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Highly efficient electron transport layer Wig}mggj%gc&gg;

pinning and low barrier contact for solar cells:

monolayer GaN on 2D lead-free perovskite

Pengjie Fu,? Xunhua Zhao™*

» Key Laboratory of Quantum Materials and Devices of Ministry of Education School
of Physics, Southeast University, Nanjing 211189, China

ABSTRACT: Selecting the appropriate electron transport layer and adjusting the interface
performance are common strategies to enhance the charge transfer efficiency of perovskite solar
cells. However, such interfaces often suffer from strong Fermi-level pinning (FLP) and high contact
barriers, which severely limit device performance. Here, we report a solution through the design of
vdW dual-semiconductor heterojunction (DSH) composed of lead-free Cs;YSr;l;, perovskite and
monolayer GaN. The Cs3YSr3l1,/GaN structure largely removed interface gap states (IGS) within

the numerical resolution of our DFT calculations, leading to a zero contact barrier and the formation

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

of quasi Ohmic contacts. The FLP effect is weakened with a pinning factor of 0.74, approaching the

ideal Schottky-Mott limit. The key innovation lies in utilizing the negative electron affinity (NEA)

Open Access Article. Published on 19 February 2026. Downloaded on 2/26/2026 3:44:46 AM.

at the Y/GaN (0001) interface to lower the vacuum energy level below conduction band minimum

(cc)

(CBM), which offsets the unfavorable interface dipole moment and forms a negative work function,
thereby enabling spontaneous electron injection at the interface. Consequently, the heterojunction
achieves an exceptional tunneling efficiency of 97.1% and high conductivity of 7.97x103 S/cm.
This work highlights the significant potential of GaN as an electron transport layer for lead-free
perovskite applications in high-performance solar cells, photovoltaic devices, and photodetectors.

KEYWORDS: Fermi level pinning, dual-semiconductor heterojunction, zero contact barrier,

negative electron affinity, negative work function
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Two-dimensional (2D) perovskite semiconductors have attracted tremendous attention in
recent years due to long charge carrier lifetime, remarkable defect tolerance, high carrier mobility
and tunable work function properties.!* Despite these advantageous characteristics, the practical
performance of devices incorporating 2D perovskites is often limited by interfacial issues,
particularly at the heterojunction contacts with electron transport layers (ETLs).>¢ A critical factor
governing device efficiency is the precise alignment of energy levels at these heterojunctions, which
is essential for facilitating efficient charge transfer and suppressing deleterious hole-electron
recombination’® In addition, the mechanism of negative effects at the contact interface of
perovskite dual semiconductors is not yet clear, but chemical reactions at the interface inevitably
lead to structural disorder, lattice defects, and discontinuous interfaces.”!® We speculate that this
will result in the generation of interface gap states (IGS) and Fermi level pinning (FLP). Previous
studies have also proved that the main reason for limiting the transmission efficiency between the
electron transport layer and perovskite is the FLP at the interface.!’:'213 FLP severely restricts the
modulation of potential barriers, leading to high contact resistance and reduced carrier mobility,
which are common drawbacks in conventional perovskite-based devices.'* Therefore, there is an
urgent need to develop new effective strategies to create contact interfaces with trap free, low
contact resistance, and adjustable carrier polarity to improve device performance.

For traditional semiconductor heterojunctions, IGS acts as a charge trap to "pin" the Fermi
level, severely restricting the regulation of Schottky barrier height and heterojunction band
alignment, resulting in increased contact resistance and performance degradation.!>'%!7 IGS has
been well resolved in perovskite semiconductor heterojunctions through doping and other

means.'®!? But in 2D metal-semiconductor heterojunction, the overlapping states generated by
2
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strong orbital hybridization between contact elements can generate IGS and distort the excellent, ..
DOI: 10.1039/D6TA00035E
performance of the heterojunction.? Therefore, dual-semiconductor heterojunctions (DSHs) avoid
the more complex contact interfaces of traditional semiconductor heterojunctions.?! In addition to
IGS, interface dipole is another important contributor responsible for the FLP.!¢ The existence of
interface dipoles changes the arrangement of interface bands and limits the efficiency of charge
transfer.?>23 Furthermore, the reverse electric field formed by charge depletion is a direct evidence
of surface charge repulsion which causes DSH orbital rehybridization.?*?°> This obvious interface
dipole formation induced FLP greatly limits the transport of charge carriers.?%?” Interestingly, the
negative electron affinity (NEA) is precisely generated due to the strong interface dipole and has
been widely used in the wide bandgap semiconductors,?® such as GaN,?® Zn0.3° The formation of
NEA enhances charge excitation and spontaneous electron migration.3! This makes NEA possible

as an effective method to overcome the adverse effects of interface dipole. Chen et al.3? reduced the

apparent work function of semiconductors (ZnO) and further improved selective electron transfer at

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

the bottom cathode by introducing a dipole interlayer. However, the interface potential barrier

generated by the sharp changes in electronic structure at the heterojunction interface needs to

Open Access Article. Published on 19 February 2026. Downloaded on 2/26/2026 3:44:46 AM.

consider whether electrons can undergo tunneling effects to improve carrier migration efficiency.

(cc)

The interface barrier (@) and tunneling barrier height (@), the energy barrier which must be
overcome for charge carrier transport across the interface,'®?3 are the important parameter which
distinguishing the performance of electronic devices. Zero barrier contact does not have such an
interface barrier, but tunneling barriers need to be considered. In modern silicon-based
microelectronics technology, establishing zero barrier contacts (e.g. Ohmic contact) is
accomplished through n-type or p-type doping.33 Nonetheless, implementing this approach to

enhance the contact efficiency of 2D materials poses a challenge due to their spatial constraints,
3
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which make intense doping difficult. Generally speaking, increasing the number of semiconductos, ..
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layers is an effective method to reduce the @. As demonstrated by Shen et al.,” 2D metal and
multilayer InSe can achieve van der Waals superposition induced transitions from Schottky contact
to Ohmic contact. However, the complex interface polarization effect of metal-semiconductor
junctions and the FLP effect between multilayer semiconductor materials pose a huge challenge.
Therefore, it is urgent to find a simple and effective method to improve the device performance of
perovskite electron transport layers

In this work, we propose a novel dual-semiconductor heterojunction (DSH) design to
simultaneously address the issues of interface dipoles, Fermi-level pinning, and high contact
barriers. Based on density functional theory (DFT) calculations, we integrate a lead-free Cs3Y S35,
perovskite with GaN nanosheets. This configuration leverages the NEA effect at the Y/GaN (0001)
interface to eliminate adverse dipole moments and suppress FLP, allowing electrons to
spontaneously migrate. The DSH design avoids the complex dipole polarization effects of
traditional metal semiconductor heterojunctions, while the monolayer GaN effectively solves the
FLP effect between multi-layer materials. We found that the formation of the heterojunction
negative work function causes the interface potential barrier to become zero, resulting in a
conductivity of 7.79 x 103 S/cm. Calculations show that the performance of Cs;YSr31;,/GaN DSH
is optimal when considering both tunneling efficiency and pinning factor simultaneously.
2. Computational methods

2D inorganic perovskite/GaN DSH models were created on the basis of cubic CsPbl; and GaN
structures from the Materials Project Database.?*3> All DFT calculations were performed by using
the Vienna Ab-initio Simulation Package (VASP).3¢ The interaction between the valence electrons

and the core electrons was treated by the projector augmented wave (PAW)37 method. The kinetic
4
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energy cutoff energy of 550 eV was used for plane-wave propagation, and it ensured sufficient,.
DOI: 10.1039/D6TA00035E
computational accuracy.’® For the plate with net dipole moment, dipole correction was considered
in all calculations. K-point sampling in the first Brillouin zone was achieved using the Gamma-
centric Monkhorst-Pack scheme with 10 X 10 x 1 and 8 x 8 x 1 for 2D perovskite and vdW DSH,
respectively. A vacuum layer of about 25 A (>20 A) was introduced along the Z direction to avoid
the spurious interactions between perovskite and GaN. All atomic positions were relaxed until the
maximal residual forces per atom were less than 0.01 eV/A. For geometric optimization, the
convergence criteria for energy and force acting on each atom were set to be 10 eV and 103
eV/A, respectively.
The interface interactions of vdW DSH were described by using Strongly Constrained and
Appropriately Normed (SCAN) functional with vdW correction (DFT-D3).3° The electron

exchange-correlation energy was treated by using the meta-generalized-gradient approximation

(Meta-GGA)* of the SCAN functional. Since the Perdew-Burke-Ernzerh (PBE) and Spin-orbit-

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

coupling (SOC) functional underestimates the bandgap of semiconductors and the hybrid Heyd-

Scuseria-Ernzerhof + SOC (HSE06+SOC) functional overestimates the bandgap of semiconductors,

Open Access Article. Published on 19 February 2026. Downloaded on 2/26/2026 3:44:46 AM.

Meta-GGA was used to calculate the electronic structures of the bulks and 2D heterojunctions

(cc)

(Figure S1, Figure S2 and Table S1).
3. Results and Discussion
3.1 Computational screening of perovskite DSH

The workflow and structural model of screening 2D inorganic perovskite double DSHs
materials are illustrated in Figure 1a. To find potential DSH candidates, here we apply four aspects
the selection criteria, namely the surface energy (ys), elastic constant (Cy), impurity level. We first

address the surface stability 2D perovskite, which are crucial for understanding the construction of
5
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DSH. The formula for calculating the surface energy is as follows:?’ View Article Online
DOI: 10.1039/D6TA00035E

_ Etwotai—nvEcspbi; + X ANm, orM,] KM, orM,]

Ys = A (1

where Eyoa) and Ecsppr, are total energies of 2D Css[M;orM;]Pbsl;, nanosheets and CsPbl; in
cubic bulk, respectively. A is the surface area of nanosheets, n, is the number of CsPbl; formula
unit in 2D nanosheets, M, 0rM,] 1s the chemical potential of atomic species M; or M, (M; or M, =
Sc, ALY, Ln, TI, La, Bi, Ga), and Anpy,orm,] is the difference of atom numbers between the given

2D structure and ny, bulk CsPbl;.

M; =Ba, Ca, Mg, Sn, Sr, Zn
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Figure 1. (a) Workflow and structural model of screening 2D perovskite DSH. Band structure of (b) 2D
Cs3ScPbsly, () 2D Cs3YPbslyy, (d) Cs3YPbsljo/GaN heterojunction and (e) Cs;Y Sr;3l1,/GaN heterojunction. Cs,
Pb, Sr, I, Y, Ga, N and H atoms are displayed in turquoise, black, yellow, purple, dark blue, sky blue, pink, and

white, respectively.

Table 1. Surface energies (ys) of Cs3;[M;orM,|Pbsl;; (M, or M, = Sc, Al, Y, Ln, Tl, La, Bi, Ga).

M; Sc Al Y Ln Tl La Bi Ga
¥s(meV/A?) —15.72 —33.44 —41.03 —18.42 17.53 28.56 14.59 44.32

M, Sc Al Y Ln Tl La Bi Ga
¥s(meV/A2) —22.83 —12.94 —46.37 14.57 —28.77 29.52 36.57 21.43
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By comparing different doping methods (Table 1 and Table S2), the surface energy of the Cs&.i.

DOI: 10.1039/D6TA00035E
cation is replaced by trivalent cations (M,=Y) lower ( — 36.37 meV/A2) than the divalent doped
structure (— 32.46 meV/A2). Nevertheless, not all of the 2D doped perovskites have negative ys,
and thus these perovskite structures with positive ys are excluded in the subsequent study. Figure
1b shows band structure of 2D perovskite, which is obtained from cubic CsPbl; along the (111)
direction. However, the band structure of 2D Cs4Pb;I;(111) has impurity energy levels, which is
due to the instability of the structure caused by the high surface energy resulting from the surface
dangling bond. Among all doped elements (Figure S3), only Y3* does not contain impurity energy
levels (Figure 1c¢). Y element passivation of perovskite surface has been achieved in
experiments.*!#243 In addition, we observed the band structure of GaN and used hydrogen atom
passivation to form stable 2D GaN structure (Figure S4). There is only a small lattice mismatch

(~0.71%) between the (1x1) Cs;YPbsl;, and (vV7xv7) GaN nanosheets, indicating that the structure

stability is not likely to be effectively influenced by the mismatch. Based on the above comparison

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

and consideration of the minimum Ilattice mismatch rate constructed Cs;YPbs;l;,/GaN DSH.

However, the formation of heterojunctions is accompanied by the reappearance of impurity levels

Open Access Article. Published on 19 February 2026. Downloaded on 2/26/2026 3:44:46 AM.

(Figure 1d). Considering the toxicity of Pb, we adopt the method of equivalency substitution to

(cc)

construct lead-free perovskite DSH. Interestingly, the substitution of Sr atom effectively suppressed
impurity energy levels (Figure le and Table S3) and forms more stable Cs;Y[M;]3l;,/GaN
structure (M;=Ba, Ca, Mg, Sn, Zn, Sr) (Figure S5 and S6), which is beneficial for the environment.
Some previous studies have also shown that Sr as a substitute element for Pb has almost no effect
on the crystal structure.** The reason why this element substitution can maintain the stability of the
perovskite structure is because the radius of Sr and Pb are almost equal. However, perovskite and

GaN generate two contact configurations (Ga-top and N-top), the C; and band gap are used to
7
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evaluate the stability and electronic properties of perovskite heterojunctions. The Cs;YPbslio/GaN, .
DOI: 10.1039/D6TA00035E

DSH exhibits triclinic symmetry, resulting in thirty-six independent elastic constants as follows:*

C=|Cy Cyz Caz Cay Cy4s Cag ()

(First —order:C;; >0
Second — order:C;,Cy5 —C%, > 0
Thlrd — Order:C11C22C33 + 2C12C13C23 — C11C%3 — C22C%3 — C33C%2 >0
Fourth — order:Cll(C22C33C44 + 2C33C24C34 — C33C%4 - C22C§4 - C44C%3) — C12(C12C33C44
+C23C14C34 4 C13C24C34 — C33C14Cp4 — C12C34 — C13C23C44) + C13(C12C33C44 + C52C14C54 +
C13C54 —C23C14Cp4 — C12C4C34 — C22C13C44) — C14(C12C23C34 + C32C33C14 + C13C33C54 —
C14C33 — C12C33Cp4 — C22C13C34) >0
Fifth — order:C;1(a—b+c—d) —Cyp(e—f+g—h)+Ci3(i—j+k—1) —Cu(m—n+o0—p)
+C15(q—r+s—2(t)) >0
\Sixth —order: ) A;B;>0

=1

l

A —

Determine Ga-top as the most stable configuration through detailed data calculation and
comparison can be found in Table S4. AIMD simulations with a 2 fs timestep (total 10 ps) show
that the system rapidly undergoes thermal equilibration within the first ~300 fs, after which the
temperature stabilizes in the 300-400 K range with only small stochastic oscillations (Figure S7).
The total energy initially exhibits pronounced fluctuations during 0-800 fs due to thermalization,
but subsequently converges to a narrow window of —183.5 + 0.7 eV throughout 1-10 ps. The
absence of long-term drift or abrupt energy spikes indicates that no structural degradation or
chemical reconstruction occurs during the simulation, confirming the robust thermodynamic and
dynamical stability of the Cs3Y?'Srzl;,/GaN interface under finite-temperature conditions.
Therefore, the final structure is the Ga-top Cs;YSr3;l;/GaN DSH. But the formation of contact
interfaces is accompanied by the generation of interface dipoles, which restricts electron transfer.
3.2 Interface dipole and negative electron affinity effect of Cs;YSr;1;,/GaN DSH

Based on the selected Cs;YSr31;,/GaN DSH, we discussed the influence of interface dipoles on
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charge transfer. As show in Figure 2a, Cs;3YSr;1;,/GaN DSH is a zero band-gap structure,,and.its ..
DOI: 10.1039/D6TA00035E
projected band structure shows that the Fermi level across the valence band of perovskite layer
(similar to p-type Ohmic contact), which indicates the formation of II-type energy bands. With the
appearance of semi metallic properties, we speculate that the tunneling effect is likely to occur at
the interface. Hence, there is no potential barrier to hinder the electron injection from Cs3Y Sr3l;, to
GaN. The partial density of states (PDOS) shows that its CBM is mainly contributed by Y-5p, Ga-
4p, I-5p and Sr-5s states, indicating that perovskite is the main contributor to the CBM of the
structure. The valence band electronic structure is mainly determined by the hybridization of s-p
orbitals between Y and I, and is mainly composed of I-5p and Ga-4p States, which constitutes the
overall structural skeleton of the heterojunction and is the core element to form the valence band top
and chemical bond. Owing to the nonlocalized nature of s and p orbitals, the large band dispersion

of Cs;YSr;l;; contributes to obtaining high carrier mobility. In addition, the 2s electron of n is

located at the deep level, which has little effect on the bonding and conductivity of the material,

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

indicating that Ga in GaN semiconductor plays an important role in adjusting the energy band width

and electronic properties of the material. On the other hand, it is found in Figure 2b that the

Open Access Article. Published on 19 February 2026. Downloaded on 2/26/2026 3:44:46 AM.

synergistic effect of charge transfer and redistribution gives rise to the interfacial electrical dipole in

(cc)

Cs3YSr;31;,/GaN DSH. The localized electric field induced by the interfacial dipole not only reaches
the interior of GaN to realize the overall band offset, but also the generation of reverse electric
fields limits charge transfer. The dipole moment calculated by averaging the dipole charge (Figure
2b) can be used to describe the limiting effect of the reverse electric field on charge transfer. The
average positive and negative dipole charge Q* and average dipole length d, of the interface were

analyzed. The formula is as follows:*

Qf=Q%"+ Q (3)

9
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Figure 2. (a) The projected band structure and PDOS of Cs;Y Sr31;,/GaN heterostructure. The purple and red lines

respectively. The calculation formula of the dipole moment P, is:

pz = |Qi| X d,
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The inset indicates the schematic diagram of dipole model during Y activation on H-GaN surface.
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)

in the band structure denote the contribution of GaN and Cs;Y Sr3l;,, respectively. (b) The average dipole charge
and local charge density. (c) Charge-density distributions of band-edge states of Cs;Y Sr3l;,/GaN heterojunction.
The charge-density distributions contributed by GaN and Cs;Y Sr3l;; are colored by purple and red, respectively.

where Zg, and Zg, .. represent the positions of the Y atom and the H-GaN surface along the Z-axis,

(6)
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The dipole moment of the perovskite heterojunction is 3.3 e-A (>2 e-A). Generally speaking,.a .
DOI: 10.1039/D6TA00035E
large dipole moment will limit electron transfer, but interestingly, the edge charge in Figure 2¢
indicates that electrons overflow near GaN. This apparent contradiction is resolved by considering
the negative electron affinity (NEA) effect induced by the strong dipole moment.*” NEA originates
from the formation of the Cs/GaN interface, and the dipole moment produced by Y element doping
enhances the generation of NEA. The electron affinity x of the heterostructure can be achieved by
the following relation:

X = Evac — Ec (7)
where E, and E,. are the energies of CBM and vacuum level. By comparing the x of eight different
doping elements (Table S5). The calculated x of Cs3YSr3l;o/GaN is — 2.47 eV proving the
existence of NEA. By comparing the average electrostatic potential (Figure S8) and interface

electron affinity of different termination planes (Table S6), we found that the Y-terminal interface

produces the largest downward vacuum energy level shift (strongest interface dipole), indicating

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

that the NEA of Cs3Y Sr31;,/GaN structure originates from specific Y-induced interface dipoles and

charge redistribution. The existence of the NEA effect enables electrons to spontaneously migrate,

Open Access Article. Published on 19 February 2026. Downloaded on 2/26/2026 3:44:46 AM.

effectively solving the adverse effect of dipole moment on electron transfer.

(cc)

In order to further investigate adsorbates and defects, we conducted additional tests by
introducing a molecule of H,O or O, on the exposed surface and introducing representative iodine
vacancy defects near the surface (Figure S9). Although these perturbations may alter the local
dipole and reduce the magnitude of y, the interface still maintains a negative electron affinity and
preserves the key conclusion of spontaneous electron injection/low barrier in the Ga-terminated Y
configuration. Therefore, maintaining NEA in experiments would benefit from interface passivation

and device encapsulation.
11
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3.3 Negative work function and tunnelling barrier of Cs;YSr;1;,/GaN DSH View Article Online
DOI: 10.1039/D6TA00035E
The potential barrier is another important reason for limiting charge transfer at heterojunction
contact interfaces. Among them, the work function is an important parameter, describing the energy
of an electron needed to emit into vacuum. The work function Wy can be achieved by the
following:*3
Wg =Evac — Ef 3
where E,,. and Ef are the energies of vacuum level and Fermi level. Surprisingly, we observed that

the vacuum energy level of Cs;3YSr;11,/GaN is below CBM and the calculated @ of is —1.17 eV,

demonstrating the spontaneous migration of electrons (Figure 3a).

(a) (b))

—-—- Fermi Level —-—-Vacuum Leval

80t
B ﬁbvm‘:ﬂfi!e —

f i R ——— 60

%)
] g

Pyl

Potential(eV)

0 5 10 15 20 25
z axis(A)

Figure 3. (a) Electrostatic potential distribution and (b) carrier tunneling probability of 2D Cs;Y Sr31;,/GaN DSH.
Fermi level, Vacuum level and CBM are indicated by blue, red and green lines in electrostatic potential

distributions, respectively.

The tunnelling barrier is characterized by two parameters: the height (@1g) and width (Wrg) of
the barrier. The @rg and Wrg of the tunneling barrier can be obtained from the electrostatic
potential of the Cs3Y Sr;1;,/GaN DSH (Figure 3a), where the potential difference between the vdW
gap (Pg,p) and the potential energy of 2D Cs3YSr3li5 (Pperovskite) 18 characterized by ®Prg. Compared

with other doped perovskites (Figure S10), the tunneling barrier of Cs;YSr31;,/GaN DSH is the

12
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lowest (0.74 eV). In addition, tunneling barriers can also be evaluated by tunneling probability,..
DOI: 10.1039/D6TA00035E

(PrB), which can be calculated as:*

Prg =exp (— PR 2m®Prp) )

Where h is the reduced Planck constant, m is the mass of free electron, @g and Wrg are tunneling

barrier height and width, respectively. The calculated &g and Wrg are 2.44 eV and 0.63 A,
respectively. Based on Equation (9), the Ptg of the Cs;YSr3l;,/GaN DSH can be estimated to be
97.1%. Similarly, the Prg of other DSHs has been predicted to span a broad range from 46.3% to
97.1% (Figure 3b). However, the Ptg value of Cs;YSr3;l;,/GaN DSH is not the highest, and the
application of DSH in electronic and optoelectronic devices requires it to have both high Prg and
weak FLP, which requires us to find a DSH that balances the influencing factors of the two.
3.4 FLP effect and conductivity of Cs;YSr;1;,/GaN DSH

Under ideal conditions, the Schottky-Mott rule can predict the strength of FLP. But the

Schottky-Mott rule often cannot offer a reasonable prediction of semiconductor heterojunctions in

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

experiment due to strong FLP at the DSH interfaces, the FLP strength for a given semiconductor

can be described by barrier pinning factor S as follows:3%3!

D
S§=— (10)
Wperovskite

Open Access Article. Published on 19 February 2026. Downloaded on 2/26/2026 3:44:46 AM.

(cc)

where @ denotes the interface barrier height, and Wperovskite is the work function of 2D doped
perovskite. The S is obtained by calculating the changes in interfacial potential barriers (i.e. the
work function difference between metal and semiconductor) in different metal doped perovskite
heterostructures. When S = 1 means that the Schottky-Mott limit is achieved, and S = 0 denotes
strong FLP at DSH interface.’”> For semiconducting heterojunctions, the absolute S value lies
between 0 and 1. The calculated S of the Cs;Y Sr31;,/GaN DSH is 0.74 (Figure 4a), which is closer

to the Schottky mode limit compared to some typical previous studies of 0.27 for Si and 0.07 for
13
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GaAs,>3>* indicating that FLP is effectively suppressed. On the basis of the calculated Prg.and.S. .

DOI: 10.1039/D6TA00035E

values (Figure 4b), Cs;YSr3l;,/GaN DSH satisfy both high Prg and weak FLP are more suitable

for electronic and optoelectronic applications.
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Figure 4. (a) Relative @ of the 2D perovskite/GaN heterostructure versus the work function values
of 2D doped perovskite. The S presents the pinning factor. (b) Carrier tunneling probability Prg
versus the pinning factor S in Cs3[M,]Sr;31,/GaN (M= Sc, Al, Y, Ln, Tl, La, Bi, Ga). (c) Electronic

conductivity of Cs;YSr;1;,/GaN DSH. (d) The Process of zero barrier contact transformation.

In addition to the Ptg and FLP strength, the electronic conductivity is also an important
parameter to evaluate the charge transport efficiency of DSHs.’> The electronic conductivity
calculated through VASPKIT need to be multiplied with the relaxation time (t). By utilizing the
deformation potential (DP) theory, in combined with the effective mass approximation, the t can be

calculated as:5¢

um* 2h3C
= (11)
e 3kgTm*E
14
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and ¢ = [026/0(aasaq)?)/s: o oo S
where C is the elastic constant, € is the deformation potential energy, m* is the effective mass, u is
the mobility of carriers, including electrons and holes, A is the reduced Planck constant, T is the
temperature, £ is the total energy of the system. Aa is the change of the lattice constant, da/a, is
the magnitude of the uniaxial stress, and S is the bottom area of the two-dimensional material.

Our measurements revealed a high conductivity of 7.96 x 10* S/cm for the Cs3Y Sr3l;,/GaN
DSH (Figure 4c), significantly surpassing the values reported in previous research.’”385° The
Seebeck coefficient, electronic thermal conductivity, and power factor of Cs;YSr31;,/GaN DSH are
shown in Figure S11. Compared to traditional semiconductors, GaN heterojunctions exhibit small
tunneling barriers, weak pinning, zero potential barriers, and high electron transfer efficiency
(Figure 4d). Hence, the 2D Cs;YSr;31;,/GaN DSH show great potential for high performance in

electron transport layer.

4. Conclusions

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

In summary, guided by DFT calculations, this work systematically investigates the potential

barriers and FLP effects in a series of vdW-stacked DSHs composed of monolayer GaN and lead-

Open Access Article. Published on 19 February 2026. Downloaded on 2/26/2026 3:44:46 AM.
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free perovskite. The stability and environmental compatibility of the Cs;YSr3l1,/GaN DSH are
ensured through surface passivation by trivalent elements and isovalent doping of strontium (Sr).
We demonstrate that coupling monolayer GaN with Y-doped two-dimensional perovskite induces a
negative work function, leading to a transition to zero barrier height. This contact transition is
mainly due to the vdw interaction between the two materials at the interface, which will rearrange
the charge distribution in the interface region. This charge rearrangement will change the local
electrostatic potential, thereby causing the vacuum energy level to shift downward at the interface.

Moreover, the formation of Y-Ga interface facilitates the NEA effect, which significantly mitigates
15
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the adverse impacts of FLP and interface dipole moments on interlayer electron transport. Among..
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all configurations evaluated, the Ga-top Cs3YSrzli12/GaN DSH exhibits superior performance,
achieving remarkable tunneling efficiency and high electrical conductivity. This study proposes a
novel strategy to overcome electron transport bottlenecks in conventional semiconductor junctions
and offers promising avenues for enhancing the performance of next-generation electronic

nanodevices.
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