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as good hole transport layers (HTLs). In this simulation work, ‘F-r"""m" L e 2 160 038 264
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HTLs. The effects of the dopant concentration of HTLs, the

thickness of absorbers, and HTLs on the photovoltaic performance p-CsSal; or CsCiel;
of PSCs were studied to optimize the device structures. The
maximum efficiencies from high to low are 28.35%, 26.35%,
25.84%, 25.23%, 18.83%, 17.49%, and 11.79% for the TiO,/i-
CsSnl;/p-CsSnl;, TiO,/i-CsSnysGeysI3/p-CsSny sGeysl;, TiO,/i-
CsSng sGeg sI3/p-CsSnl;, TiO,/i-CsSnl;/p-CsGel;, TiO,/i-
CsSnysGesI3/p-CsGel,, TiO,/i-CsGel;/p-CsGel;, and TiO,/i-CsGel;/p-CsSnl;, respectively. The TiO,/i-CsGel,/p-CsSnl; cell
exhibits the lowest efficiency of 11.79% in all of the simulated PSCs due to the spike-like band offset at the i-CsGel;/p-CsSnl;
interface and high recombination rate in the p-CsSnl; region. It is found that the n-p structures could have better photovoltaic
performance (thickness of i-film approaching zero) than the conventional n-i-p structures for the TiO,/i-CsSnl;/p-CsSnl;, TiO,/i-
CsGel;/p-CsGels, and TiO,/i-CsSny sGey sI3/p-CsSny sGey sI; PSCs if the defects in HTLs created by high doping can be effectively
controlled. The efficiencies of PSCs are sensitive to the defect density and defect level position, and the influence of defect density
on the PV performance is larger than that of the defect level position. The solar cells could maintain high power conversion
efficiency for defect density below about S X 10'” cm™>. Furthermore, the increase of the interface trap density is found to reduce the
photovoltaic performance of PSCs. Our study provides insight into the optimal design of CsSn,Ge,_,I;-based PSCs.
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1. INTRODUCTION CsSn,Ge,_,I; perovskites have been studied comprehensively
and shown to possess favorable photoelectric properties for PV
application, such as suitable direct band gaps for solar
spectrum (CsSnl and CsGel;),”® high charge-carrier mobi-
1ity,7’9’10 high stability,7’10 low exciton binding energy,7’“’12 etc.
In recent years, there have been two significant breakthroughs
in these fields."”'>™'> First, most of the reported PCEs for
CsSnl;-based PSCs were only between 3 and 5% before
2021," but in 2021, Li et al.”® reported a PCE of 8.2% for
CsSnl; PSCs, and Ye et al."* reported PCEs of 10.1 and 9.6%.
Their (Ye et al.) encapsulated devices maintain 94.3%, 83.4%,
and 81.3% of the efficiencies under inert (60 days), ambient
(4S days), and 1 Sun continuous illumination under ~70 °C

Due to their excellent photoelectric properties, perovskite solar
cells (PSCs) have emerged as a breakthrough photovoltaic
(PV) technology, holding unprecedented promise for high-
efficiency, low-cost solar cells. While the record power
conversion efficiency (PCE) of PSCs has exceeded 26%,' >
rivaling that of silicon-based solar cells, the state-of-the-art
PSCs employ lead-based organic—inorganic halide perovskite
absorber materials. However, the toxicity and instability caused
by the lead and organic components are the main challenges
on the way to realizing its large-scale commercialization.
Incorporating Cs in the perovskite precursor is shown to be
promising for enhancing the stability and performance of
methylammonium (MA)-free PSCs.° Unlike the mobile nature

of MA and Br and their volatility that make the final amount of Received:  August 16, 2024
MA or Br in the perovskite unknown, Cs incorporation as a Revised:  September 21, 2024
nonvolatile ionic species in the perovskite solution remains in Accepted: September 24, 2024

the final film.° Considering a low-toxicity or nontoxic inorganic Published: October 7, 2024

perovskite, Sn(II) and Ge(II) were used to replace Pb cations.
CsSnl, (Eg = 1.3 eV), CsGel, (Eg = 1.63 eV), and
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(2000 min) conditions, respectively.'* Very recently, Duan et
al."” reported 11.2% (May 2023) for CsSnl; PSCs, which is the
highest efliciency of CsSnl; PSCs reported to date. Second, in
2019, Chen et al.'"® demonstrated the use of the lead-free, all-
inorganic CsSngsGejsl; perovskite as the light absorber in
PSCs, delivering promising efficiency of up to 7.11%. More
importantly, these PSCs show very high stability, with less than
10% decay in efficiency after 500 h of continuous operation in
a N, atmosphere under one-sun illumination.'® The efficiency
progress of CsSnl;, CsGel;, and CsSngGeysI; PSCs is shown
in Figure 1. The aforementioned considerations provide the
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Figure 1. Efficiency progress of all-inorganic CsSn,Ge,_,I;-based

PSCs including CsSnl;, CsGels, and CsSnysGegsI; PSCs over recent
10,1319
years.

rationale for the study of CsSnl;, CsGels, and CsSnj sGeysl; as
promising inorganic, lead-free, thermally stable perovskites for
next-generation PSCs.

On the one hand, CsSnl;, CsGel;, and CsSnjGej;l; are
promising perovskite absorber materials, and on the other
hand, with high p-type doping, they could also be used as good
hole transport layers (HTLs) for PSCs,”>*" which are also very
important in high-efficiency PSCs. First, CsSnl;, CsGels, and
CsSngsGeysl; have high charge-carrier mobility.””' Second,
they can be doped as p-type semiconductors for hole
transports (the unintentionally doped CsSnl;, CsGel;, and
CsSnysGegsl; are p-type semiconductors, see Table S1). The
usage of isotypic perovskites as HTLs in all-inorganic Sn—Ge-
based PSCs could have some advantages: good band matching
and lattice matching between the absorbers and HTLs; the
growth of absorbers and HTLs in the same growth equipment
could be convenient, etc. Moreover, it has recently been shown
that the thermoelectric trans??ort is strongly related to
asymmetry of electronic states.”” It would be interesting to
see how the electronic asymmetry of HTLs and absorbers
affects the performance of PV devices. However, to the best of
our knowledge, very few reports on all-inorganic CsSn,Ge,_,I;-
based PSCs employing CsSnl;, CsGel;, or CsSnysGegsl; as
HTLs have been found so far. Jiang and Tang” simulated
TiO,/CsSnl; (Sn-rich)/CsSnl; solar cells, but in their work,
they mainly optimized the thickness and doping concentration
of CsSnl; (Sn-rich) absorbers and did not optimize the CsSnl,
HTLs.

In this simulation work, CsSnl;, CsGel;, and CsSnyGegl;
are used as all-inorganic lead-free absorbers for PSCs, and with
p-type doping, they are also adopted as HTLs. A comparative
study on these hole-transporting materials has been made to
select the appropriate hole-transporting materials. Effects of
the dopant concentration of HTLs and the thickness of
absorbers and HTLs on the photovoltaic performance of PSCs
are investigated to optimize the device structures and provide
the theoretical possibilities of design for the PSCs. In order to
seek the relation between cell performance and thickness of
absorber and HTL further, analytical functions for efficiencies
in terms of thickness of absorber and HTL are fitted and listed.
On the comparison of the photovoltaic performance of the
optimal PSCs with those HTLs, the possible reasons (band
structures, material, and device parameters) behind the
discrepancies of performance are investigated and discussed
in detail to provide guidance for designing all-inorganic
CsSn,Ge,_,I;-based PSCs. In addition, since hole-transporting
materials with high p-type doping usually contain many
defects, the effects of concentrations and energy level positions
of defects in HTLs on the photovoltaic performance of PSCs
are also studied.

2. DEVICE STRUCTURES AND MODELING
FRAMEWORKS

The excitons in typical organic absorbers are Frenkel-type;
therefore, the exciton binding energy has to be taken into
account for the carrier separation for accurate PV device
modeling, which is rather complicated.24 In contrast, the
excitons in the CsSnl;, CsGel;, and CsSnj Ge,sI; perovskites
are typical Wannier-type,”'"'? so the photoexcited carriers can
be dealt with the same manner with inorganic materials. The
two facts, ie., structural similarity without the mesoporous
structure and the exciton type, enable us to apply an existing
device simulator widely used in inorganic solar cells to the
PSCs.**

In this study, AMPS-1D software™ is used to simulate
CsSnl; PSCs. AMPS-1D is a one-dimensional device physics
code and based on the basic equations of semiconductors and
solar cells.”” We have successfully applied this code in the
simulation of CsSnl; PSCs with diverse electron transport
layers (ETLs).” Here, we briefly describe the main equations
used in the simulation as follows:

Poisson’s equation:

%[e(x) S8 ] = ¢ X [p(x) — n(x) + N3(x) — Nx(x)

+p(x) = n(x)] (1)

where the local vacuum level ¥(x) (in unit of eV), absolute
dielectric constant &(x) and the free electron n, free hole p,
trapped electron n,, and trapped hole p,, as well as the ionized
donor-like doping N,* and ionized acceptor-like doping N~
concentrations are all functions of the position coordinate x. g
is the electron charge.

Continuity equation for electrons:

1[d,()
q| dx

= —G(x) + R(x) )

https://doi.org/10.1021/acs.energyfuels.4c03960
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Continuity equation for holes:

1[ 0| I (a) p-Cs.;Snlg or CsGel,

q| dx 3) i-CsSnl;

1, =m0 and ] () = puy 0
hole current densities, respectively. 41, and 4, are the mobilities
of electron and hole, respectively. Ef and Ef are the electron
and hole quasi-Fermi levels, respectively. R(x) is the net
recombination rate resulting from direct (band-to-band)
recombination and indirect (Shockley-Read-Hall)
recombination traffic through the gap states. Gi(x) is the
optical generation rate.

Determining transport characteristics then becomes a task of
solving the three coupled nonlinear differential eqs 1—3, each
of which has two associated boundary conditions. In AMPS,
these three coupled equations are solved simultaneously to
obtain a set of three unknown state variables at each point in
the device: the local vacuum level and the electron and hole
quasi-Fermi levels. From these three state variables, the free
_ Ec(x)k_TEF (x)] and

are the electron and

. . 2
carrier concentrations (n(x) = —NA /2[

2 E P(x) - Ev(x)
plx) = ENVFI/Z[_FT
effective density of states (DOS) in the conduction band and
the valence band, respectively. k is the Boltzmann constant, T
is the temperature, and F, /() is the Fermionic integral), fields

], where N, and N, are the

d¥
(E(x) = i%), currents, etc., can then be computed.

The structures of simulated planar CsSnl;, CsGel;, and
CsSnysGeysI; PSCs are shown in Figure 2. The material
parameters of CsSnl;, CsGel;, and CsSnysGeysl; and ETLs
and HTLs used in the simulations are shown in Table S1, and
the band alignment of perovskites and all contact materials
adopted in this study is shown in Figures 3 and SI1. The
electron affinity of CsSnysGeg;l; is larger than that of CsSnl,
and CsGel;. It may be attributed to the fact that the crystal
structure (symmetry) of CsSnl; (space group: Pnma;
orthorhombic'®) is different from those of CsGel, and
CsSngsGegsl; (space group: R3m'’). The electron affinity
also depends on the electronegativity of elements,*® alloy
effects (e.g, CsSnysGey:ls), and surface termination (crystal
plane, surface chemistry, etc.). CsSngsGeysl; is a new
semiconductor alloy, which has been shown to be promising
PV materials.'® Therefore, we adopted the material parameters
from ref 10 for our simulation in this work. The simulation
procedures similar to this work for the CsSn,Ge,_JI; PSCs
could be performed in the case of new data being available in
the future. The optimal thickness and doping concentration of
TiO, ETLs are 30 nm and 1 X 10*' cm™, respectively,
according to our previous study.” The lifetime model is
adopted in this work, except that the DOS model is used in the
simulation of defects in the HTLs. The simulation is
performed under AMI.5G illumination (100 mW#*cm™2,
0.32—1.32 um). The simulated J—V characteristics of FTO/
PCBM (20 nm)/CsSngyGeysl; (200 nm)/Spiro-OMeTAD
cell are shown in Figure S3, which is verified by fitting it to the
experimental data reported by Chen et al."’ It could be shown
in Figure S3 that there is a good agreement between the J—V
characteristics of the simulated PSC and experimental results.

FTO/glass ‘

(b) p-CsSnl; or CsGel;

i-CsGel;

FTO/glass '

(C) p-CsSnl; or CsGel; or CsSny sGey <I;

i'CSSﬂOVSGCQ 513

FTO/glass ‘
A

Figure 2. Structures of the simulated CsSnl;, CsGel;, and
CsSny sGeysI; PSCs.
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Figure 3. Energy band alignment of all-inorganic Sn—Ge-based
perovskite and contact materials adopted in this study.

3. RESULTS AND DISCUSSION
3.1. Effect of the Dopant Concentrations of HTLs. In
this section, the dopant concentrations of the HTLs in CsSnlj,
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CsGel;, and CsSnjsGe,sl; PSCs are optimized. The initial
thicknesses of absorbers and HTLs are 150 and 100 nm,
respectively. Band offsets”” " at the heterojunctions are very
important in device design and performance analyses. The
conduction band offset (CBO) and valence band offset (VBO)
at the perovskite/HTL interfaces are given by formulas 4 and
S, respectively, and listed in Table 1.

AE_ = y(HTL) — y(absorber) (4)

AEy = y(HTL) — y(absorber) + Eg(HTL)

— Eg(absorber) ()

Table 1. CBO and Valence Offset at the Perovskite/HTL
Interfaces

absorber i-CsSnl; i-CsGely i-CsysGeysl;

HTL, CBO (in unit of eV)

p-CsSnl, 0 0.17 —0.28
p-CsGel, —0.17 0 —0.45
p-CsosGeosls 0
HTL, VBO (in unit of eV)

p-CsSnl; 0 —0.16 —-0.48
p-CsGel, 0.16 0 -0.32
p-CsosGeosls 0

The positive CBO and VBO can form spike-like band offset
at the perovskite/HTL interfaces, which block the drift of
photogenerated carriers and lead to the degraded collection
efficiency. At the i-CsSnl;/p-CsSnl;, i-CsGel;/p-CsGel, and i-
Cso.5Geg sI3/p-Csg sGey 515 interfaces, the CBO and VBO are all
zero to have good band matching, and the lattice matching is
ideal.

Figure 4 shows the PV cell parameters as functions of the
acceptor concentrations (N,) of HTLs. From the figure, for all
of the cells (except the TiO,/i-CsSnysGeysl3/p-CsGel; cell),
the efficiencies and open-circuit voltages (V,.) increase with
increasing acceptor concentrations. Especially for TiO,/i-
CsSnl,/p-CsSnl; (Figure 4a), TiO,/i-CsGely/p-CsGel; (Fig-
ure 4c), and TiO,/i-CsSnysGegsI;/p-CsSnl; (Figure 4f) cells,
when the acceptor concentrations increase, the efficiencies
increase rapidly. Increase in HTL dopant concentration raises
the built-in electric field and electric potential at the
perovskite/HTL interfaces, which enhances photogenerated
carrier separation, thereby increasing the V,, fill factor (FF),
and efficiencies. The short-circuit current (J) could be
improved (slightly) with increasing dopant concentrations
due to the increase in the conductivity of HTLs and reduced
recombination rate at the perovskite/HTL interfaces. It is
noticed that the TiO,/i-CsGely/p-CsSnl; cell (Figure 4d)
exhibits the lowest efficiencies (<10%) in all of the simulated
PSCs. For the TiO,/i-CsGel;/p-CsSnl; cell, at the i-CsGel;/p-
CsSnl, interface, the positive CBO can form a spike-like band
offset to block the drift of electrons, and the built-in electric
field is low. Therefore, the recombination rate in the p-CsSnl;
region is very high (>10*' s™' cm™), and the J. and efficiencies
are low. In some cases, the PV parameters (efficiency, V,,, J.
and FF) could decrease slightly with increasing HTL dopant
concentrations. The decrease of PV parameters may be
attributed to the change of band structures caused by the
increased dopant concentrations and has been observed in the
experiment for the inverted MAPbI; PSCs.>" It is noted that,

higher doping can create deep coulomb traps, which could
have significant recombination effects on the photogenerated
carriers and decreases charge carrier mobility.”* However, it is
not considered in this section and will be studied and discussed
in Section 3.3. In Section 3.2, the dopant concentrations of the
HTLs in the simulated PSCs are set to the optimized values.

3.2. Effect of Thickness of Absorbers and HTLs.
Because the band gaps of CsSnl; (E, = 1.3 eV'?), CsGel, (Eg=
1.63 eV'?), and CsSnyGeysl, (E, = 15 eV'?), which are
adopted as HTLs with p-type doping, are suitable for the solar
spectrum, the photogenerated carriers are generated both in
the absorbers and HTLs. The contour plots of the PV
parameters PCE, V., ], and FF with the simultaneous
variation of the absorber and HTL thickness of the simulated
Sn—Ge-based all-inorganic PSCs are shown in Figure 5. Figure
Sa shows the PV cell parameters for the TiO,/i-CsSnl;/p-
CsSnl, cell with a Ny (CsSnl; HTL) of 10" cm™. With a fixed
thickness of CsSnl; HTL, the PCE decreases with the increase
of CsSnl; absorber thickness on the whole. The maximum
PCE is 28.35%, which occurs when the absorber is 0 nm and
the HTL is 200 nm. The V_ also decreases slightly with the
increasing thickness of CsSnl; absorber. The simulated
maximum PCE of 28.35% here for the n-TiO,/p-CsSnl; cell
is in agreement with other recent reports (30.17%).> The J,.
increases with increasing absorber thickness on the whole. The
PV parameters for the TiO,/i-CsGel;/p-CsGel; with a N,
(CsGely HTL) of 10" cm™ and TiO,/i-CsSnysGeysls/p-
CsSnysGegsl; cells with a N, (CsSnysGeysl; HTL) of 10"
cm™ are shown in Figure Sc,e, respectively, and the trends are
similar to those of TiO,/i-CsSnl;/p-CsSnl; cells. The
maximum PCE of TiO,/i-CsGel;/p-CsGel; cells is 17.49%,
which occurs when the absorber is 0 nm and the HTL is 400
nm. The low performance of TiO,/i-CsGel;/p-CsGel; cells
may be owing to the relatively low absorption coeflicient in the
visible light region of CsGel;. The maximum PCE of TiO,/i-
CsSnysGegsI3/p-CsSny sGegsl; is 26.35%, which occurs when
the absorber is 0 nm and the HTL is 800 nm. The best
photovoltaic performance and optimal device parameters of
the simulated Sn—Ge based all-inorganic PSCs cells are
summarized in Table 2. From Figure S and Table 2, it could be
concluded that the n-p structures could have better photo-
voltaic performance than the conventional n-i-p structures for
the TiO,/i-CsSnl;/p-CsSnl; TiO,/i-CsGel;/p-CsGel;, and
TiO,/i-CsSny sGey sI3/p-CsSny sGey sI; PSCs if the defects in
HTLs created by high doping can be effectively controlled. In
comparison of our previous study’ on the ETLs of CsSnl;-
based PSCs, it seems that the influence of HTLs on the PV
performance is larger than that of ETLs for CsSnl;-based PSCs
(maybe also for all-inorganic CsSn,Ge,_,I; based PSCs).

For the TiO,/i-CsSnl;/p-CsGel; PSCs with a N, (CsGel,
HTL) of 10" cm™ (Figure Sb), with a fixed thickness of
CsGel; HTL, the PCE increases first and then decrease slightly
with the increasing thickness of CsSnl; absorber. The
maximum PCE is 25.23%, which occurs when the CsSnl;
absorber is 200 nm and the CsGel; HTL is 50 nm. For the
TiO,/i-CsGel;/p-CsSnl; PSCs with a N, (CsSnl; HTL) of
10" ecm™ (Figure 5d), with a fixed thickness of CsGel,
absorber, the PCE decreases slightly with the increase of
CsSnl; HTL thickness, due to the high recombination rate in
the p-CsSnl; HTL region, and reaches the highest values with
50 nm HTL thickness. The PCE increases with the increase of
CsGel, absorber thickness and tends to be saturated (~11.8%,
not in Figure Sd) when the CsGel; absorber is 600 nm and
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Figure 4. PV cell parameters as functions of acceptor concentrations (N,) of HTLs. Left panel is efficiency [Eff (%)] and open circuit voltage (V.
in V), and right panel is short-circuit current (J,. in mA/cm?) and FF of PV devices with different combinations of absorbers and HTLs. (a) TiO,/
CsSnl,/CsSnl,. (b) TiO,/CsSnl;/CsGely. (c) TiO,/CsGely/CsGel;. (d) TiO,/CsGely/CsSnl;. (e) TiO,/CsSnysGeysl;/CsSnyGeysly. (f)
TiO,/CsSnysGeysl;/CsSnly. (g) TiO,/CsSngsGesls/CsGel,.

CsSnl; HTL is S0 nm. The V. almost keeps constant ~1.19 V.
For the TiO,/i-CsSnysGeysl;/p-CsSnl; PSCs with a N,
(CsSnly HTL) of 5 X 10" cm™ (Figure Sf), with a fixed
thickness of CsSnl; HTL, the PCE decreases with the increase
of CsSnysGegsl; absorber thickness on the whole. The

maximum PCE is 25.84%, which occurs when the
CsSnysGeysl; absorber is SO nm (0 nm deducted) and the
CsSnl; HTL is 200 nm. The contours of V,_ are approximately

circular arc and decrease slightly with the increasing thickness
of absorber and HTL. For the TiO,/i-CsSnj sGey sI3/p-CsGel;
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Figure S. Contour plots showing the variation of PCE, V,,, J,., and FF with simultaneous variation of the thickness of absorber and HTL for TiO,/
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Table 2. Best Photovoltaic Performance and Optimal Device Parameters of Sn—Ge-based All-Inorganic PSCs

TiO,/ TiO,/ TiO,/
CsSnl,/ CsSnl,/ CsGel,/
PSC CsSnly CsGel, CsGel,
thickness of absorber (nm) 0 200 0
thickness of HTL (nm) 200 50 400
acceptor concentration in 10" 10" 10"
HTL N, (ecm™)
Eff (%) 28.35 25.23 17.49
V. (V) 1.075 0.961 1.353
Joe (mA-cm™?) 30.002 30.421 16.191
FF 0.879 0.863 0.799

TiO,/ TiO,/ TiO,/
CsGel,/ TiO,/CsSny sGegsls/ CsSny sGegsLs/ CsSny sGegsLs/
CsSnly CsSngsGeg I3 CsSnly CsGel,
600 0 50 (deduct 0) 200
50 800 200 200
10" 10" 5% 10" 5% 10"
11.79 26.35 25.84 18.83
1.197 1.243 1.020 1.000
16.930 24.600 29.035 22.634
0.582 0.861 0.873 0.832

PSCs with a N, (CsGely HTL) of 5 X 10" cm™ (Figure 5g),
with a fixed thickness of CsGel; HTL, the PCE increases first
and then decreases slightly with the increasing thickness of the
CsSny sGey I absorber. The maximum PCE is 18.83%, which
occurs when the CsSn, ;Ge, sI; absorber is 200 nm and CsGel;
HTL is 200 nm.

In order to seek the relation between cell performance and
thickness of absorber and HTL further, it will be desirable to
perform quantitative or semiquantitative analysis. Following
the practice of fitting simulation results with analytical

. . . . . —36
functions in strained functional materials,**™>

here, we
adapted analytical functions with a combination of polynomials
for efficiencies as functions of thickness of absorber (x) and
HTL (y). Such analytical functions are fitted from Figure S and

listed as following

19840

TiO,/i-CsSnl;/p-CsSnl;:

E(x, y) = (—175.06047 + 45.62165x + 10.66937y
— 0.01457y* +5.20429 X 107%
/(1 + 1.70742x + 6.37409 x 10 *x> — 7.53982
x 1077x* 4+ 0.30398y — 2.98576 X 10~ %?) (6)

TiO,/i-CsSnl;/p-CsGels;:

E(x, y) = (6.86938 + 0.91395x + 0.19256y
—3.07522 X 10** +1.19329 x 1077y°)
/(1 + 0.02766x + 3.26208 x 10°x* — 3.3202

—8 3

X 107%x° + 0.00652y — 7.54361 x 10%?) )
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Figure 6. Contour plots showing the variation of PCE, V,,, ], and FF with simultaneous variation of the defect density and defect energy level for
n-TiO,/p-CsSnl; (a—d), n-TiO,/p-CsGel; (e—h), and n-TiO,/p-CsSn,ysGeysl; (i—1) PSCs.

TiO,/i-CsGel;/p-CsGel,

E(x, y) = (572187 + 0.59x + 023566y — 4.2 x 10~**
+ 1.6987 x 1077y*) /(1 + 0.03373x + 5.39156
X 107°x% — 9.8699 x 10 °x> + 0.00823y

— 112611 x 10%*

TiO,/i-CsGel;/p-CsSnl;:

(8)

19841

+3.08012 x 107%*

E,(x, y) = (2.50842 + 0.12262x — 0.00998y

—2.96033 x 10~%%)

/(1 + 0.00655x + 1.0788 X 10 x* — 1.4497 x 10 °x>
+ 4.90165 x 10y — 6.54653 x 107y")

©)
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TiO,/i-CsSny sGey sI3/p-CsSny sGe s15:
E(x,y) = ( — 3.154 + 1.8x + 0.51y — 5.874 X 10*y*
+ 1755 X 107y*) /(1 + 0.107x — 1.043 X 10 *x*
+2211 X 107 7%° + 0.0135y — 1.145 X 107%%)  (10)
TiO,/i-CsSny sGeg sI;/p-CsSnl;:
E(x, y) = (35466 — 0.432x — 0.942y + 1.27 X 107%°
—2.602 x 107y%)/(1 — 0.0168x — 5.944x10 *x>
— 5718 X 10°%* — 0.0326y + 3.756 X 10°y*)  (11)
TiO,/i-CsSny sGe sI3/p-CsGels:
E(x, y) = (1.637 + 0.376x + 0.318y — 4366 x 10™*y"
+8.501 x 107%%)/(1 + 0.0123x + 2.112 X 10 %"
— 1.146 X 10%’ + 0.0154y — 1.802 X 107%%)  (12)

where F(x, )’); Fy(x, )’)) F3(x, )’); Fy(x, y); Fs(x; y); Fy(, y);
and F,(x, y) are the efficiencies as functions of the thickness of
absorber (x) and HTL (y) for the TiO,/i-CsSnl;/p-CsSnl;,
Ti0,/i-CsSnl;/p-CsGel;, TiO,/i-CsGel;/p-CsGel;, TiO,/
CsGel;/CsSnl;, TiO,/CsSng5Gegsl3/CsSny sGegsl;, TiO,/
CsSn sGeyI;/CsSnl;, and TiO,/CsSn, Gej I3/ CsGel; cells,
respectively. From the function expressions (6—12), it could be
found that the efficiencies as functions of the thickness of
absorber and HTL can be expressed as the forms of polynomial
division for all the simulated all-inorganic CsSn,Ge;_,I;-based
PSCs. The detailed function fitting results (comparison of the
original and function fitting contour plots and scatter plots) are
presented in Figure S2 in the Supporting Information.

3.3. Effect of Defects in HTLs and Interface Trap. In
our previous study,” the several ETLs of CsSnl;-based PSCs
were optimized and the TiO,/CsSnl;/spiro-MeOTAD cell
with the acceptor concentration of CsSnl; absorber being 5 X
10" cm™ could exhibit the efficiency of 20.2%, in which the
thickness and acceptor concentration of spiro-MeOTAD were
400 nm and 3 X 10" cm™ (according to the ref 37),
respectively. When the thickness and acceptor concentration of
spiro-MeOTAD were 200 nm and 1 X 10'® cm™, respectively,
the TiO,/CsSnl;/spiro-MeOTAD cell could exhibit the much
higher efficiency of 24.1% with a V. of 0.967 V without
considering the effects of defects created by the high doping in
HTLs in the simulation. Experimental study’®”” has revealed
the interplay between the PSC device photovoltaic perform-
ance and its reproducibility: a thin spiro-MeOTAD HTL
improves the photovoltaic performances of the devices while
reducing their reproducibility. Higher doping in HTLs can
create deep coulomb traps, which could have significant
recombination effects on the photogenerated carriers and
decrease charge carrier mobility. Our simulated theoretical
efficiency (24.1% with the acceptor concentration of spiro-
MeOTAD being 1 X 10'® cm™) for the TiO,/CsSnl;/spiro-
MeOTAD cell agrees well with other recent simulation
reports.‘1’7’40’41 Ravidas et al*' simulated the FTO/TiO2/
CsSnl,/spiro-MeOTAD/Au cell (the acceptor concentration
of spiro-MeOTAD is 1 X 10" cm™) using SCAPS-1D, and the
cell exhibited the highest PCE of 25.18%. Srivastava et al.”?
simulated the FTO/PCBM/CsSnl;/PTAA/Au cell using
SCAPS-1D, and the cell showed the even higher PCE of
28.97% with very high acceptor concentration of CsSnl;

absorber (~5 X 10*° cm™). Under the condition of high
acceptor concentration of CsSnl; absorber, e.g., about 1 X 10"
cm™, our simulated PCE of TiO,/CsSnl;/spiro-MeOTAD cell
can be also as high as 28.14%. Different simulation work may
be performed under different assumptions, but in comparison
of the ref 42, the trend of PCE in terms of acceptor
concentration of CsSnl; absorber is similar. Caution should be
noted that PSCs with acceptor concentrations of CsSnl; that
are too high may create many deep Coulomb traps and
increase the recombination rate, which may reduce the
performance of realistic devices. The TiO,/CsGel;/spiro-
MeOTAD cell with the acceptor concentration of CsGely
absorber being 1 X 10" cm™ is simulated and could exhibit
the efliciency of 17.98% and V. of 1.36 V, in which the
thickness and acceptor concentration of spiro-MeOTAD were
200 nm and 1 X 10" cm™, respectively. The photovoltaic
performance is slightly higher than that of the optimized n-
TiO,/p-CsGely cell (17.49%), but as is known, spiro-
MeOTAD is very expensive and the complexity of device
processes increases. The TiO,/CsSnysGe sl;/spiro-MeOTAD
cell with the acceptor concentration of CsSn,sGe,sI; absorber
being 1 X 10" cm™ is simulated and could exhibit the
efficiency of 26% and V. of 1.242 V, in which the thickness
and acceptor concentration of spiro-MeOTAD were 200 nm
and 1 X 10'® cm™, respectively. The photovoltaic performance
is slightly lower than that of the optimized n-TiO,/p-
CsSny sGeyI; cell (26.35%).

In this section, the impact of defect level positions and
defect densities in HTLs on the performance of PSCs are
simulated, focusing on how variations in these parameters
affect carrier recombination and overall efficiency. The DOS
model in AMPS is used in this simulation. The contour plots of
the PV parameters with the simultaneous variation of defect
density and defect energy levels for the n-TiO,/p-CsSnl;, n-
TiO,/p-CsGel;, and n-TiO,/p-CsSn,sGeysl; PSCs (the
optimal device parameters are in Table 2) are shown in Figure
6. The energy distribution is Gaussian and the characteristic
energy is 0.1 eV.*””*" The electron and hole capture cross
section is set to 107> cm®*"**** The defect density is set from
10" to 10" cm™ and the defect energy levels (above the
valence band edge) are set from 0 eV to the band gaps of
perovskites. The main reason for the defects in the perovskite
layers is the corrupt quality of doping level and the process of
doping in perovskites."' The recombination process is
explained by the Shockley-Read-Hall (SRH) recombination
model®’ and the DOS model in AMPS is used in this section.

From Figure 6, we can observe that the nature of variation of
the PV parameters is almost similar for all the simulated PSCs.
The difference lies in the range of the values of the PV
parameters. The PCE of PSCs drastically reduces from 29.40
to 9.08%, 19.61 to 3.86%, and 28.38 to 9.28% for the n-TiO,/
p-CsSnl;, n-TiO,/p-CsGel;, and n-TiO,/p-CsSnysGeysl;
PSCs, respectively, as the defect density is increased from
10" to 10" cm™ and the defect energy levels vary from 0 eV
to the band gaps of perovskites. The V. of PSCs decreases
(slightly) from 1.1 to 0.932 V, 1.381 to 1.238 V, and 1.285 to
0.864 for the n-TiO,/p-CsSnl;, n-TiO,/p-CsGel;, and n-TiO,/
p-CsSny sGeg sI; PSCs, respectively, with the same variation in
the defect density and defect energy levels. The J,. of PSCs
decreases from 30.198 to 14.525 mA*cm ™2, 17.184 to 5.479
mA*cm ™, and 24.461 to 13.953 mA*cm ™ for the n-TiO,/p-
CsSnl;, n-TiO,/p-CsGel;, and n-TiO,/p-CsSnysGeysI; PSCs,
respectively. The FF of PSCs decreases from 0.885 to 0.653,
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Figure 7. Photovoltaic parameters of n-TiO,/p-CsSnl;, n-TiO,/p-CsGels, and n-TiO,/p-CsSnysGeysl; PSCs as functions of the interface trap

density Eff (a), V.. (b), J.. (c), and FF (d).

0.826 to 0.556, and 0.903 to 0.763 for the n-TiO,/p-CsSnl;, n-
TiO,/p-CsGel;, and n-TiO,/p-CsSnysGeysl; PSCs, respec-
tively. It is found that the influence of defect density on the PV
performance is larger than that of defect level position. The
devices could maintain high PCE for defect density below
about 5 X 10'7 cm™>. Defect energy levels close to the middle
of band gaps of perovskites have larger recombination
influence on the PV performance than that of defect levels at
the edge of band gaps, which is consistent with the SRH
recombination model.

In the device simulation, the effects of the interface trap on
the performance of PSCs are also studied by introducing S nm
interface defect layers at the TiO,/perovskite interfaces for the
n-TiO,/p-CsSnl;, n-TiO,/p-CsGel;, and n-TiO,/p-
CsSnysGeysl; PSCs. The electron and hole capture cross
section is set to 1075 cm.**>** Figure 7 shows the plot of PV
cell parameters as functions of the interface trap density. From
the figure, the interface trap has an important influence on
efficiency, V., J,, and FF. It is clear that efliciency, V,, J,, and
FF decrease with increasing interface trap density. For n-TiO,/

p-CsSnl; cells, when the interface trap densities are 10° and
10> cm™?, the efficiencies decrease slowly (~28.3%).
However, when the interface trap increases to 10'> and 10"
cm™?, the efficiency decreases sharply to 27.74 and 6.53%,
respectively. For n-TiO,/p-CsGel; cells, when the interface
trap densities are 10% and 10" cm™?, the efficiencies decrease
sharply from ~17.5 to 0.3%. Especially, the FF decreases
sharply from ~0.8 to 0.05 when the interface trap densities are
10% and 10" cm™2. For n-Ti0,/p-CsSn, Gey ], cells, when the
interface trap densities are 10% and 10" cm™?, the efficiencies
decrease from 26.36 to 11.58%. From the simulation results, it
seems that the performance of PSCs with a larger perovskite
band gap is more sensitive to the interface trap density.
Interface trap density increases the recombination centers and
hence change in shunt resistance. Optimizing the doping of the
ETL and the formation of a flat, smooth, and homogeneous
surface will significantly reduce the interface trap density and
hence enhance the performance. The recombination mecha-
nisms of photocarriers at the ETL/perovskite interfaces could
be found in the literature, such as refs 45 and 46.
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4. CONCLUSIONS

CsSnl;, CsGel;, and CsSnyGeysl; are used both as all-
inorganic lead-free absorbers and as HTLs with p-type doping
for PSCs. Effects of the dopant concentration of HTLs, the
thickness of absorbers, and HTLs on the photovoltaic
performance of PSCs are investigated to optimize the device
structures. The optimized acceptor concentrations in HTLs are
10" cm™ for the TiO,/i-CsSnl;/p-CsSnls, TiO,/i-CsSnl;/p-
CsGel;, TiO,/i-CsGel;/p-CsGel;, TiO,/i-CsGel;/p-CsSnl;,
and TiO,/i-CsSny sGey sI3/p-CsSnysGegsI; cells and the
optimized acceptor concentrations in HTLs for TiO,/i-
CsSnysGeysI3/p-CsSnl; and TiO,/i-CsSnysGe, sI;/p-CsGel,
cells are S X 10" and 5 X 10'® cm™, respectively. The
maximum efficiencies from high to low are 28.35%, 26.35%,
25.84%, 25.23%, 18.83%, 17.49%, and 11.79% for the TiO,/i-
CsSnl;/p-CsSnl;, TiO,/i-CsSny sGeg sI3/p-CsSny sGeg 51,
TiO,/i-CsSny sGeg sI3/p-CsSnl;, TiO,/i-CsSnl;/p-CsGels,
TiO,/i-CsSny sGeg sI3/p-CsGel;, TiO,/i-CsGel;/p-CsGels,
and TiO,/i-CsGel;/p-CsSnl;, respectively. The TiO,/i-
CsGel;/p-CsSnl; cell exhibits the lowest efficiency, 11.79%,
in all of the simulated PSCs due to the spike-like band offset
and low built-in electric field at the i-CsGel;/p-CsSnl;
interface which leads to high recombination rate in the p-
CsSnl; region (>10*' s7' cm™) and the low J,.. It could be
concluded that the n-p structures could have better photo-
voltaic performance than the conventional n-i-p structures for
the TiO,/i-CsSnl;/p-CsSnl;, TiO,/i-CsGel;/p-CsGel;, and
TiO,/i-CsSny sGey sI3/p-CsSny sGey sI; PSCs if the defects in
HTLs created by high doping can be effectively controlled. In
comparison to our previous study on the ETLs of CsSnl;-
based PSCs, it seems that the influence of HTLs on the PV
performance is larger than that of ETLs for CsSnl;-based PSCs
(maybe also for all-inorganic CsSn,Ge,_,I;-based PSCs).

The effects of defect level position and defect density in
HTLs on the performance of PSCs are simulated for the
optimal n-TiO,/p-CsSnl;, n-TiO,/p-CsGel;, and n-TiO,/p-
CsSnysGeysI; PSCs. The PCE of PSCs drastically reduces
from 29.40 to 9.08%, 19.61 to 3.86%, and 28.38 to 9.28% for
the n-TiO,/p-CsSnl;, n-TiO,/p-CsGel;, and n-TiO,/p-
CsSnysGeysI; PSCs, respectively, as the defect density is
increased from 10" to 10" cm™ and the defect energy levels
vary from O eV (above the valence band edge) to the band
gaps of perovskites. It is found that the influence of defect
density on the PV performance is larger than that of defect
level position. The devices could maintain high PCE for defect
density below about 5 X 10'7 cm™. Defect energy levels close
to the middle of band gaps of perovskites have larger
recombination influence on the PV performance than that of
defect levels at the edge of band gaps, which is consistent with
the SRH recombination model. Furthermore, the increase of
interface trap density is found to reduce the photovoltaic
performance of PSCs.

We have examined throughout various factors that may have
impacts on the photovoltaic performance of CsSn,Ge,_I;-
based PSCs. The insight gained in this work may be useful for
the optimal design of CsSn,Ge,_,I;-based PSCs.
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