exp[—t?/27?],
the pure-dephasing times are obtained as 2.17, 5.74, and 9.16 fs for InAlSs, InAlSSe,,
and InAlSTe,, respectively (Fig. S7(a))"?, and 10.34, 11.19, and 9.27 fs for InGaSs,
InGaSSe;, and InGaSTe,, respectively (Fig. S7(b)). These results indicate that
electronic coherence is lost within several to tens of femtoseconds in these Janus
monolayers. Although decoherence can influence nonradiative recombination by
disturbing the coherent evolution between the VBM and CBM states, the overall
lifetime trend is not governed by the dephasing time alone. For example, InAlS; has
the shortest pure-dephasing time but the longest carrier lifetime, whereas InGaSTe,
exhibits the fastest recombination mainly because of its strong NAC in Table S1.

It should be noted that the PBE functional generally underestimates the band
gaps of semiconductors. Therefore, the absolute recombination lifetimes may exhibit
some functional dependence. However, the HSE06 calculations confirm that the

band-edge orbital characters and spatial charge-separation features are qualitatively
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preserved. The PBE-based NAMD results are therefore mainly used to compare the
relative recombination dynamics among different Janus monolayers.

Combining the electronic-structure, charge-density, and NAMD results, a clear
physical picture can be established. The intrinsic Janus polarity creates a built-in
electric field and modulates the spatial distribution of band-edge states. When the
VBM and CBM are spatially separated, as in InAlS3, the electron-hole wave-function
overlap and nonadiabatic coupling are weak, resulting in slow recombination and long
carrier lifetime. When the band-edge states become more localized in the same spatial
region, as in Te-containing monolayers, the electron-hole coupling is enhanced and
the recombination is  accelerated. @ These results demonstrate  that
intrinsic-dipole-regulated band-edge localization provides an effective route for

engineering carrier lifetimes in 2D Janus group-III chalcogenides.

3.4 Photocurrent calculation

Fig 6(a) shows the schematic illustration of the photovoltaic device model based

on five-atomic-layer Janus group-III chalcogenide monolayers. The device consists of

(71 Linearly

a source electrode, a central scattering region, and a drain electrode
polarized light is vertically incident on the monolayer, and the photocurrent response
is calculated as a function of photon energy. Two polarization directions, 6 = 0° and 0
= 90°, are considered to examine the polarization-dependent photovoltaic response!’*!.
Owing to the intrinsic out-of-plane polarity and the built-in electric field discussed
above, these Janus monolayers are expected to promote the separation of
photogenerated electrons and holes, which 1is beneficial for photocurrent

generation!’”!,

(2)
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Fig. 6. (a) Schematic illustration of the photovoltaic device based on five-atomic-layer
Janus group-III chalcogenide monolayers. Photocurrent spectra under linearly polarized light
illumination for (b) InAlS;, InAlSSe,, and InAlSTe, at 6 = 0°, (¢) InGaS;, InGaSSe,, and
InGaSTe; at 0 = 0°, (d) InAIS;, InAlSSe,, and InAlSTe, at 6 = 90°, and (¢) InGaS;, InGaSSe,,
and InGaSTe, at 6 = 90°.

Figs 6(b) and 6(d) show the photocurrent spectra of the InAl-based monolayers
under linearly polarized light with 8 = 0° and 6 = 90°, respectively. The photocurrent
generally increases with increasing photon energy, indicating that higher-energy
photons can excite more effective electronic transitions and contribute to charge
transport. Among the three InAl-based monolayers, InAlS; exhibits the strongest
photocurrent response, with a maximum value of 4.13 a3/photon. InAlSSe, also
shows a pronounced photoresponse, whereas InAlSTe, gives a much weaker
photocurrent. This trend is consistent with the carrier recombination dynamics
discussed above. The long carrier lifetime and weak nonadiabatic coupling in InAlS;
allow photogenerated carriers to survive for a longer time, thereby improving their
probability of being extracted by the electrodes. In contrast, the faster recombination
in InAlSTe, suppresses effective carrier collection and leads to a lower photocurrent
response.

The InGa-based monolayers show a similar but much weaker photovoltaic
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response, as shown in Figs. 6(c) and 6(¢). Compared with the InAl-based systems, the
photocurrents of InGaSs;, InGaSSe,, and InGaSTe, are significantly smaller. This
difference can also be understood from their recombination behavior. The InGa-based
monolayers generally possess shorter carrier lifetimes and stronger nonadiabatic
coupling than the corresponding InAl-based monolayers, which increases the
probability of electron-hole recombination before carrier extraction. In particular,
InGaSTe, shows the shortest recombination lifetime and therefore exhibits an
unfavorable photovoltaic response. These results indicate that suppressing
nonradiative recombination is essential for enhancing the photocurrent of
five-atomic-layer Janus group-III chalcogenides.

The polarization dependence of the photocurrent further reflects the anisotropic
optical response of these monolayers. For both InAl- and InGa-based systems, the
photocurrent spectra at 6 = 0° and 6 = 90° show different intensities, suggesting that
the photoexcited carrier transport is sensitive to the direction of light polarization.
Such anisotropic photocurrent behavior may originate from the anisotropic orbital
distribution near the band edges and the direction-dependent transition probability
under linearly polarized light. Therefore, in addition to chemical substitution, light
polarization provides another possible degree of freedom for modulating the
photovoltaic response of these Janus monolayers.

To further evaluate the photovoltaic potential of these Janus monolayers, their
optical absorption spectra were also calculated, as shown in Fig. S8. InAlS; exhibits
appreciable optical absorption in the energy range of 2.0-3.2 eV, which partially
overlaps with the visible region of the solar spectrum. Although its absorption
strength is not the highest among the investigated monolayers, the observed optical
response indicates that InAlIS; can effectively utilize part of the visible-light region.
Therefore, the photovoltaic potential of InAlS; should be attributed to the combined
contribution of its suitable band gap, effective carrier transport, relatively long carrier
lifetime, strong photocurrent response, and appreciable optical absorption, rather than

to superior performance in a single property.
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The underestimated PBE band gaps may shift the calculated absorption edge and
photocurrent onset toward lower photon energies. Consequently, the absolute
photocurrent values and the low-energy onset should be interpreted with caution.
Nevertheless, the relative photocurrent response among the investigated systems and
the associated influence of the built-in electric field remain meaningful at the present
level of theory.

Overall, the photocurrent calculations confirm the photovoltaic potential of the
screened five-atomic-layer Janus group-III chalcogenides. InAlS; combines a suitable
band gap, strong intrinsic polarity, clear band-edge charge separation, weak NAC,
long carrier lifetime, and the largest photocurrent response among the investigated
systems. These advantages make InAlS; the most promising candidate for

high-efficiency photovoltaic applications in this material family.

3. Conclusion

Although the exact Janus monolayers studied here have not yet been
experimentally reported, they may be synthesized by combining thin-film growth with
selective surface-chalcogen exchange. S-rich systems, particularly InAlS;, are
expected to be more experimentally accessible because of their relatively high
chemical stability. InAlSs is a promising target for future experiments owing to its
suitable band gap, strong intrinsic polarity, clear band-edge charge separation, weak
nonadiabatic coupling, and long carrier lifetime. Its structural, optical, and
photovoltaic properties could be examined using electron microscopy, Raman
spectroscopy, time-resolved photoluminescence, transient absorption, and
photocurrent measurements. Thus, this work provides experimentally testable
predictions for future Janus photovoltaic materials.

In summary, we systematically investigated five-atomic-layer Janus group-III
chalcogenide monolayers using first-principles calculations, NAMD simulations, and
NEGF transport calculations. The intrinsic Janus polarity induces built-in electric

fields and regulates the spatial distribution of band-edge states, thereby strongly
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affecting carrier recombination. After stability screening, six monolayers were
selected for carrier-dynamics calculations. Their recombination lifetimes vary from
0.27 ns in InGaSTe; to 1272.8 ns in InAlS;, showing a change over more than four
orders of magnitude. This large lifetime variation is mainly governed by the
nonadiabatic coupling associated with band-edge charge localization, rather than by
the band gap or pure-dephasing time alone. InAlS; exhibits spatially separated VBM
and CBM states, weak nonadiabatic coupling, long carrier lifetime, and the strongest
photocurrent response of 4.13 a3/photon. These results identify InAlS; as a promising
2D photovoltaic candidate and suggest that intrinsic-dipole engineering is an effective

strategy for regulating carrier lifetime and photoresponse in Janus semiconductors.
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