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All-inorganic lead-free perovskite solar cells have emerged as environmentally benign candidates; however, their de-
vice performance is still constrained by pronounced carrier recombination losses in the bulk and at interfaces. By combining
energy band alignment analysis with detailed modeling of recombination mechanisms, a systematic strategy for optimizing
hole transport layers is developed. The results reveal that a negative valence band offset produces a cliff-like interface,
which facilitates hole extraction while also accounting for the observed variations in open-circuit voltage. Furthermore,
short-circuit current losses are quantitatively attributed to different recombination pathways, modeled by incorporating
radiative, Shockley—Read—Hall, Auger, and interface recombination processes. This comprehensive approach not only
clarifies the correlation between energy level alignment and recombination dynamics but also highlights the competing
roles of band offset and interface defects in determining device performance. The optimized device architecture, based on
Ge-based lead-free perovskites, achieves a power conversion efficiency of 25.1%, with an open-circuit voltage of 1.29 V, a
short-circuit current density of 22.5 mA-cm~2, and a fill factor of 86.3%. These findings provide theoretical guidance for
designing stable, high-performance, and environmentally friendly lead-free perovskite solar cells.
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1. Introduction

In recent years, perovskite solar cells (PSCs) have ex-
perienced rapid development owing to their outstanding op-
toelectronic properties, facile low-cost fabrication processes,
and compatibility with scalable deposition techniques. Their
power conversion efficiencies (PCE) have approached those of
conventional crystalline silicon solar cells (> 27%).1-21 The
exceptional characteristics of perovskite materials, including
high absorption coefficients, long carrier diffusion lengths,
low exciton binding energies, and tunable bandgaps, endow
them with tremendous potential for diverse next-generation
photovoltaic applications.>*! However, non-radiative recom-
bination remains a major bottleneck severely restricting both
the efficiency and operational stability of PSCs.>~71 This
includes mechanisms such as Shockley—Read—Hall (SRH)
recombination, Auger recombination, electron—phonon cou-
pling, and tail-state-assisted recombination. 81 These detri-
mental processes not only cause significant deviations in open-
circuit voltage (V,), short-circuit current density (Jg), fill
factor (FF), and overall device efficiency from the ideal ra-
diative limit, but also exacerbate ion migration and chemi-
cal degradation within the absorber layer, further accelerat-
ing performance deterioration under prolonged illumination
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or damp heat conditions.!'"'?] Therefore, the careful, delib-
erate, and effective regulation of non-radiative recombination
processes is crucial for further enhancing PSC performance,
ensuring long-term operational stability, and significantly ex-
tending overall device lifetimes and reliability.

Among various lead-free alternatives, group 14 element
germanium (Ge) in its divalent state (Ge(I)) has emerged
as a highly promising and environmentally friendly substi-
tute for toxic lead in advanced perovskite materials.!'3! Ge(II)
shares a similar valence state with Pb(I[) but possesses a
lower electronegativity, offering new opportunities for ratio-
nally designing lead-free perovskite systems with improved
environmental safety, long-term stability, and enhanced de-
vice performance.!'"¥ Hu er al.!"! introduced Ge doping
to construct vertically graded homojunction structures, ef-
fectively mitigating self-doping and high defect recombina-
tion in Sn-based perovskites, thereby substantially enhanc-
ing both film quality and device operational stability. All-
inorganic CsGel, Br-based perovskites exhibit several remark-
able advantages, including non-toxicity, an ideal bandgap
(~1.579 eV), high absorption coefficient in the visible range
e 10° cm’l), and excellent electrical conductivity, making
them highly attractive for next-generation high-performance
photovoltaic applications.!'®! Compared to organic—inorganic
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hybrid perovskites, the incorporation of Cs™ significantly
improves both thermal and moisture stability, as confirmed
by complementary experimental and theoretical studies.!7!8]
In terms of device engineering, Ainane et al.!'”1 employed
SCAPS-1D simulations to identify SnO, and Cul as opti-
mal electron transport layer (ETL) and hole transport layer
(HTL) materials, achieving a PCE of 15.68% for CsGels-
based devices. Similarly, Sarkar et al 201 constructed a
TiO,/CsGel,Br/Spiro-OMeTAD device model using SCAPS-
1D and achieved a theoretical PCE of up to 25.15% by care-
fully tuning energy band alignment, interface matching, and
carrier transport properties. These findings highlight the sub-
stantial potential of Ge-based perovskite materials in advanced
next-generation photovoltaic applications and offer valuable
theoretical insights for further device structure optimization,
precise interface engineering, and process refinement.

In this study, a comprehensive series of lead-free PSCs
were modeled using the SCAPS-1D simulation platform tool,
employing CsGel,Br as the primary light-absorbing layer,
with CsSnl3, CsGels, CsSngs5Gegsls, and CsGel,Br itself
serving as HTLs. Energy band alignment analysis, in con-
junction with detailed recombination mechanism modeling,
was employed to systematically screen and optimize the HTL.
Particular attention was given to the impact of non-radiative
recombination processes, including intrinsic defect-assisted
recombination and interface recombination, on overall de-
vice performance. By systematically tuning material param-
eters, band alignment, and recombination pathways, this work
proposes effective strategies for improving photovoltaic effi-
ciency, suppressing performance degradation, and extending
operational stability. These findings provide valuable theoret-
ical insights and practical guidance for the rational design and
development of stable, high-performance, and environmen-
tally friendly lead-free PSCs.

2. Calculation methods

The simulation is carried out using the widely adopted
solar cell capacitance simulator, SCAPS-1D (one-dimensional
solar cell simulation program).?!! The AM1.5G standard so-
lar spectrum was employed with an illumination intensity set
to 1000 W-m~2 to ensure consistent, reproducible, and com-
parable light conditions, while the ambient temperature was
carefully maintained at 300 K. All efficiency data reported
in this work were obtained directly from SCAPS-1D sim-
ulations. The simulated device architecture was based on
a typical n—i—p configuration, comprising fluorine-doped tin
oxide glass (FTO), an ETL, a perovskite absorber layer, an
HTL, and a back electrode. Four lead-free perovskite mate-
rials (CsSnlz, CsGels, CsSngs5Gegsls, and CsGel,Br) were
systematically investigated as potential HTL candidates, with
WS, employed as the ETL. In the interband recombination
model, the recombination rates at the FTO, ETL, and HTL
were set to zero, while the radiative recombination coeffi-
cient (3 x 107! cm?.s™!) and Auger recombination coeffi-
cient (1 x 1072 cm®s~!) were consistently kept constant.
Key simulation parameters for the HTL, ETL, and CsGel,Br
absorber layer are summarized in Table 1, and the interface de-
fect parameters between the transport layers and the CsGel, Br
absorber are detailed in Table 2. The parameters listed in Ta-
ble 1 represent the fundamental physical quantities employed
in the SCAPS-1D simulations. Specifically, d denotes the pre-
cise layer thickness, while E,; and ) correspond to the bandgap
and electron affinity, respectively. The relative dielectric per-
mittivity is given by &. The effective densities of states in
the conduction and valence bands are represented by N, and
N,. Carrier transport characteristics are comprehensively de-
scribed by the electron and hole thermal velocities (V, and V)
as well as the corresponding mobilities (u, for electrons and
U for holes). In addition, Np and Ny indicate the donor and
acceptor densities, respectively, whereas N; accounts for the
intrinsic defect density.

Table 1. Physical parameters of different layers in PSCs.

Parameter FTO!! n-WS, 18 i-CsGel,Br!!9] p—CsGeIzBr“g] p-CsSnl3 [16] p-CsGels 122] p-CsSny 5Geo 513 [13]
d (nm) 500 100 600 300 300 300 300
E, (eV) 35 1.8 1670221 1.67 1.3 1630131 L5
x V) 4.0 3.95 3.76 3.76 3.62 3.450231 3.9
& 9.0 13.6 5.85 5.85 482 18.6124 28
N; (cm™3) 2.2x10'8 1x10Y 9.65 x 10'7 9.65 x 107 1.57 x 10" 1.0 x 10'8 3.1x10"8
Ny (cm™3) 1.8 x 101 2.4 % 10" 1.04 x 1018 1.04 x 1018 1.47 x 1018 1.0 x 101 3.1x10"8
Vi (cm-s™1) 1% 107 1% 107 1x 107 1% 107 1 x 107 1 x 107 1% 107
Ve (cm-s™ 1) 1x107 1x107 1 x 107 1 x 107 1x107 1 x 107 1% 107
Up (cm?.V—1.s~h) 20 100 20 20 50 20 974
Up (cm?-V~ls7h 10 100 20 20 400 20 213
Np (cm ™) 1.8 x 10" 1x10'8 0 0 0 0 0
Na (cm™3) 0 0 2x 106 2% 10 5% 10" 2% 106 1x 10
N; (em™3) 1x 10" 1x 10" 1x10'® 1x 10" 1x 10" 1x 10" 1x 10
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Table 2. Simulation parameters for interfacial defects at the CsGeI2Br/HTLs.

Interface Defect type Capture cross section: electrons/holes (cm?) Energetic distribution Reference for defect energy level Total density (cm™3)
ETL/CsGel,Br  neutral 1x10719/1x 1071 single above the VBM 1x10'0
CsGel,Bi/HTL  neutral 1x10719/1x 1071 single above the VBM 1x 100

3. Results and discussion

3.1. Basic photovoltaic performance of the device

To evaluate the fundamental performance of the devices,
an n-i-p structured model was constructed as follows: it con-
sists of an FTO substrate, a 100 nm thick WS, electron trans-
port layer, a CsGel,Br perovskite absorber layer with an ini-
tial thickness of 600 nm, HTLs including CsSnlz, CsGels,
CsSng 5Geg sI3, and CsGel;Br (each 300 nm thick), and a
metal back electrode. The initial defect density of the per-

ovskite layer was set to 1 X 103 ¢cm 3, with electron and hole
mobilities both at 20 cm?-V~!.s7!, and an Auger recombi-
nation coefficient of 1 x 1072 ecm®-s~1.[22 Under standard
AM1.5G illumination, as shown in Figs. 1(a)-1(d), the device
employing CsGels as the HTL exhibited the optimal J-V char-
acteristics.

Furthermore, the comparison of V., Js, FF, and PCE in
Fig. 1(e) clearly indicates that the CsGelz-based system out-
performs the others, with a V. of 1.29 V, an FF of 86.34%,
and a PCE of 25.06%. As further mechanistic analysis in
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Fig. 1. J-V characteristics of devices with four different HTL configurations: (a) CsSnls, (b) CsSng 5Geg sl3, (c) CsGel,Br, and (d) CsGels.
(e) Comparison of photovoltaic performance parameters. (f)—(i) Energy band diagrams at the CsGel, Br/HTL interface for devices with the four

respective HTL configurations.
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Fig. 1(f) reveals, this performance advantage originates from
improved band alignment and a reduced interface recombi-
nation rate between CsGels and the absorber layer. The in-
trinsic mechanisms underlying the superior performance of
CsGels as an HTL can thus be elucidated through interface
The de-
vice employing CsGels as the HTL exhibits the optimal J—
V characteristics, with a J reaching 22.49 mA-cm 2, which
is significantly higher than those of the other three configu-

band engineering and carrier dynamics analysis.

rations. This advantage is particularly evident in the external
quantum efficiency (EQE) response within the 500-600 nm
wavelength range (Fig. 2(a)), indicating superior carrier col-
lection efficiency for CsGels. As shown in Fig. 2(b), the short-
circuit current density (Jy.) exhibits significant variations un-
der the four different HTL configurations. Specifically, de-
vices with CsSng 5Ge 513 and CsGel,Br as HTLs display rel-
atively lower Jy., whereas those with CsSnl3 and CsGels ex-

hibit markedly enhanced Jy., with the CsGels-based device
achieving the highest value. These results indicate that the
energy-level alignment and interfacial properties of the HTL
play a crucial role in the efficient collection and transport of
photogenerated carriers. To further elucidate the origin of the
Jsc differences, Fig. 2(c) schematically illustrates the Jy. loss
mechanisms, which primarily include current leakage associ-
ated with shunt resistance (Jshun) and interface/bulk recombi-
nation losses (Jre). Quantitative analysis in Fig. 2(d) reveals
that the Jg. of the CsSng sGeg 513 and CsGel,Br systems is rel-
atively high, indicating more severe interfacial recombination
that limits the effective current output. In contrast, the CsGels-
based device exhibits a significantly lower Jge, suggesting su-
perior interfacial compatibility and carrier transport capability,
which accounts for its highest Ji.. Meanwhile, Jgpun losses for
all devices remain at low levels, indicating that the influence
of shunt resistance on Jy is relatively minor.
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Fig. 2. Device characteristics under four different HTL configurations: (a) EQE spectra. (b) Comparison of Jy. for the four device structures.
(c) Schematic illustration of the Jy. loss mechanisms. (d) Quantitative analysis of Jy loss for the four device configurations.

Prior to conducting in-depth analyses, a systematic in-
vestigation of the J. loss mechanisms is essential. Such an
analysis not only facilitates a comprehensive understanding
of the underlying physical processes governing device perfor-
mance optimization but also provides theoretical insights into
the key factors influencing PCE. Therefore, a comprehensive
investigation combining energy level alignment and system-

atic Jyc loss analysis was conducted to elucidate the underly-

ing reasons for the differing photovoltaic performances among
various transport layers. In this study, the loss mechanisms
affecting Jy. were thoroughly examined (Fig. 2(c)), with the

corresponding theoretical model expressed by the following
[16]

equation:
Jse = JGe — JRe — Jshunt; (D
q(V+JscRs) V +J.R
Jse =Jee —Jo (e ikl _1) _(‘Ziscs), 2
sh
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where Jg. denotes the photogenerated current density, Jghunt
represents the shunt current, and Jg. corresponds to the recom-
bination current (including both radiative and non-radiative re-
combination). Additional parameters include the reverse satu-
ration current density Jy, diode ideality factor njq, Boltzmann
constant k (1.38 x 10723 J.K~!), ambient temperature T, se-
ries resistance R, and shunt resistance Rgj,.

To further investigate the origin of the Jy. differences,
we analyzed the energy band diagrams. As shown in
Figs. 1(f)-1(i), the valence band offsets (VBOs) between the
four candidate HTL materials and the perovskite absorber
layer are as follows: CsSnlz (—0.51 eV), CsSngs5Geqsl3
(—=0.03 eV), CsGel,Br (0 eV), and CsGels (—0.35 eV). Ac-
cording to band alignment theory, a negative VBO (as seen
in CsSnl3, CsSng 5Geg sl3, and CsGels) creates a “cliff-like”
band structure at the interface, which facilitates hole extrac-
tion. However, the excessively large negative VBO of CsSnl;
(—0.51 eV) leads to significant carrier accumulation at the in-
terface, resulting in a high recombination current density (Jre)
of 9.87 mA-cm 2 (Fig. 2(d)) and a reduced device efficiency
of 18.45%. In the case of CsSng 5Geg sl3, despite having the
smallest absolute VBO (—0.03 eV), its conduction band min-
imum (CBM = —3.90 eV) lies below that of the perovskite
layer (CBM = —3.76 eV), forming a reverse electron trans-
port barrier. This not only fails to effectively block electron
diffusion toward the HTL but also causes hole trapping and re-
combination within the transport layer (Jre = 5.26 mA-cm~2),
lowering the efficiency to 20.88% (Fig. 2(d)).

For CsGel,Br, the flat band alignment (VBO = 0 eV)
eliminates the potential barrier but sacrifices selective carrier
transport, leading to increased electron—hole recombination
and a moderate efficiency of 22.19%. In contrast, CsGels,
with a moderate VBO of —0.35 eV, forms a graded band struc-
ture that ensures efficient hole extraction, supported by its
high hole mobility (20 cm?-V~!.s71). As shown in Fig. 1(g),
among the four HTL configurations, CsGels-based devices ex-
hibit the highest Jy. of 22.09 mA-cm~2, reflecting superior
photogenerated carrier collection and transport, and achieve
the best PCE of 25.06%. Despite these promising results, the
Voc still shows a notable deficit compared to the Shockley—
Queisser theoretical limit (1.33 V), mainly due to bulk per-
ovskite defects (dominated by SRH recombination) and non-
radiative recombination induced by energy level mismatches
at the ETL/perovskite and perovskite/HTL interfaces. These
findings indicate that while the initial device architecture ex-
hibits basic photovoltaic functionality, its efficiency and sta-
bility remain far from the theoretical potential of lead-free per-
ovskite materials. Addressing key issues such as recombina-
tion losses and band misalignment through systematic numer-
ical optimization is therefore essential.

3.2. Radiative recombination in devices

In perovskite solar cells, radiative recombination is a fun-
damental physical process governing carrier recombination.
Typically, the radiative recombination coefficient exhibits a
degree of stability and does not vary significantly with dif-
ferent fabrication techniques. This suggests that the radia-
tive recombination coefficient is more likely an intrinsic ma-
terial property rather than a parameter influenced by process-
ing conditions.!?*! Radiative recombination is one of the fun-
damental carrier recombination mechanisms in semiconduc-
tor materials. It involves the direct transition of an electron
from the conduction band to the valence band, where it re-
combines with a hole, with the recombination energy released

in the form of a photon. This process can be expressed as/?*!

Uradiative = K("P - nlz)a 3)

where n and p are the concentrations of electrons and holes,
respectively, and #; is the intrinsic carrier concentration. Ra-
diative recombination adheres to both energy and momentum
conservation laws and serves as a fundamental mechanism en-
abling photon-to-electron conversion in optoelectronic devices
such as solar cells. However, it also represents a key limiting
factor for improving device efficiency.

Based on theoretical and experimental values of the ra-
diative recombination coefficient for perovskites reported in

the literature,[25:26]

we systematically investigated the ef-
fect of radiative recombination coefficients ranging from
10712 cm3-s7! to 1078 cm3-s™! on the photovoltaic perfor-
mance of four different device configurations. As shown
in Fig. 3(d), when the radiative recombination coefficient
gradually increases from 107!2 cm3-s7! to 1078 cm?®.s7!,
the V. remains nearly constant until the coefficient reaches
1078 cm3-s~!, where it drops abruptly. Meanwhile, the J.
(Fig. 3(a)) remains almost unchanged, indicating that the pho-
togenerated current is relatively insensitive to the strength of
radiative recombination. The FF shows a nonlinear depen-
dence on the radiative recombination coefficient (Fig. 3(g)). It
remains relatively high (88.18%—77.62%) when the coefficient

3.1, but once this value

lies in the range of 10~ 2-1071° cm
exceeds 1072 cm?-s~!, the FF declines significantly, dropping
to 84.70%—-76.63%. This trend can be attributed to the spatial
redistribution of carrier concentrations induced by radiative re-
combination.

At lower radiative recombination coefficient values, the
carrier diffusion length is sufficient to maintain a uniform con-
centration gradient, ensuring efficient charge extraction. In
contrast, at higher radiative recombination coefficient values,
rapid recombination at the transport layer interface leads to
the formation of a space-charge region, thereby intensifying
ohmic losses during carrier transport.[>”28] Consequently, a
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pronounced negative correlation is observed between the PCE
This behavior
arises from the intrinsic energy dissipation associated with ra-

and the radiative recombination coefficient.

diative recombination. When sunlight is absorbed by the per-
ovskite active layer, photon energy excites electronic transi-
tions, generating electron—hole pairs with the potential to pro-

duce electrical energy. However, a high radiative recombi-
nation coefficient implies that carriers are more likely to re-
combine radiatively, re-emitting the stored energy as photons
rather than contributing to electrical output. Therefore, min-
imizing the radiative recombination coefficient is critical to
maximizing the PCE of perovskite solar cells.
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3.3. Auger recombination in devices

As a critical non-radiative recombination mechanism in
perovskite solar cells, Auger recombination exerts a sys-
tematic influence on carrier dynamics throughout the pro-
cesses of photogenerated carrier generation, separation, and

29301 Ultimately, it significantly limits device PCE

transport. [
and operational stability by reducing key parameters such as
Voes Jse, and FE. Figures 3(b), 3(e), 3(h), and 3(k) systemat-
ically illustrate the evolution of device performance parame-
ters for four different HTL architectures as a function of the
Auger recombination coefficient varying from 10733 ¢cm®-s~!
to 10721 cm®.s~ 1.

In this simulation study, a baseline model was estab-
lished by adopting standard Auger recombination coefficients,
with both the electron (C,) and hole (Cp) coefficients set to
1 x107% cmbs71.

of Auger recombination was investigated using a controlled

Subsequently, the quantitative impact

variable approach. In our calculations, the electron and hole
Auger coefficients were assumed to be equal (G, = C,). As
the hole Auger recombination coefficient (Cp,) increases from

10735 cm®-s7 ! to 1072 ¢cm®-s!, all devices with the four dif-
ferent HTL structures exhibit systematic performance degra-
dation, indicating that Auger recombination plays a dominant
role in non-radiative carrier losses. *!32] Notably, the extent of
performance degradation varies significantly among the HTL
configurations, following the order: CsGelz > CsGel,Br >
CsSng 5GegsI3 > CsSnl;. The device based on CsGels ex-
periences the most severe efficiency drop of 43.4%, whereas
the CsSnl3-based device exhibits only a 17.2% reduction.
It is worth noting that previous studies have reported that
the typical range of C, values for perovskites lies between
10739 cm®.s~! and 10728 cm®-s~!. When Cp, dramatically in-
creases to 1072! cm®-s~!, the PCEs of perovskite solar cells
further decline to 13.48% (CsSnl3), 15.05% (CsSng 5Geg 513),
15.02% (CsGel,Br), and 14.49% (CsGelsz). Detailed photo-
voltaic performance metrics are summarized in Tables S1-S4.
The Auger recombination process ultimately imposes a fun-
damental limitation on the detailed balance performance of
PSCs.
diative and Auger recombination mechanisms, relevant stud-

Through simulation analyses incorporating both ra-

ies have successfully elucidated the practical detailed balance
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limits of PSCs.

3.4. Interface recombination in devices

The presence of interface defect densities plays a criti-
cal role in determining device stability and efficiency by im-
peding charge transport. To simulate realistic conditions, in-
terface defect densities (V) were introduced in the initial
simulations, encompassing all relevant interfaces within the
PSCs.[32! These interfaces include the HTL/CsGel,Br and
CsGel,Br/ETL interfaces. By systematically varying N; at
each interface, their respective impacts on PSC performance
were investigated.

First, the influence of Ny at the HTL/CsGel,Br inter-
face was studied by varying its value from 10° cm™ to
10'3 cm™3. Figures 3(c), 3(f), 3(i), and 3(1) illustrate the ef-
fects of Ny at the HTL/CsGel,Br interface on PSC charac-
teristics. As Ny increases from 10° cm™3 to 10! cm™3, the
device based on CsSnl3 exhibits a slight decrease in V,, from
1.139 V to 1.136 V, a reduction in Ji from 20.92 mA/cm?
to 19.92 mA/cm?, an increase in FF from 77.42% to 79.62%,
and a drop in PCE from 18.45% to 18.01%. Similarly, for the
CsGels-based device, V,. decreases from 1.30 V to 1.21 'V, J
declines from 22.49 mA-cm~2 to 19.76 mA-cm~2, FF drops
from 86.85% to 80.52%, and PCE significantly decreases from
25.26% to 19.31%. Detailed photovoltaic performance met-
rics are summarized in Tables S5-S8.

This performance degradation originates from three pri-
mary physical mechanisms. First, a high defect density (V; >
10'2 cm—3) significantly enhances recombination, with the re-
combination rate positively correlated with N, as described

by the following equation: 3!
U 01 0p U Ny (pn — nlz) . @
On(n+ni)+op(p+n;)

When N = 10'3 cm™3, the recombination rate increases by
approximately four orders of magnitude compared with the

=3, Second, defect states act

baseline value at N;j = 10° cm
as carrier scattering centers, leading to a reduction in carrier
mobility. Third, an increased total density of interface defects
exacerbates band bending at the interface, hindering carrier
extraction efficiency and resulting in an overall decline in de-
vice performance. These findings are consistent with previous
reports on other perovskite systems. 34!

The simulation results in Fig. S1 demonstrate that de-
vices with the four different HTL configurations exhibit a sys-
tematic decline in V., Js, FF, and PCE as the defect den-
sity at the CsGel, BI/ETL interface increases from 10° cm—3
to 103 ecm™3.

face defects act as efficient non-radiative recombination cen-

From a carrier dynamics perspective, inter-

ters, significantly accelerating the SRH recombination pro-
cess and causing substantial losses of photogenerated carri-
ers. Particularly at high defect densities, the carrier capture

and recombination rates far exceed the charge extraction rate,
severely limiting device performance. Therefore, reducing de-
fect densities at the CsGel,Br/HTL and ETL/CsGel,Br inter-
faces is a critical optimization strategy for suppressing non-
radiative recombination losses and enhancing energy conver-
sion efficiency. >3] Experimental studies have confirmed that
interface passivation treatments can effectively reduce defect
densities to below 10'° cm ™3, significantly prolonging carrier
lifetimes and substantially improving device performance. 3¢’

3.5. SRH recombination in devices

SRH recombination is recognized as one of the primary
mechanisms limiting PSC performance.*”! The SRH recom-
bination rate is strongly influenced by both the bulk defect
density of the material and the energy level position of the de-
fects. Based on their relative positions within the bandgap, de-
fects are typically categorized into shallow levels (0-0.15 eV
and 1.75-1.90 eV), quasi-deep levels (0.16-0.45 eV and 1.45-
1.75 eV), and deep levels (0.45-1.44 eV). The analysis fo-
cuses on two representative defect levels, 0.1 eV (shallow)
and 0.6 eV (deep), to assess their respective impacts on de-
vice performance. A systematic analysis was conducted to
investigate the influence of these defects on the optoelectronic
performance of four device architectures, with defect densities
ranging from 103 cm~3 to 10'® cm™3. As shown in Fig. S2,
when the shallow defect density remains below 10'> cm™3,
the device exhibits relatively stable performance in terms of
Vo, Jse» FF, and PCE, with only minor fluctuations observed.
However, as the defect density increases to 10 cm™3, all per-
formance metrics begin to decline significantly, particularly
FF and PCE. Taking the CsGels-based device as an example,
its FF decreases from 87.63% to 84.95%, while the PCE de-
clines from 25.65% to 24.47%. This trend is closely correlated
with the recombination rate variations shown in Fig. 4(g). The
SRH recombination rate induced by shallow-level defects in-
creases rapidly with rising defect density, resulting in shorter
carrier lifetimes and enhanced recombination losses, thereby
deteriorating device performance.

In contrast, deep-level defects exert a more pronounced
detrimental effect on device performance.3®! As illustrated in
Figs. 4(b), 4(d), 4(f), and 4(h), when the 0.6 eV deep-level
defect density increases from 10" cm™3 to 10'® cm™3, the re-
combination rate rises by approximately one order of magni-
tude, significantly higher than that induced by shallow defects.
Specifically, when the defect density exceeds 10" cm ™3, all
four devices exhibit an FF reduction exceeding 4%. For the
CsGels-based device, the FF drops sharply by 13.9% (from
87.60% to 75.58%), and the corresponding PCE experiences a
substantial decrease of 23% (from 25.63% to 19.80%). These
results further confirm that deep-level defects exert a far more
destructive impact on device performance than shallow-level
defects.39:40]
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Fig. 4. Variation of recombination rates under shallow (0.1 eV) and deep (0.6 eV) defect levels for devices with four different HTL configurations:
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10'% cm—3. (i) Effect of deep-level bulk defects on device efficiency.

Combined with the spatial distribution analysis in Fig. 4,
it is evident that defect-dominated recombination exhibits
distinct spatial characteristics: recombination induced by
shallow-level defects primarily occurs within the bulk region,
whereas recombination caused by deep-level defects is more
pronounced in both the bulk and interface regions (Figs. 4(b),
4(d), 4(f), and 4(h)).
transport pathways, imposes a stronger barrier to charge ex-
traction, thereby significantly degrading overall device per-
formance. Moreover, as observed in Figs. S2 and S3, device
performance declines sharply once the recombination rate ex-
ceeds a critical threshold of approximately 10'> cm ™3, provid-

The latter, being proximal to carrier

ing a clear guideline for subsequent device design and defect
management. 4]
The SRH recombination rate Rsry quantitatively de-

scribes the number of recombination events per unit volume

per unit time and is expressed as!®’!
2
np —n:
Rsru = ' ; )
(n+n)%+(p+p1)th
where
Ey—Er Er—Ec
p1 = Nvexp (kT) ,  hi = Ncexp (kT) ;

and 7, and 7, denote the electron and hole lifetimes, respec-
tively. Here, n and p are the electron and hole concentrations,
Nc and Ny are the effective density of states in the conduction
and valence bands, Et is the trap (defect) energy level, and E¢
and Evy are the conduction band minimum and valence band
maximum, respectively.

In summary, while shallow-level defects can degrade per-
formance at high defect densities, the impact of deep-level
defects is substantially more severe, particularly due to their
strong recombination effects at interfaces. Therefore, enhanc-
ing device stability and efficiency critically depends on pref-
erential suppression of deep-level defect formation, with strin-
gent control of their density below 10'> cm™3 at interfaces to
minimize non-radiative recombination losses and ensure effi-
cient photovoltaic performance.

4. Conclusion and perspectives

This work demonstrates that effective suppression of non-
radiative recombination, particularly SRH and interface re-
combination, is essential for improving the efficiency of lead-
free perovskite solar cells. Through detailed SCAPS-1D nu-

028801-8


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae156b
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae156b

Chin. Phys. B 35, 028801 (2026)

merical simulations, Ge-based perovskite materials such as
CsGel,Br and CsGel; were shown to possess promising opto-
electronic properties, including suitable bandgaps, strong ab-
sorption in the visible spectrum, and enhanced intrinsic sta-
bility. Among the configurations studied, an optimal PCE of
25.1% was achieved, underscoring the potential of Ge(Il) as a
viable and sustainable alternative to toxic Pb(Il) in perovskite
absorber layers.

In addition to high efficiency, the simulations revealed
that these Ge-based materials exhibit improved tolerance to
defect states, particularly under reduced SRH recombination
rates and optimized interface conditions. This highlights the
importance of interface engineering and defect passivation in
device design. The insights gained from this study provide
valuable theoretical guidance for the development of next-
generation, high-performance perovskite solar cells that are
not only efficient and stable, but also environmentally benign.
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