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Chemically tuned intermediate band states in
atomically thin Cu,GeSe/SnS quantum material for

photovoltaic applications

Srihari M. Kastuar and Chinedu E. Ekuma®*

A new generation of quantum material derived from intercalating zerovalent atoms such as Cu into the intrinsic van
der Waals gap at the interface of atomically thin two-dimensional GeSe/SnS heterostructure is designed, and their
optoelectronic features are explored for next-generation photovoltaic applications. Advanced ab initio modeling
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reveals that many-body effects induce intermediate band (IB) states, with subband gaps (~0.78 and 1.26 electron
volts) ideal for next-generation solar devices, which promise efficiency greater than the Shockley-Queisser limit of
~32%. The charge carriers across the heterojunction are both energetically and spontaneously spatially confined,
reducing nonradiative recombination and boosting quantum efficiency. Using this IB material in a solar cell proto-
type enhances absorption and carrier generation in the near-infrared to visible light range. Tuning the active layer’s
thickness increases optical activity at wavelengths greater than 600 nm, achieving ~190% external quantum effi-
ciency over a broad solar wavelength range, underscoring its potential in advanced photovoltaic technology.

INTRODUCTION

The need for sustainable and clean energy sources has never been
greater, and solar energy has emerged as a promising solution. To
meet the growing demand for efficient and cost-effective solar cells,
researchers are constantly exploring emerging and innovative ap-
proaches to enhance the performance of solar cells. One exciting
development in this field is the concept of intermediate band solar
cells (IBSCs), an emerging technology that has the potential to revo-
lutionize clean energy generation by enabling the efficient conver-
sion of sunlight into electrical energy beyond the Shockley-Queisser
limit [~32% for single-gap solar cells (SGSCs) (I)] to efficiency as
high as ~63% (2). In a typical intermediate band system, solar radia-
tion can excite carriers from the valence to the conduction band
through two pathways: direct excitation from the valence band to
the conduction band, or a stepwise excitation from the valence band
to the intermediate band and then to the conduction band. To effi-
ciently capture solar energy, it is essential to engineer the material
carefully and match these three transitions to the solar radiation.
This enables a single photon to result in multiple exciton generations
(MEG) through a two-step absorption process, even for photons
with energies slightly above the bandgap. This is unlike SGSCs
where MEG only occurs when the solar photon energy is at least
twice the bandgap (3, 4).

At the forefront of the search for advanced materials for IBSC
application is nanoscale systems such as self-assembled quantum
dots and impurity-doped semiconductors (5, 6). However, the real-
ization of intermediate band materials has been hindered by the
lack of suitable materials with the desirable properties at ambient
conditions. Midgap states, which can be engineered through im-
purity and defect states, can markedly increase the efficiency of so-
lar cells, but only if the midgap (intermediate) states are doped
beyond the Mott-Anderson transition (7), which is challenging be-
cause of the solubility limit (8). Unlike in impurity photovoltaics,
the midgap states for IBSC application must be isolated from both
the conduction band and valence band to avoid electron-phonon
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interaction that can produce thermal relaxations. Moreover, the in-
termediate band must be partially filled to be able to absorb low-
energy photons that promote electrons from the valence band to the
midgap states and from the midgap states to the conduction band,
and have a finite width to minimize nonradiative recombination as
much as possible (7, 9).

Atomically thin two-dimensional (2D)-based group-IV mono-
chalcogenides, such as GeSe, are strongly anisotropic van der Waals
semiconductors that are isoelectronic to black phosphorus, but with
superior stability. They have emerged as promising optoelectronic
materials for photovoltaic applications for several key reasons. First,
GeSe exhibits low toxicity and offers a cost advantage as it is less ex-
pensive compared to materials like Ge and Sb,Ses. Moreover, GeSe is
more than six times more earth abundant than Sb, making it a highly
accessible resource (10-14). Second, the intrinsic intermolecular
bonding of van der Waals interactions within the interlayer planes of
2D-based group IV monochalcogenides make them an attractive
material for photovoltaic, offering a solution to the dangling bond
issues that affect conventional solar absorbers. These features make
them an emerging material for photovoltaic applications over con-
ventional commercial solar cell-based materials such as Cu(In,Ga)
Se, and CdTe, which require toxic or rare earth elements (15, 16).
For example, GeSe exhibits attractive optoelectronic properties such
as high carrier mobility, closely placed indirect and direct bandgaps,
enabling tunability from 1.1 to ~1.5 eV, overlapping fairly well with
the solar spectrum for a single-junction solar cell. In addition, it ex-
hibits high absorbance near the absorption onset, allowing for the
absorption of most solar radiation above the bandgap within a thin
layer of 1-pm thickness (17, 18).

Layered heterostructures, formed by rationally stacking of at
least two different materials and chemically functionalizing them
via intercalation, offer a highly promising platform for achieving
unprecedented optoelectronic device efficiency. Intercalation, which
involves incorporating guest species such as ions and atoms between
the layers of heterostructures, is a superior and innovative method
for tuning material properties compared to traditional techniques
like chemical doping or defect/strain engineering (19-25). Specifi-
cally, for atomically thin 2D-based group IV monochalcogenides,
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their vertically stacked layers host intrinsic van der Waals gap >3 A
with interlayer interactions that are mediated by weak van der Waals
forces, making them particularly suitable for the intercalation tech-
nique. This process enables precise tuning of interfacial properties,
including electronic structure, band alignment, and doping level,
through controlled insertion or removal of guest species between
the van der Waals gap of the host material. The host lattice structure
remains minimally disrupted, enabling tailored control of device
performance. Moreover, intercalation can enhance the stability of
heterostructures, which is a critical factor for device longevity and
practicality (26).

In this work, we have engineered intermediate band states in a
2D van der Waals quantum material composed of GeSe and SnS
heterostructure (Cu,GeSe/SnS) by chemically intercalating zerova-
lent atoms, such as Cu. The designed quantum material exhibits
unique properties and potential applications in energy conversion.
Our ab initio modeling revealed that the intermediate band states
only emerge when many-body effects are present, regardless of the
number of Cu atoms within the van der Waals gap of the 2D host
materials. This finding suggests an advanced material at the Mott-
Anderson limit (27).The primary results presented are for x = 1,
representing the intercalation of a single Cu atom. The Cu,GeSe/SnS
system exhibits a many-body intermediate energy bandgap with
subband gap values of ~0.78 and 1.26 eV, which are remarkably close
to the optimal subband gaps (~0.71 and 1.24 eV proposed by Luque
and Marti (2) for efficient design of intermediate band solar cell de-
vices. The exciton absorption spectra obtained by solving the Bethe-
Salpeter equations (BSEs) (28) reveal high absorption in the infrared
and visible regions of the electromagnetic spectrum. To evaluate the
usefulness of the designed material for next-generation photovoltaic
applications, we integrated it as an active layer in a solar cell device.
The prototype device exhibits an average absorption of 80%, a high
generation rate of photoexcited carriers, and an external quantum
efficiency (EQE) that span between 110 and >190% over a broad
range of solar wavelengths, including the pivotal near-infrared and
visible light spectrum. We demonstrate that this high optical activity
and EQE in the near-infrared and visible light range are indepen-
dent of the thickness of the Cu,GeSe/SnS active layer. Instead, ad-
justing the thickness of the Cu,GeSe/SnS active layer enables tuning
for enhanced optical activity and EQE in wavelengths ranging from
600 to 1200 nm.

RESULTS

To determine the stability and bonding character of the Cu inter-
calant with the host systems and the nature of the interfacial carriers
dynamics, we modeled charge transfer and sum of the bond orders
using density-derived electrostatic and chemical net atomic charges
(29-31). We obtain a net charge transfer of 6 ~ 1.48|e| to the GeSe
layer and 1.21|e| to the SnS layer from the Cu atom, indicating p-type
conductivity withan average doping concentration of 3%, which
corresponds to approximately 10'*e/cm?. Our findings also suggest
that Cu atoms do not cluster with one another but rather form
ionic-like bonds with the chalcogen atoms in their vicinity (see
fig. S2 in the Supplementary Materials). We can explain this sce-
nario by considering the physical process of Cu intercalation in
the van der Waals gap. As Cu atoms are introduced into the gap, the
van der Waals gap contracts by ~8.05% to accommodate the guest
atoms, resulting in an energetic gain. In addition, the formation of
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Cu-chalcogen bonds also yields an energetic gain because the basal
plane chalcogens have a negligible activation energy cost. In a typi-
cal Cu clustering process, the bonds between Cu atoms and neigh-
boring anions gradually weaken. However, in our material system,
the jonic character of the Cu-chalcogen bonds remains virtually
unchanged despite the presence of Cu atoms.

To visualize the dynamics of the charge transfer, we computed the
charge density difference 8p = p(Cu,GeSe/SnS) — p(GeSe/SnS) —
p(Cu), where p is the charge density in e/ Al (Fig. 1A). The blue color
indicates charge depletion, which mainly occurs at the transition
metal atoms (Ge and Sn) sites, while the red color indicates charge
accumulation at the Cu atom site, where carriers are quasi-localized.
We observed an sp-like hybridization between the Cu atom and the
nearby chalcogen atoms. To transfer charge across the heterojunc-
tion, an energy barrier of 5.29 + 0.05 eV and a transfer distance of
~5.20 + 0.05 A must be overcome (fig. S3). This implies that electron-
hole dynamics across the heterojunction are both energetically and
spontaneously spatially separated, leading to the formation of inter-
layer excitons (32, 33). The spontaneous polarization effects induced
by the charge transfer confine charges at the interface spatially, re-
sulting in a substantial built-in voltage A® ~ 5.19 eV. We note that
because of the distorted crystal structure of the host GeSe (SnS)
material, an intrinsic A® ~ 3.37 (4.33 eV) already exists in the atomic
layers (fig. S3). The proposed photovoltaic application is supported
by a favorable built-in voltage and spatially confined carriers. This
combination enables photogenerated carriers at the heterojunction
to separate and move away from each other, reducing the likelihood
of nonradiative recombination, and thus enhance carrier transport.

Figure 1B presents the many-body electronic properties for
Cu,GeSe/SnS (x = 1). Additional details are available in the Supple-
mentary Materials. We predict a quasiparticle energy bandgap
Eg ~ 1.35 eV for the pristine heterostructure (fig. S4A). When the
heterobilayer is intercalated with Cu, intermediate band states
emerge with subband gaps E; ~ 0.78 and Ey ~ 1.26 eV (Fig. 1, B
and C, and fig. S4B). The predicted subband gaps are remarkably
close to the optimal values of 0.71 and 1.24 eV proposed by Luque
and Marti for efficient design of next-generation photovoltaic de-
vices (2). We investigated the evolution of the subband gaps as a
function of Cu atoms, up to four Cu atoms intercalated within the
van der Waals gap of the heterostructure. The subband gaps re-
mained robust (see fig. S5), but the optimal values occur for one Cu
atom intercalation. Our analysis of the atomic projected density of
states reveals that these intermediate band states are formed by the
hybridization between Cu-s and p states and the p states of Ge and
Sn atoms (fig. S4B). Our calculations indicate that the intermediate
band states are primarily driven by many-body effects. To validate
this assertion, we performed a set of additional calculations with
six density functional theory (DFT)-derived functionals, including
the HSE06 hybrid functional (34-39) and found no intermediate
band states in all cases (fig. S6 and table S4). Recent ultrafast tera-
hertz experiments on GeSe and GeS bilayers showed a decrease in
photoexcited carrier lifetime upon Cu intercalation, which was at-
tributed to scattering off of quasi-localized sites formed by interme-
diate states, in agreement with our computational results (40, 41).

Inherent quantum confinement effects have a substantial impact
on the electronic structure of the hybrid quantum material. It is
therefore natural to investigate how quantum confinement effects
influence the excitonic absorption properties of the Cu,GeSe/SnS
van der Waals quantum material, such as the valence electron
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Fig. 1. Structural and electron properties of Cu,GeSe/SnS. (A) Charge density difference in the crystal structure of Cu,GeSe/SnS, illustrating positive (negative) charges
depicted in blue (red), (B) the many-body self-consistent quasiparticle Green’s function and screened Coulomb interactions electronic band structure and total density of
states (DoS) depicting the intercalation-induced midgap states, and (C) a schematic band diagram of an intermediate band (IB) semiconductor, color-coded for the elec-

trons (blue) and holes (gray).

energy-loss spectra (VEELS). The VEELS L(E) = 3[—€(E)"] (where
€(E) is the complex dynamical dielectric function), which occurs for
photon energies less than ~50 eV, is a signature of collective valence
state excitations, low-energy interband transitions of single elec-
trons, possible metastable excitons, and plasmonic loss associated
with the experimental single scattering distribution through L(E).
Figure 2 presents the VEELS for the heterostructure and the Cu-
intercalated quantum system along the I' — X (or the zigzag) and
I' — Y (or the armchair) directions. Additional absorption features,
such as e(E), are presented in fig. S7 in the Supplementary Materials.
The exciton absorption spectra exhibit a unique and anisotropic
photoresponse that is reminiscent of the crystal structure. In the
pristine heterostructure shown in Fig. 2A, absorption onset occurs
around 2.30 eV, with a plasmonic peak at 3.31 and 2.58 eV along the
zigzag and armchair directions, respectively.

After intercalation, these sharp features are substantially modi-
fied into a band of absorption in the energy range of 2 to 4 eV. Cu
intercalation caused a strong enhancement of absorption and sub-
stantial modification of the exciton spectra, resulting in a strong red
shift and new features, especially in the near-infrared and visible
light regime of the solar radiation. The EELS spectra exhibit low-
energy exciton peak structure spanning from near-infrared to the
ultraviolet regime. These low-energy features are due to the genera-
tion of free electron-hole pairs from the absorption of quasi-localized
excitonic states below the subband E; of the intermediate states. The
plasmonic peak structure predicted in the pristine material vanished,
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and new transition features emerged in the near-infrared regime.
These correspond to a peak structure around 0.27 eV and a shoulder
at 0.49 eV along the x and y directions, respectively. We predict inter-
band transitions from the valence to the intermediate band states at
0.97 and ~1.01 eV along the x and y directions (Fig. 2B). The ob-
served substantial increase in absorption could be advantageous for
next-generation solar cell applications, benefiting from large absorp-
tion in the 0.27- to 4.50-eV range, which dominates the solar irradi-
ance spectrum in the visible and near-infrared regions.

Motivated by the unique and high absorption in the regime of
rich solar irradiance observed in the designed Cu-intercalated quan-
tum material, which are promising for next-generation photovoltaic
applications, we designed and modeled a thin-film solar cell with the
Cu,GeSe/SnS quantum material as the active layer. The choice of
components in solar devices greatly affects device performance,
characterized by the figure of merit such as the EQE. One major
challenge in designing solar cell devices is the choice of the metal
electrode at the semiconductor-metal interface. These interfaces are
often characterized by complex interfacial reconstruction and a high
Schottky barrier height ®gpyy, which reduces carrier transfer efficien-
cy. While Au has been extensively used as a back electrode in solar
cell devices, we modeled the X-Au interface, where X is Cu,GeSe/
SnS active layer, to determine its suitability in our case. Our model
shows a relatively low tunneling barrier of AV ~ 0.21 eV and a low
quasi-ohmic contact with ®gpyy ~ 0.07. The favorable AV and ®gpy
support high carrier injection efficiency. The predicted ®gpy agrees
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Fig. 2. Low-energy exciton loss spectra L of Cu,GeSe/SnS. L obtained with the
GW-BSE for (A) GeSe/SnS and (B) Cu,GeSe/SnS along the I' — X (x-direction) and
I" — Y (y-direction) directions. “P” denotes plasmon peak.

with previous studies that showed Au to be a good electrode in GeSe
thin-film solar cells (10, 42) and is much lower than those of other
semiconductor-Au systems (43).

Using the exciton spectra from our many-body calculations, we
characterized the active layer of the solar cell device and simulated it
under solar irradiation in air mass 1.5G. (44) We used transparent
conducting films of indium tin oxide (ITO) as the front electrode
and Au thin films as the back electrode, while ZnO served as the
window layer. The resulting solar cell device has the structure: ITO/
ZnO/X/Au (Fig. 3A). Central to the device modeling is the complex
refractive index, defined as 7 = n + ik; it is directly related to the
exciton complex dielectric function from our many-body BSE cal-
culations, where n denotes the refractive index and k represents the
extinction coefficient. In conventional bulk materials, 7 is an intrin-
sic and invariant attribute of a material, being primarily influenced
by its composition and light-matter interactions, rather than by geo-
metric attributes like thickness or dimension (45). However, in 2D-
based materials, the electronic and optical properties are markedly
enhanced and deeply sensitive to the number of layers. This para-
digm of size-dependent physical properties (in contrast to the in-
variant behavior of bulk materials) is now accepted as an intrinsic
property. The fundamental thickness of the Cu,GeSe/SnS active
layer approximated with the unit cell dimension along the z axis is
~2 nm (fig. S1). We modeled and characterized a solar cell device
incorporating the fundamental thickness of the Cu,GeSe/SnS active
layer. To determine the efficiency of the solar cell device, we com-

puted the external quantum efficiency EQE(%) = 1240 X }%, where
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I, (in units of W/m?) is the intensity of the incident solar radiation
(46). The EQE of photovoltaic devices is a critical performance met-
ric that quantifies the conversion efficiency of incident solar radia-
tion into electrical energy. Notably, in intermediate band materials,
EQE can exceed 100% because of a two-photon process emanating
from MEG processes. The solar cell device designed with the funda-
mental thickness exhibited high EQE that span between 110 and
>190 % within the infrared and visible regions of the electromag-
netic spectrum (Fig. 3). Notably, this wavelength range matches the
high absorption found in the exciton absorption spectra.

To guide experimental synthesis using the Cu,GeSe/SnS quan-
tum material as an active layer in solar cell devices, we explored how
device efficiency evolves when altering the active-layer thickness
from the atomic scale to the nanoscale. We examined the light-matter
interactions in the solar cell device by varying the Cu,GeSe/SnS
active-layer thickness from the fundamental lower limit of ~2 nm
adopting thickness-independent complex refractive index. While in-
trinsic quantum confinement in Cu,GeSe/SnS quantum material
might induce variations, within the scale of our numerical modeling,
fi can be approximated as thickness independent. Recent experi-
ments on 2D transition metal dichalcogenides show that, while
#i does change with thickness, this change remains below 5% for
up to three layers (47). Furthermore, typical thin films exhibit mini-
mal refractive index dependence on thickness, specifically between
200 and 800 nm, deviating by roughly 0.10 (48).

In our design, atomically thin GeSe and SnS are vertically stacked,
facilitating the easy integration of the hybrid structures through van
der Waals interactions. The thickness-dependent modeling of the solar
device efficiency indicate that the high EQE observed in the device
using the fundamental active-layer thickness remains consistent
across the 400- to ~560-nm wavelength range, encompassing both
infrared and visible domains. However, obtaining a substantial EQE
between 600 and ~1200 nm demands a thicker active layer, probably
due to the spatial delay in charge carrier generation as wavelength
increases (fig. S8). This highlights the need for tailoring active-layer
thickness to optimize peak efficiency zones in photovoltaic systems.
Designing solar cell devices often entails determining the optimal
active-layer thickness, maximizing both device efficiency and the to-
tal short-circuit current Ji, the highest current extractable from a
solar cell under ideal conditions. By examining the evolution of the
prototype solar device and modeling /. dependence on the thickness
of the active layer (fig. S9), we systematically determine the optimal
thickness of the Cu,GeSe/SnS active layer to be around 250 nm with
an optimal Js of ~43.54 mA/cm?®. Using these parameters, we as-
sessed the total wavelength-dependent reflectivity and transmissivity
for each solar cell component and the photogenerated carrier genera-
tion rate (Fig. 3, B and C). The solar radiation transmission through
the device is minimal, with total reflectivity fluctuating between
0 and 20% across the entire wavelength range. The active layer dis-
plays notable absorption, peaking at >90% across a broad wave-
length range and maintaining over 65% up to A ~ 1250 nm, where it
then gradually decreases (Fig. 3B). The photogenerated carrier gen-
eration rate profile (Fig. 3C) shows that most carriers form within the
active layer, notably in the 400- to 650-nm wavelength range. As
depicted in Fig. 3D, the calculated EQE fluctuates between 110 and
>190% at pivotal wavelengths.

The high EQE zones are notably aligned with the critical solar
radiation spectra of near-infrared and visible light. This alignment,
alongside large absorption and the emergence of intermediate band
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Fig. 3. Design architecture and the device characteristics of solar cell with Cu,GeSe/SnS as active layer. (A) Schematic of the thin-film solar cell with Cu,GeSe/SnS as
the active layer, (B) the layer-dependent excitonic absorption spectra consisting of the total reflection and total transmission, (C) the generation rate of photoexcited ex-
citons as a function of the solar wavelength and position in the device, and (D) the profile of the dependence of the EQE on the wavelength of the solar radiation for solar
device incorporating the optimal active-layer thickness. The inset in (D) shows the EQE of a solar cell with the fundamental active-layer thickness. Note the consistent
nature of the EQE within the crucial solar wavelength range, spanning the near-infrared and visible spectrum.

states, is further supported by recent experimental results that reported
the emergence of intermediate band states in Cu-intercalated, Ge-based
group IV materials (40, 41). Ultrafast measurements revealed distinct
photoconductivity responses in both pristine and Cu-intercalated
Ge-based nanoribbons following 800-nm pulse excitation. While
pristine GeS nanoribbons exhibit a photoluminescence decay time
ranging between 30 and 60 ps, Cu-intercalated samples show a notably
rapid decay of only 5 to 9 ps. Moreover, the observation of longer life-
times at elevated excitation fluences suggests trap site saturation. These
emerging characteristics, particularly the rapid response and enhanced
efficiency in Cu-intercalated samples, strongly indicate the potential of
Cu-intercalated GeSe/SnS as a quantum material for use in advanced
photovoltaic applications, offering an avenues for efficiency improve-
ments in solar energy conversion. This synergy between predicted per-
formance and experimental findings underscores the potential of these
materials in solar energy applications.

DISCUSSION

We investigated the promising capabilities of a distinctive quantum
material formed by the intercalation of zerovalent Cu atoms into the
van der Waals gap within the atomically thin GeSe/SnS hetero-
structure. This material was investigated for its potential appli-
cation as the active layer in energy-efficient photovoltaic devices.
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Our computational studies revealed that this material exhibits inter-
mediate band states, which are predominantly influenced by many-
body effects. These intermediate states facilitate enhanced absorption
capabilities across both the near-infrared and visible light spectra.
This characteristic is critically important for the efficient capture and
conversion of solar radiation, a key parameter in photovoltaic tech-
nology. Notably, the material demonstrated an ability to potentially
exceed the conventional limits of solar cell efficiency. In our simula-
tions, a solar cell incorporating our designed quantum material as
the active layer showed the potential to achieve a quantum efficiency
as high as 190% across a broad range of solar wavelengths. This find-
ing is particularly noteworthy as it suggests the possibility of surpass-
ing the Shockley-Queisser limit, a theoretical maximum efficiency
for a single-junction solar cell under standard test conditions. The
GeSe/SnS-based quantum material, therefore, stands as a highly
promising candidate for the development of next-generation, high-
efficient solar cells, which will play a crucial role in addressing global
energy needs. While the practical integration of the designed
quantum material into existing photovoltaic systems remains an area
for further refinement, it is important to acknowledge that the experi-
mental process for creating such materials is already well-established.
The intercalation of zerovalent elements into the van der Waals gaps
of atomically thin layered materials at the nanoscale, leveraging ad-
vanced technologies, is a well-established and reliable technique.
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This method has been refined through extensive research, proving its
effectiveness in producing innovative quantum materials.

MATERIALS AND METHODS

Quantum computational methods

The optoelectronic properties of Cu,GeSe/SnS quantum materials
were obtained using ab initio many-body, self-consistent quasiparticle
Green’s function plus screened Coulomb interactions (scQPGW)
approach for the many-body electronic ground state and the BSE for
the exciton optical transport spectra (49-56) as implemented in VASP
(57). All computations incorporated van der Waals interactions via the
DFT-D3 parameterization (58, 59), and projector augmented wave
potentials that included an accurate account of electron-electron and
electron-hole interactions, and an optimized set of potentials to
properly account for excited state properties. We performed series of
benchmarking calculations to determine the optimal set of input pa-
rameters that converges the quasiparticle bandgap and states to at least
within 10 meV (60, 61) (see details in the Supplementary Materials).
On the basis of our detailed benchmarking calculations, we adopted a
3 X 3 x 1 I'-centered grid to represent the reciprocal space and an en-
ergy cutoff of 500 eV (160 eV) for the DFT (scQPGW). Our many-
body calculations used 120 additional empty bands and 20 virtual
and occupied bands for the scQPGW calculations, and the solutions of
the BSE, respectively. Hybrid Cuy-GeSe/SnS quantum materials were
designed by chemically intercalating zerovalent Cu atoms into the
intrinsic van der Waals gap between a 2 X 2 X 1 supercell of atomically
thin GeSe and SnS structures, both of which exhibit orthorhombic
crystal symmetry (space group Pmn2;) (15, 16, 62, 63) with <2% lattice
mismatch. Using DFT, the hybrid quantum materials were first op-
timized until the energy (charge) was converged to within 1073 (1077 eV)
and residual stresses (forces) dropped to approximately 10~" GPa
(107 eVA™) using the Perdew-Burke-Ernzerhof exchange-correlation
functional (64). The size of the van der Waals gap decreased from
~3.23 to 2.97 A after Cu intercalation and structural relaxation
(Fig. 1A and fig. S1). The synthesis feasibility of the designed quantum
materials was established through energetic, structural, and mechanical
stability calculations and analyses using the ElasTool computational
toolkit (65) (see table S1).

Device modeling

A solar cell device using the designed Cu,GeSe/SnS as the active
layer was designed and characterized to determine the efficiency.
The essential parameter in the device calculations is the complex
refractive index. For the active layer, this is provided by the exciton
absorption spectra from the scQPGW + BSE advanced calculations,
ensuring that many-body effects are accurately incorporated into
the solar cell device design. The performance of the device was me-
thodically investigated using the numerically exact transfer matrix
method, adopting the approach proposed and successfully used by
Pettersson et al. (46) in their seminal work. The transfer matrix
method code used for the device modeling is provided in our
GitHub website (66) and from 10.5281/zenodo.10780496.
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