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Quantifying Efficiency Limitations in All-Inorganic Halide

Perovskite Solar Cells
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While halide perovskites have excellent optoelectronic properties, their
poor stability is a major obstacle toward commercialization. There is a
strong interest to move away from organic A-site cations such as methyl-
ammonium and formamidinium toward Cs with the aim of improving
thermal stability of the perovskite layers. While the optoelectronic prop-
erties and the device performance of Cs-based all-inorganic lead-halide
perovskites are very good, they are still trailing behind those of perov-
skites that use organic cations. Here, the state-of-the-art of all-inorganic
perovskites for photovoltaic applications is reviewed by performing
detailed meta-analyses of key performance parameters on the cell and
material level. Key material properties such as carrier mobilities, external
photoluminescence quantum efficiency, and photoluminescence lifetime
are discussed and what is known about defect tolerance in all-inorganic
is compared relative to hybrid (organic-inorganic) perovskites. Subse-
quently, a unified approach is adopted for analyzing performance losses
in perovskite solar cells based on breaking down the losses into several
figures of merit representing recombination losses, resistive losses, and
optical losses. Based on this detailed loss analysis, guidelines are even-

1. Introduction

Lead-halide perovskites exhibit a range
of properties that are attractive for opto-
electronic and in particular photovoltaic
applications. These properties include
the ease of fabricating perovskite thin-
films with exceptionally long charge-
carrier lifetimes and a steep absorption
onset leading to absorption coefficients
>10* cm™ only a few meV above the
bandgap.!’ Within the family of lead-
halide perovskites the best optoelectronic
properties are achieved for a range of
bandgaps of around 1.5 to 1.8 eV which is
a highly useful range for the application
as higher-bandgap absorber in tandem or
triple-junction solar cells.?! In this range
of bandgaps, perovskites have only I1I-V
semiconductors as viable competition,?!
but have the advantage of substantially
lower fabrication cost. While there are
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many direct semiconductors with good
absorption and suitable bandgaps for
photovoltaics, there are very few that
have so low non-radiative recombina-
tion losses and such high luminescence
quantum efficiencies as lead-halide perovskites.>”! This is
achieved not only in single crystals but also in polycrystal-
line thin films.®] A specific reason for the good performance
of these polycrystalline materials is the antibonding valence
band of lead-halide perovskites that leads to shallow intrinsic
defects!! and has earned the family of lead-halide perovskites
the label “defect-tolerant semiconductor”.'® There are two
key downsides of the technology that are currently standing
in the way of commercialization:'l One is the long-term sta-
bility of the material and the other one is the use of the toxic
element lead that is, however, of crucial importance for under-
standing the superior optoelectronic properties!! and is there-
fore difficult to replace. There are various strategies to either
replace lead, reduce it or contain it safely inside the film.['¥l In
terms of improving stability, one major approach of increasing
importance in the community is to replace the organic cations
methylammonium or formamidinium that are typically used
so far with inorganic elements such as Cs.l The key chal-
lenge here is that the perovskite structure (ABX;) as shown
in Figure 1a has to contain A-site cations of an appropriate
size to stabilize the BX; octaeder at the core of the perovskite
structure. Given the relatively large size of Pb and I or (to a
lesser degree) Br, the A-site cations have to be large enough.
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Figure 1. a) Structural diagram of APbX; perovskite. b) Goldschmidt tolerance factor along with A-site cation radius for APbX; perovskite with different
X species. c) The partial enlarged details related to pure CsPbl,Br;_, perovskites. The curve and point values were calculated according to the following
cation radii: Cs* =169 pm,20 MA* =217 pm, 211 FA* =253 pm, 12l Pb%* =120 pm, 2% |~ =220 pm,2% Br~ =196 pm.=2

To decide exactly how large those cations have to be, the so-
called Goldschmidt tolerance factor

(ra +7%)

"2+ "

where r, 5, and ry are the radii of the corresponding ions!™>1°!

provides some orientation. If ¢ deviates from the range of 0.8
1.0, the compositions are unlikely to form a stable perovskite
phase.l®] Figure 1b shows the Goldschmidt tolerance factor
varying with A-site cation radius for APDbI,Br; , perovskites.
Though Cs is the largest suitable element with oxidation state
+1, it’s ionic radius is slightly too small so that Cs-based com-
positions with Pb and a halogen atom have tolerance factors
that are at the lower end of the range of Goldschmidt factors
that likely lead to the formation of a stable perovskite phase.
By contrast, the MA* leads to a Goldschmidt factor that is in
the middle of the stable region while the FA* is a bit too large
leading to Goldschmidt factors at the upper end of the stable
region. Mixing Cs* and FA* cations can lead to a more suitable
tolerance factor and is frequently used in the development of
efficient perovskite-based solar cell materials.'® In addition,
from the lines shown in the figure, we can find that the toler-
ance factor increases when the anion changes from I” to Br,
due to the smaller radius of Br~. As shown in Figure lc, the
tolerance factor of CsPblj; is close to 0.8, i.e., close to the lower
end of the stable region making it challenging to stabilize the
perovskite phase of CsPbI;.?% By decreasing the x value, the
tolerance factor t of CsPbI,Br;_, (0 < x < 3) increases, which is
beneficial for the phase stability.

In 2012, the first all-inorganic halide perovskite solar cells
with a structure of indium tin oxide (ITO)/CsSnl;/Au/Ti were
reported. However, the power conversion efficiency (PCE) was
only 0.88%.122 In 2016, Luther and co-workers have fabricated
all-inorganic perovskite solar cells based on CsPbl; quantum
dots (QDs) with a PCE over 10%.2¥l Since this publication in
Science, interest in the field of all-inorganic perovskite solar
cells has been growing rapidly. As shown in Figure 2a, the
numbers of published articles related to all-inorganic perovskite
solar cells is steadily increasing. In 2014, only 0.7% of perov-
skite solar cell related papers focus on all-inorganic perovskites
(based on Web of Science database). However, now in 2021,
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the proportion of articles has risen up to 4.3% and it continues
rising. In Figure 2b, the development of champion efficien-
cies varying with the accumulated number of related articles is
presented. We observe that the PCE of all-inorganic perovskite
solar cells has increased from 0.09% in 2014124 to over 20% in
20211 with =950 published articles. This quantity of articles is
close to that for the hybrid perovskite solar cells achieving 20%
PCE. Moreover, from the experience of the traditional perovskite
solar cells development, it is clear that improvements beyond
20% become increasingly difficult and require more additional
papers per additional % efficiency (note the logarithmic x-axis
in Figure 2b). Hence, while more efforts are needed to further
increase efficiencies of all inorganic solar cells, it seems that
the development so far did not require a substantially higher
amount of work (measured in the number of accumulated pub-
lications) than for hybrid perovskites.

Up to now, the champion PCE of CsPbls-based PSC has
reached 20.37% which was reported by Sang Il Seok’s group!?’]
while the optimal certified PCE is 18.3%, achieved by Yixin
Zhao's group.l*! Apart from CsPbl; (whose bandgap (E,) is esti-
mated to be =1.7 eV), all-inorganic perovskite solar cells based
on CsPbI,Br (E, = 1.9 eV), CsPbIBr, (E, = 2.1 eV) and CsPbBr;
(Eg = 2.3 eV) are rapidly developing as well. Figure 2c presents
the champion PCE of all-inorganic CsPbI,Br;_, (0 < x < 3)
perovskite solar cells as a function of time. As expected by the
optimum bandgap range in the Shockley-Queisser modell*’]
(see Figure 2d), the composition with the lowest bandgap, i.e.,
CsPbl;, has consistently led the field in PCE, achieving 20.37%
PCE,®! followed by 19.65%/?8! PCE for CsPbI,Br;_, (2 < x < 3)
perovskite solar cells and 1736%2°! PCE for CsPbl,Br perov-
skite solar cells, whereas the CsPbIBr, and CsPbBr; perovskite
solar cells show relatively low PCE of 11.3%*! and 10.85%0!l
respectively. In addition, hybrid perovskite solar cells are shown
for comparison (majority of them have been recorded in the
Best Research Cell Efficiencies Chart by NREL).32l It can be
found that the PCE of all-inorganic perovskite solar cells is still
somewhat behind that of the hybrid species which have already
reached 25.5%.53% Figure 2d depicts the champion efficiency
of different solar cells and the Shockley—Queisser limit along
with bandgap values. It is clear that there is still large room
for efficiency improvement of all-inorganic perovskites, com-
pared with the c-Si, GaAs and hybrid perovskite solar cells.l**!
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Figure 2. a) Accumulated number of related articles as a function of time for the search strings given in the legend taken from ISI Web of Science.
Proportion of all-inorganic perovskite solar cells are also shown. b) Relationship between champion efficiencies and the accumulated number of related
articles. c) The champion power conversion efficiencies of all-inorganic perovskite solar cells along with years. The devices are classified into 5 groups
by the iodine to bromine ratio quantified via the value of x. The efficiencies of hybrid perovskite solar cells are also shown for comparison. The devices
with Sn doping process are not shown in the figures, because the bandgap deviates significantly from the intrinsic values. d) The champion efficiency
of different all-inorganic perovskite solar cells compared with the SQ limit. The record efficiency of ¢-Si, GaAs and hybrid perovskite solar cells are

shown for comparison.

It should be noted that as the bandgap increases, both the effi-
ciency limit and actual efficiency decrease. Though the PCE
values of all-inorganic perovskite solar cells with high Br con-
tents seem not pretty appealing, it is satisfying that the stability
and reliability become better and better. Furthermore, if taking
the thermodynamic limits into account, we can find that the
1/n5Q values of many all-inorganic perovskite solar cells have
approached 70%, which means further performance improve-
ment would become more difficult. Therefore, precise and reli-
able meta-analysis of performance losses become desiderated,
which could be conducted to point out the directions for further
optimization.

In the following, we will discuss the material properties
of all-inorganic halide perovskites, present the typically used
device geometries and then present a detailed meta-analysis of
the current state of the art of this technology. The meta-anal-
ysis will focus especially on the analysis of different efficiency
limitations such as recombination losses, resistive losses and
optical losses.

2. Material Properties

Any solar cell absorber material has to fulfil some necessary
conditions to allow its use in high-efficiency solar cells. These
conditions are to have a suitable absorption coefficient, good
charge transport measured via the electron and hole mobilities
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as well as a long lifetime of charge carriers.?¥ The latter argu-
ment is often rephrased as having a low defect density because
short lifetimes are typically related to a high defect density. In
the following, we will therefore give an overview over these
three properties and discuss their change with stoichiometry
and bandgap as well as compare them with hybrid perovskites.

2.1. Absorption Coefficient and Bandgap

Excellent photon absorption is a precondition for perovskites to
be used in optoelectronic and photovoltaic applications. Hybrid
lead-halide perovskites have been shown to have fairly sharp
absorption coefficients that rise quickly above the bandgap
to reach values >10* cm™ already few tens of meV above the
bandgap.! This allows efficient solar cells to have absorber
thickness below lum and still achieve sharp onsets of the
quantum efficiency. For all-inorganic lead-halide perovskites
comparably little data is available on the absorption coefficient.
Judging from available quantum efficiency data and the typical
thicknesses used for efficient devices, the absorption coefficient
is likely rather similar to that of hybrid perovskites. However,
more detailed studies are missing. This is true for the overall
value of the absorption coefficient but also for the shape of the
absorption onset and parameters such as the Urbach energy, %!
which can be determined, e.g., from photothermal deflection
spectroscopy or sensitive photocurrent spectroscopy methods
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Figure 3. a) The variation of bandgap changing with x values. The
E, of FA*-, MA*-containing perovskites are based on the Tauc method,**!
while that of Cs*-based samples is the average value of calculated EY i.e.,
calculated by using the inflection point of the EQE). b) The distribution
of Ef for all-inorganic perovskites. The data points are collected from rel-
evant publications of CsPbl;, 252636411 CsPb|,Br,[2942-5T CsPblBr,,052-57]
CsPbBr;,18-%2 of which detailed data can be found in Tables 1-5.

such as FTPS (Fourier transform photocurrent spectroscopy).4l

Note that Urbach energies cannot reliably be determined from
the frequently used UV—Vis transmission (I) & reflection (R)
spectroscopy, because this method is not suitable to precisely
determine low absorptance (A) values, where A=1- R - Tis
close to zero and R + T = 1. In this case, small errors in R and
T, will lead to large relative errors in A that prohibit a precise
determination of the Urbach energy.

While there is—to our knowledge—no systematic investi-
gation into the absolute values of the absorption coefficient or
the sharpness of the absorption onset as a function of stoichi-
ometry in the family of all inorganic perovskites, it is worth
to briefly discuss the obvious change in bandgap that we have
already mentioned in the context of Figure 2.

Figure 3a presents the bandgap comparison of CsPbL,Br;_,,
MAPDL Br; , and FAPbL,Br;_, (0 < x < 3) varying with stoi-
chiometric ratio of iodine. Note that the bandgap data for
MAPDILBr;_, and FAPDbIBr;_, come from the related refer-
ences,®! while those for CsPbI,Br;_, are calculated by EQE
inflection point method.[%] The detailed description of this
method can be found in the Supporting Information (Section 1.1).
It is observed that the bandgap of Cs*-based perovskite is
wider than the MA* and FA*-based samples. Taking x = 3 as
an example, the bandgap for CsPbl;, MAPDbI; and FAPDI; is
=1.71 eV, =1.58 eV and =1.47 eV respectively. In addition, for all
the perovskite species, the bandgap decreases with increasing x
values. Furthermore, with the cation changing from FA*, MA*
to Cs*, the relation between bandgap and x value varies from
nonlinear to linear. For all-inorganic perovskites, the relation
could be ascribed as: Ef = 2.314 — 0.205x. The distribution of
E? for all-inorganic perovskites is shown in Figure 3b. It can be
found that the EJ of CsPbl;, CsPbl,Br, CsPbIBr, and CsPbBr;
is around =1.71 eV, 1.90 eV, 2.11 eV and 2.32 eV respectively,
showing that varying x value of CsPbL,Br; , (0 < x < 3) is an
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effective approach for bandgap regulation. The slight difference
of EP in each group could be due to the fact that the bandgap
of the samples would be affected by process technique, com-
ponent stoichiometry, phase structure and temperature during
actual preparation.

2.2. Charge-Carrier Mobilities

A further prerequisite for high photovoltaic performance
is that the absorber material should have a sufficiently high
mobility—lifetime product to allow efficient charge extraction
before recombination happens.¥ Depending on the exact
device geometry and the presence or absence of electric fields,
the mobility lifetime product may be replaced by either the
diffusion length or the drift length.¥? Thus, it is not possible
to a priori state a certain minimum mobility or lifetime or
even mobility-lifetime product necessary to allow efficient
photovoltaic energy conversion. However, it is generally true
that efficient charge transport is a necessary but not suffi-
cient condition for any solar cell material. Figure 4a gives an
overview over the mobility results for lead-halide perovskites.
For all-inorganic components, the CsPbIBr, exhibit relatively
lower mobilities as compared to other compositions. A pos-
sible reason could be attributed to worse film quality and
higher defects density.’®) CsPbBr; presents the maximum
mobility value. Song et al. have prepared CsPbBr; single
crystals (SC), achieving an attractive carrier mobility over
2000 cm? V™! s7! measured using SCLC methods,””! which is
the highest reported value among all-inorganic perovskites so
far. As for comparison between hybrid and all-inorganic perov-
skites, CsPbI;, CsPbl,Br and CsPbBr; components present
competitively high mobilities if compared with FAPbI;- and
MAPDI;-based samples, some of which have reported mobili-
ties beyond 10> cm? V™' 571169737571 However, it should be
noted that at present there are many techniques for mobility
measurement, which would therefore result in difference
among the reported mobility results. As shown in Figure 4b,
the mobilities measured by FET, SCLC and PL-based methods
generally present relatively lower values, while those deter-
mined by Hall effect measurement, time-resolved micro-
wave current (TRMC) and THz-probe spectroscopy (OPTP)
commonly show higher values. Figure 4c shows the average
mobility values and standard deviations for each method.
Apart from the “else” methods, the THz spectroscopy, SCLC
and Hall methods always show larger fluctuations.

Possible method specific biases complicate the comparison
of mobilities as a function of stoichiometry. Fortunately, some
valuable comparisons of mobilities using a consistent meth-
odology have been reported. Dastidar et al. have investigated
solution-processed ¢~CsPbl; thin films via pumpprobe time-
resolved terahertz spectroscopy (TRTS) and revealed a charge-
carrier mobility of over 30 cm? V! s7! and diffusion length of
=1 um.[*’l The results demonstrate similar transport character-
istics to literature reports of solution processed MAPDbI; which
exhibited carrier mobility and diffusion length of 35 cm? V' 57!
and 2.5 um via TRTS as well.BY Zhu et al. have investigated
and made comparison of the band edge carrier properties for
CsPbBr;, MAPbBr; and FAPbBr; macro-crystals, showing
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Figure 4. a) Mobility distribution of CsPbls,[667-69 CsPbl,Br,*3707273] CsPblBr,,’4 and CsPbBr;.[68757678 Mobility of FAPbI;7?l and MAPDbI,881 are
also shown for comparison. The color code identifies the mobility characterization method used for each point. b) Mobility distribution of all stoichio-
metries shown above as a function of measurement method. c) Average mobility and standard error (the value shown in figure) of each measurement
method. Please note that in the discussion of (b) and (c), we skip the mobility of CsPblBr, as the values strongly deviated from other compositions.
Hall: Hall effect measurement, SCLC: space-charge-limited current, TS: THz spectroscopy (including time-resolved THz spectroscopy and optical-pump
THz-probe spectroscopy), TRMC: time-resolved microwave current, PL: photoluminescence spectroscopy (including time-resolved photoluminescence
spectroscopy, photoluminescence quenching and electric field-modulated photoluminescence imaging microscopy), TRS: transient reflectance spec-
troscopy, FET: field-effect transistor, else (including time-of-flight, photoconductivity method, etc.).

similar carrier mobilities for all three perovskites, which has
been determined to be 38 £ 11 cm? V-'s7, 15+ 1 cm? V™' s and
18 + 2 cm? V! 571, respectively.”®! According to these studies, it
is generally accepted that changing the A-site cation from FAY,
MA* to Cs* would not significantly affect the carrier transport.
Nevertheless, more investigations are still needed, especially for
the Br/I mixed anion perovskite species.

2.3. Defect Tolerance and Nonradiative Recombination

The concept of “defect tolerance”™ is a widely used attribute for
halide perovskites, as they still possess outstanding optoelec-
tronic properties even if they are processed from solution and
form polycrystalline films with micrometer-sized grains and
the associated grain boundaries. Originally, based on density
functional theory (DFT) calculations, all energetically favorable
intrinsic defects in perovskites were considered to be fairly
shallow and in consequence were expected to have less impact
on photogenerated carrier recombination, which is the so-called
“shallow defect hypothesis”.[B># However, further research
found that at least the iodine interstitial should be a deep defect
of some concern for the functionality of the device.®>*] Long
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carrier lifetimes are one of the results of “defect tolerance.
Figure 5 shows the relationship between PL lifetime 7 and
nonradiative open-circuit voltage loss AVE  Detailed infor-
mation of the data points were shown in Table S1 (Supporting
Information, Section 2). In addition, the corresponding external
luminescence quantum efficiencies Q¢™ have also been calcu-
lated via the following expression

(Ve = Vo) =—kTIn(QM™) 2)

where g is the elementary charge, k is the Boltzmann constant
and T is the cell temperature,® while AVE"™ =V24-V,.
The details for voltage loss calculation are introduced in Sup-
porting Information (Section 1). We find that the CsPbBr; and
CsPDbIBr, groups exhibit shorter lifetime and higher V, loss as
well as lower Q™. In contrast, the CsPbI,Br; , (2 < x < 3) and
CsPbl; perovskite solar cells show longer lifetime and lower
voltage loss along with higher Q™. Giving an overview of all
the presented data, there is a clear relation between 7, AVemad
and Qi“m as expected: Longer 7 corresponds to lower AVonrad
and higher Q. But it should be noted that as 7increases, the
trend of AVE™ reduction and Q™ enhancement saturates.
The trend of the data in the figure is consistent with the relation
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between Q™ and 7 as ascribed by the following equation (see
the Supporting Information of ref. [89] for a derivation)

lum _ Zkradper(po + GextT)
© 1+kaa(pa+p)7(po +2GwT)+

(1+kradp0 (pa +pe)T)2
TZ

3)

T\/4Gextkrad (pa + pe ) +

with G = @/d, where @ is the absorbed photon flux and d
is the thickness. Furthermore, k,.q, is the radiative recombina-
tion coefficient while p,, and p, are the parasitic absorption and
emission probability as defined and discussed in more detail
in ref. [90] Note that p. and p, are needed to correctly consider
effects of photon recycling as discussed, e.g., in ref. [91] Finally,
Equation (3) takes doping into account by allowing to set a value
for the equilibrium majority carrier concentration p,. Here, we
assume implicitly (by naming the variable p,) that holes are the
majority carriers but Equation (3) also works for n-type doping.
Furthermore, the related results from high-quality organic—
inorganic hybrid perovskite solar cells have also been shown
in the figure.®! Evidently, as for all-inorganic perovskite solar
cells, there is a distinct gap with the hybrid devices in terms of
lifetime 7. Even for CsPbl; PSC which presented the optimal
7= 374 ns,B¥ it is still over an order of magnitude shorter than
the comparative optimal hybrid PSC.’Z Such results suggest
the large room for PL lifetime improvement of all-inorganic
perovskite solar cells, which is the key to achieve small V.
losses and high Q™.

Long lifetimes, high luminescence quantum efficiencies and
high open-circuit voltages are directly connected as discussed
in the context of Equations (2) and (3). In order to achieve long
lifetimes, a material needs a low defect density and/or a slow
capture coefficient of electrons and/or holes by that defect.
Thus, measuring and reducing defect densities has been an
important topic for essentially all photovoltaic materials. How-
ever, in particular the measurement of defects is among the
most difficult challenges in the field of material and device

Adv. Mater. 2022, 34, 2108132 2108132 (6 of 30)

www.advmat.de

characterization for photovoltaics. This is at least partly due to
the fact that extremely low densities of defects (relative to the
total density of atoms or electrons in a material) may already
have a decisive influence on device performance. There exists
a multitude of methods that can—under certain conditions—
allow the extraction of defect densities. However, these methods
have often many caveats and can show features that may be
falsely interpreted as trap densities.[?!

For CsPbls-based thin films, the trap density of
8.570 x 10® cm™? and 1.6 x 10 cm~*! were obtained by
the thermally stimulated current (TSC) and transient absorp-
tion spectroscopy (TAS) methods. Space charge limited cur-
rent (SCLC) measurement is the most widely used method for
trap density calculation in all-inorganic perovskites. However,
the results from SCLC method should be treated with caution,
because there are thickness dependent detection thresholds for
detecting trap densities.**%l Thus, trap densities may actually
be substantially lower than those measured in SCLC.

For the question of which kind of deep-level defect in all-
inorganic perovskites should be responsible for nonradiative
recombination, the debate still continues and no consensus
has been reached. Recent research based on first-principles
calculations has demonstrated that iodine interstitials (I;) and
hydrogen vacancies (Vy) are the dominant defects for nonra-
diative recombination in MA*-containing hybrid perovskite
films under I-rich and I-poor conditions respectively.®”*”] By
contrast, Vi has less effect on nonradiative recombination in
FA*-containing perovskites, which might be a reason for why
FA* is beneficial for achieving high performance in hybrid
perovskites.[] With regard to all-inorganic perovskites repre-
sented by CsPbl;, however, the existence of Vy can be ruled
out since it originates from FA* and MA™ organic cations.
Nevertheless, studies on I; for all-inorganic perovskite spe-
cies have not been reported so far. In 2020, Zhang et al. have
investigated deep defects Pb; and Ip, in CsPbls. It has been
revealed that the formation energy of Ip, is very low for I-rich
conditions, while Pb; is energetically favorable under I-poor
conditions. 86l

In order to find out how detrimental a defect is, DFT calcula-
tions can provide access to parameters such as the capture coef-
ficients of specific defects which can then be used to compare
their relative impact. Before, we discuss the results of these
calculations, let us briefly explain how these quantities affect
the recombination rates. The capture coefficients C, and C;, are
a property of a defect that specifies how efficiently the defect
captures either electrons or holes. If one multiplies the capture
coefficient with the defect density Ng.r, one obtains the inverse
Shockley—Read—Hall lifetimes 7, and 7, for electrons and holes.
These lifetimes then enter the Shockley—Read-Hall (SRH)
recombination rate (Rggy) and determine how many recombi-
nation events will happen per unit volume and time. The SRH
recombination rate is often written as(®’)

(np—n?)
n+nl)7:p+(p+p1)rn

Repu = 4
( 4

where n, = N¢ exp|(Er — Ec)/kT], py = Ny exp[(Ey — Er)/kT, Nc

and Ny are the effective density of states (for conduction and
valence band), Ey is the trap level, Ec and Ey is the conduction
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Figure 6. a) Nonradiative capture coefficient of I; in MAPbI; films and Ipy, in CsPbl; films as a function of temperature under I-rich condition. The curves
were calculated by determining the potential energy surfaces using DFT (upper, Zhang et al., Reproduced with permission.[”l Copyright 2020, American
Physical Society; lower, Zhang et al., Reproduced with permission.[¢ Copyright 2020, American Chemical Society). b) Nonradiative capture coefficient
of Vi4(N) in MAPblI; films and Pb; in CsPbl; films as a function of temperature under I-poor condition. (C,: electron capture coefficient; C,: hole cap-
ture coefficient.) (upper, Zhang et al., Reproduced with permission.[®”l Copyright 2021, The Authors, published by Springer Nature; lower, Zhang et al.,
Reproduced with permission.[®¥ Copyright 2020, American Chemical Society). ¢) Comparison of capture coefficient under room temperature (300 K).

and valence band edges, n and p are the carrier concentration
(for electrons and holes) and n; is the intrinsic carrier concen-
tration. Assuming that the defect levels is sufficiently deep to
make thermal detrapping unlikely, we can neglect n; and py, as
they will then be small relative to either n or p. Thus, Equa-
tion (4) is often simplified for deep defects tol®”!

Rgpu = = (5)

Then we use the relations of 7, = 1/(C;Ngf) and 7, =1/
(CpNaer) B! for the above equation. In case photogenerated
or injected carrier concentrations are much larger than the
intrinsic carrier concentration, then n; can be ignored. In addi-
tion, considering that lead-halide perovskites typically behave
as intrinsic or low-doped semiconductors, then n = p can be
applied. Thus we obtain/®

which can be rewritten to givel%®l

.G,

Rsrit = Nt Ciot1, Cior = C.+ Cp
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This implies the existence of effective carrier lifetime,
defined by

1

(Clot N, def ) (8)

Tef =

Accordingly, we observe that the total capture coefficient Ci;
is limited by the slowest capture process. In case of high Cy,
the defect-assisted SRH recombination rate would increase,
leading to a reduction in carrier lifetime 7.4 Figure 6a,b com-
pare the capture coefficient curves of the deep-level defects
in CsPbl; and MAPDI;. The data shown in Figure 6 is based
on the calculation of potential energy surfaces and configura-
tion coordinate diagrams of the different states involved in
the recombination event using DFT. The DFT was performed
using the Heyd-Scuseria—Ernzerhof (HSE) hybrid functional
including spin-orbit coupling.®#:971% Zhang et al. report [;
to be the dominant defect in MAPDI; films having a low for-
mation energy especially under I-rich condition. As shown
in Figure 6a, the process of electron capture by L* (i.e., C,")
exhibits the slowest capture coefficient of 0.7 x 107 cm? s7! at
room temperature, indicating the same order of magnitude for
Ciot!”! As for CsPbI;, only Ip, deep defects have been shown
to have low formation energies under I-rich condition so far.
In Figure 6a, the electron capture by Ip, (i.e., C?) is the slowest
process, which limits the total capture coefficient on the order
of 107 cm3 s7! at room temperature.®l On the other hand,
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the Vi(N) in MAPbI; possess low formation energy (0.72 eV)
under I-poor condition and its C; curve is affected by both C,
and C;,. As shown in Figure 6b, the Gy, depends on C, at room
temperature, suggesting the G, of 0.8 x 107 cm? s7! for Vy(N)
under this circumstance.®”] With regard to Pb; deep defects in
CsPbl; under I-poor condition (Figure 6b), the C, is limited
by the hole capture coefficient of Pb;* (i.e., C;*), which is only
10722 ¢cm? s7118¢ Evidently, though Pb; and Ip, deep defects in
CsPbl; possess low formation energy, both of them exhibit
extremely slow C;, which are much slower than the domi-
nant deep defects (I; and Vi(N)) in MAPbI;. Zhang et al. have
attributed the low rates to the presence of strong anharmonicity
in the potential energy surfaces that describe the charge-state
transitions.[®®] However, the dominant defects for nonradiative
recombination in CsPbl; have not been identified yet. Addition-
ally, it is observed that the capture coefficient for electrons is
quite different from that for holes in perovskites, which can be
better illustrated in Figure 6¢. This result suggests a new route
for the improvement of defect tolerance in perovskites. As dem-
onstrated in ref. [101], when the capture coefficient for holes
is higher than that for electrons, the recombination could be
further reduced by slowing down the electron capture through
reducing the electron concentration and increasing the hole
concentration, ' which is feasible during the preparation pro-
cess. Moreover, as shown in Figure 6c, the C, of Ipy is 9 orders
of magnitude lower than the related C,, in CsPbls, as well as
the C, of Pb; is 14 orders of magnitude lower than the related
C,. Such difference is much larger than that of I; and Vi(N) in
MAPDI;, which may be beneficial for the optoelectronic perfor-
mance of CsPbl;-based devices.

Apart from CsPbl;, the formation energy and charge transi-
tion level of defects in CsPbBr; have been investigated by DFT
calculation as well. Reported by Kang and Wang, most of the
defects in CsPbBr; films are shallow, while the two antisite
defects Pbg,, Brpy, and the lead interstitial (Pb;) can introduce
deep transition levels.®¥l Fortunately, these three deep-level
defects have large formation energies which has been attrib-
uted to the lack of bonding—antibonding interaction between
the conduction bands and valence bands.®3 In addition, Swift
and Lyons have demonstrated that the hydrogen interstitial (Hj;)
and bromine interstitials (Br;) are deep-level defects in CsPbBr;
as well, and show relatively low formation energy under Pb-rich

(a) mesoscopic  (b) regular planar

HTL HTL
CsPbl Br,.,

CsPbl,Br,.,

ETL
TCO Glass

www.advmat.de

and Brrich condition respectively.®®) However, their effect on
carrier capture process is still unclear.

With regard to mixed halide all-inorganic perovskites, i.e.,
CsPbIBr,, CsPbl,Br, and etc., it is believed that phase segrega-
tion spontaneously happens when mixing different halogens
because of the bonding energy difference between Pb-Br and
Pb-I bonds.%2l Unfortunately, few theoretical studies focusing
on deep-level defects in mixed halide perovskites have been
reported so far and therefore more efforts on this topic are
strongly needed.

3. Solar Cells

3.1. Structure

At present, the typical layer stack of all-inorganic perovskite
solar cells is identical to that of many organic—inorganic hybrid
perovskite solar cells, which commonly includes FTO (or ITO)
glass substrate, perovskite absorber layer, HTL, ETL and elec-
trode, as illustrated in Figure 7. To be specific, it can be classi-
fied into several types, i) mesoscopic; ii) planar regular (n—i—p)
and iii) planar inverted (p—i-n) structures. Many highly efficient
CsPbBr; and CsPbIBr, perovskite solar cells with wide band-
gaps have adopted carbon-based HTL-free structure,3l which
is partly because of the lack of highly efficient HTLs for them.
For all-inorganic perovskite solar cells, fewer works with planar
inverted structure have been reported, which results from the
fact that the conventional organic transport layer materials (e.g.,
poly(triaryl amine) (PTAA) and poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS)) cannot withstand the typ-
ical temperatures of 200 °C to 250 °C used for annealing of inor-
ganic perovskites. In this case, inorganic NiO, film is the most
commonly used HTL for planar inverted devices. Alex K. Y. Jen’s
group has made substantial contributions to the field of inverted
all-inorganic perovskites. The best efficiencies obtained in this
structure was 16.10% (certified: 15.6%) using the layer stack
ITO/NiO,/CsPbI,Br;_:6TIC-4F/Zn0/Cy/Ag.'™ High PCE up
to 20.37% has been reported for all-inorganic PSC with planar
regular structure,?! as well as 1716% PCE for that with meso-
scopic structure,”] suggesting the large room for planar inverted
all-inorganic perovskite solar cells improvement. Thus, more

(c) inverted planar (d) HTL free

Carbon
ETL electrode

CsPbl Br,, CsPbl Br,,,

HTL ETL
TCO Glass TCO Glass

Figure 7. Typical device diagrams of CsPbl,Br;_, (0 < x < 3) perovskite solar cells. a) mesoscopic structure, b) regular planar (n—i—p) structure,
c) inverted planar (p—i—n) structure, d) carbon-based HTL-free structure which widely adopted for CsPbBr; and CsPblIBr, perovskite solar cells.
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Figure8. Energylevels of recently reported CsPbl,Br;_, (0<x<3) films and highly efficient transport layers according to refs. [20,40,41,49,56,60,61,105-108],
which were mainly obtained from absorption spectra and photoelectron spectroscopy. Note that the valence and conduction band levels as well as the
work function may vary depending on the exact stoichiometry but also on the mode of preparation and surface treatments.

efforts on inverted all-inorganic perovskite solar cells are needed,
as well as on highly efficient inorganic HTLs exploration.

Figure 8 illustrates energy levels of typical transport layer
materials for highly efficient all-inorganic perovskite solar
cells, along with that of perovskite absorber layers. For ETLs,
TiO,, SnO,, ZnO and ¢-TiO,/m-TiO, are most commonly used
for highly efficient perovskite solar cells, which are inorganic
materials and have been fully investigated and optimized for
hybrid perovskite solar cells. For perovskite solar cells with
regular or mesoscopic structure, HTLs would not be affected
by the high-temperature process, leading to a large variety of
materials to choose. Apart from the most frequently used
2,2,7,7-tetrakis(N,N-dimethoxy-phenylamine)-9,9-spirobiflu-
orene (spiro-MeOTAD) films, other organic materials, such
as poly[bis-(4-phenyl)-(2,4,6-trimethylphenyl)-amine] (PTAA),
poly(3-hexylthiophen-2,5-diyl) (P3HT) and poly[5,5-bis(2-
butyloctyl)-(2,2’-bithiophene)-4,4’-dicarboxylate-alt-5,5"-2,2’-
bithiophene] (PDCBT), have also been reported for high-
efficient all-inorganic perovskite solar cells. Niu et al. have
explored some D-A-7m—A-D-type hole-transport materials
which have advantages of dopant-free, low-cost and stable, and
applied for CsPbI, sBr 5 perovskite solar cells, achieving a PCE
of 170%.11%1 However, the conventional hole-transport mate-
rials are not suitable for CsPbBr; and CsPbIBr, perovskite solar
cells. In consequence, HTL-free carbon electrode structure has
been developed and new-type of inorganic transport layer mate-
rials have been explored basing on such structure. Tang’s group
have successively developed Cu(Cr,Ba)O, nanocrystals (NCs),%"!
CulnS,/ZnS quantum dots (QDs) and brominated graphene
oxide (Br-GO)1%! materials to act as HTLs for CsPbBr; perov-
skite solar cells.

Adv. Mater. 2022, 34, 2108132 2108132 (9 of 30)

3.2. Device Fabrication

Most all-inorganic perovskite solar cells reported in the lit-
erature so far have been prepared using solution processing
methods such as spin-coating, spray coating and blade coating.
So far, most highly efficient all-inorganic perovskite solar cells
have been prepared by spin-coating, including the devices with
a PCE over 20%. Spray coating and blade coating are in general
more suitable to prepare devices that exceed the areas <1 cm?
typically used in research.Up to now, larger-area all-inorganic
perovskite solar cells with PCE of 13.82% (112 c¢m?, regular
CsPbl;_,Br, (2 < x < 3) solar cell)™% and 10.73% (8 cm?, regular
CsPDbl; solar cell)™ have been reported by using spray coating
and blade coating, respectively. A challenge for depositing mul-
tinary semiconductors on larger areas can be lateral inhomoge-
neities in thicknesses but also in composition, bandgap or other
film qualities such as stress or strain or the density of recom-
bination active defects. Specific research on upscaling and
avoiding of spatial inhomogeneities in all-inorganic perovskite
solar cells is so far still scarce. Early examples are the demon-
stration of Mai and co-workers who showed that increasing the
transport layer thickness can relieve the leakage loss to some
extent leading to a PCE of 12.19% for a 10.92 cm? area achieved
(inverted CsPbI,Br solar cell), however, still by spin-coating.”
Another challenge for the upscaling and technological matu-
rity of solution processing is to find alternatives for the toxic
solvents that are used in the large majority of academic research
efforts on lead-halide perovskites. While there have been suffi-
cient investigations on “green” solvents for hybrid perovskites
in general, " we just find very few investigations in the context
of all inorganic perovskites and the performance is still not as
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good as the traditional solvents.'}] Vapor deposition methods
such as evaporation have advantages with regard to the absence
of any solvents but have the disadvantage of requiring costly
vacuum equipment as well as fairly long deposition times as
compared to solution processing. Until now, the champion effi-
ciency of all-inorganic perovskite solar cell prepared by vapor
deposition is 13% (0.051 cm?, regular CsPbl,Br solar cell).!'
Furthermore, a small amount of studies on large-area devices
were reported, among which the highest PCE of 9.4% (1 cm?,
regular CsPbI,Br solar cell) was achieved by single source
evaporation."!

3.3. Stability

Though all-inorganic perovskites are facing phase transition
issue as mentioned above, however, they still possess satis-
fying stability, particularly the thermal stability. It is known that
organic—inorganic hybrid perovskites cannot endure high-tem-
perature treatment because of the existence of MA* and FA*
organic cation. It has been reported that MAPDI; have the risk
of decomposition at temperatures of 85 °C,["® while the decom-
position temperature for FAPDI; is approximately 150 °C.1 In
general, 250-350 °C is required for inorganic materials prepa-
ration via regular thermal processes and satisfyingly, Cs*-based
all-inorganic perovskites would not occur decomposition issue
under this circumstance. Such favorable thermal stability could
not only improve the durability of the whole device, but also
be able to adapt to more high-temperature technologies. This
is especially useful for constructing devices with complex
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structures (e.g., tandem devices). Many reviews outlining the
status, mechanism and optimization process of stability for all-
inorganic perovskite devices have been reported.">12% Here we
just list some typical works to reveal the status of stability for all-
inorganic perovskite solar cells with different x values. Required
by the International Electrotechnical Commission, the assess-
ment criteria for photovoltaic stability should meet that both
moisture (80% relative humidity) and heat (80 °C) stabilities are
more than 2000 h. Compared to the organic—inorganic hybrid
perovskites, the all-inorganic species are apparently closer
to these requirements. Chen et al. have developed a Pbl,- N-
methyl-2-pyrrolidone (NMP)-assisted growth method for high-
quality o~CsPbl; films and used 18-crown-6 ether to suppress
water invasion and passivate defects, and thus achieved stable
o-CsPDl; perovskite solar cells, which readily maintained =91%
of the initial PCE for more than 1000 h (85 °C, N;) and even
~90% for up to 2000 h (25 °C, 20% relative humidity) without
encapsulation (Figure 9a)."! Furthermore, a stability perfor-
mance that retained =95% of the original value for over 500 h
(operating conditions, 60% relative humidity) with encapsula-
tion has also been achieved." As shown in Figure 9b, Han et
al. have reported CaCl,-doped CsPbI,Br devices which main-
tains =90% of its initial efficiency after 1080 h when stored and
tested in air (=25% relative humidity).!® Zhu et al. fabricated
unencapsulated CsPbIBr, devices maintaining =90% of the ini-
tial PCE after storing for 60 days (1440 h) at 25 °C and 45% rela-
tive humidity (Figure 9c), as well as =97% PCE after storing for
7 days (168 h) at 85 °C with water content below 1 ppm.P2 With
regard to CsPbBr; perovskite solar cells, as they are usually fab-
ricated using carbon electrodes rather than Au or Ag electrodes

o 25%RH in air
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Figure 9. Storage stability measurement results of the representative unencapsulated all-inorganic perovskite solar cells. All figures are replotted based

on the data in the following publications: a) CsPbl; PSC reported by Chen et

by Zhu et al.,’% d) CsPbBr; and the reference MAPbI; perovskite solar cells reported by Liang et al.l
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al.,M by CsPbl,Br PSC reported by Han et al.,["® ¢) CsPblIBr, PSC reported
117)

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

dny) SUoNIPUOD pue swi 1 84} 88S *[2202/0T/2T] Uo ARIqIT8UIUO A8]IM “JBIU8D YoIeessy HOWS Yo1ne winiuezsbunyos.io4 Aq ZET80TZ0Z eWPe/Z00T 0T/I0pA0D" A3 1M AleIq Ul juo//Sdny Wo.y pepeojumod ‘Iz ‘2202 ‘S607T2ST

PUR-SWLBI/WOD A3 I,

35UBD| SUOWILIOD dAIEaID 3qedl|dde ayy Aq pausenoh ae saie YO ‘3sn Jo Sa|nJ Joj Akeiq | auljuQ A3JIM uo



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

and getting rid of organic HTLs, which is beneficial to avoid
moisture absorption and thermal decomposition of organic
HTLs and oxidation of metal electrodes, CsPbBr; devices
exhibit superior stability among all-inorganic perovskites. Early
in 2016, Liang et al. have investigated CsPbBr; device with
FTO/c-TiO,/m-TiO,/CsPbBr;/carbon  structure. The unen-
capsulated PSC showed none degradation after storing for 3
months (2640 h) at 25 °C and 90-95% relative humidity, while
the reference MAPDI; devices degraded to =10% of its initial
value after storing for =720 h (Figure 9d).'"] Furthermore, they
have also demonstrated that the use of organic spiro-MeOTAD
HTL would fasten the degradation of device performance.
Furthermore, in high-temperature and high-humidity condi-
tions (100 °C, 90-95% relative humidity), the unencapsulated
CsPbBr; PSC still presented no degradation after 840 h storage,
while the MAPDI; device with the same structure could only
remain stable in the initial 20 h.'"7] These results suggest that
apart from considering film quality, grain boundary and phase
stability, substitution of organic HTLs is a promising strategy
for PSC stability improvement.

3.4. Performance

In this section, we review the key photovoltaic performance
indicators (i.e., Js, V,., FF, and 1) of high-quality CsPbI,Br;_,-
based perovskite solar cells and mainly focus on the compar-
ison between the experimental values and the corresponding

(@) 22
20t
18} Guo 21
'gpam 20-2
L]
S 16} &
S14+ @Zhang 20
2y I.;i"18 You20 Yuan 18 |
10k ° o Pod |

L

8 L 1 1 1 1 1 1 1
16 1.7 18 19 2.0 21 22 23 24
Band gap EP (eV)

(c)

1.6F LY
@ Yuan 18
— Guo 21
< 1.4f §oue
< ]
3 Patil 20-2
> P °
@@Zhang 20 °%
12} oLi18 @ @@
: N
You 20
1.0

1.6 1j7 1j8 1j9 2j0 2j1 2j2 2j3 2j4
Band gap EP (eV)

www.advmat.de

SQ limits. Also, we discuss surface and interface passivation
approaches for the devices. Detailed performance indicators
are shown in Figure 10, Figure 11 and Tables 1-5 while the
correspondence between data points and authors being found
in Figure S4-S8 in Supporting Information (Section 3). We
mainly focus on the perovskite solar cells with the best PCEs in
their own group. As shown in Tables 1-5, it can be seen that the
bandgaps of materials or devices as well as the accurate calcu-
lation process have not been performed in many publications,
leading to the difficulty for sensible loss analysis and straight-
forward performance comparison for the all-inorganic perov-
skite solar cells. Fortunately, the dataset of external quantum
efficiency has been provided in the vast majority of publica-
tions, making it pretty possible for the calculation of E¥. Thus,
we list the values of E? calculated from the corresponding EQE
dataset in the tables, as well as the ratio of V, V%, . /32, FF/
FFSQ, 17/n5Q basing on the calculated Eg. The detailed calcula-
tion progress of EY energies can be found in the Supporting
Information (Section 1.1 and 1.2) while the corresponding fig-
ures are shown in Supporting Information (Appendix). For a
small number of publications, the EQE dataset were lacking,
which results in the unavailable EP values (marked as “N/A” in
the table). In addition, it is observed that though the calculated
Eg values are close to the reported bandgap E;® for most pub-
lications; somewhat large deviations do exist in some publica-
tions. Thus, we discuss about the deviation for these samples
and demonstrate the rationality and reliability of the calcu-
lated E values in the Supporting Information (Section 4). The
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Figure 10. a) Efficiency; b) short-circuit current density; c) open-circuit voltage and d) fill factor along with Ef for the recently reported high-quality
perovskite solar cells based on CsPbl,Br;_, (0 < x < 3). The color of the datapoints represents the stoichiometric ratio of iodine (x) for the perovskite
materials (plum: x =3, orange: 2 < x < 3, violet: x = 2, sienna: x = 1.5, deep-pink: x =1, purple: x = 0).
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Figure 11. a—d) The ratio of 77/7°2 (a); Jic /52 (b); Vie/VSR (c), and FF/FFSQ (d) along with E{ for the recently reported high-quality perovskite solar
cells based on CsPbl,Br;_, (0 < x < 3). The color of the datapoints represents the stoichiometric ratio of iodine (x) for the perovskite materials (plum:
x =3, orange: 2 < x < 3, violet: x = 2, sienna: x = 1.5, deep-pink: x =1, purple: x = 0).

reasons for the deviation could be attributed to the followings,
i) the effect of functional layers such as transport layers and
interfacial layers. Absorbance by the functional layers broadens
the absorption range, which would have effect on the bandgap
of the devices in the case of constant perovskite-layer bandgap.
ii) the effect of subsequent processes. The preparation of trans-
port layers, interfacial layers and electrodes via chemical and
heating processes would affects the perovskite layers which
cannot be reflected by the conventional Tauc method. iii) cal-
culation errors. The stated E, values using Tauc method is
determined by a fit of the linear region of (chv)? versus hv and
extrapolation to the x-axis, which is more error prone as com-
pared to the calculation of EY values. Hence, we conclude that
it would be more sensible to use the E values for the perfor-
mance loss analysis in these cases.

3.4.1. Performance Variations with Stoichiometry

Figure 10 and Figure 11 summarize the distribution of the
parameters efficiency (a); short-circuit current density (b);
open-circuit voltage (c), and fill factor (d) as a function of EP.
In Figure 10, we show the absolute values of the four param-
eters, while in Figure 11 we normalize each parameter to the
corresponding value in the SQ model. In Figure 10 the trends
for efficiency, J, and V,. are dominated by the trends inherent
to the SQ model. Efficiencies decrease strongly with bandgap,
because the loss in J. for higher bandgaps overcompensates

Adv. Mater. 2022, 34, 2108132 2108132 (12 of 30)

any gains in V,.. The only part of the stoichiometry range that
severely underperforms relative to the rest is CsPbI;Br,. To
compensate for the SQ-inherent trends with bandgap, the nor-
malized values are shown in Figure 11. Here, the most note-
worthy aspect is the anticorrelation between the normalized
Ve (Figure 11c) and the normalized Ji. (Figure 11b). The nor-
malized V,. decreases and the normalized [ increases with
bandgap. Thus, the normalization inverses the trends seen in
Figure 10.

Because of the significant effect of the stoichiometry of the
perovskite characterized by the x value on the bandgap, sta-
bility and photovoltaic performance of the devices, we discuss
the present high-quality all-inorganic perovskite solar cells in
detail as a function of the x value. As shown in Figure 11a,
the champion 7 of present all-inorganic perovskite solar
cells approaches 70% of the SQ limit. Nevertheless, only a
few high-quality CsPbl;-based have approached such a ratio.
As for the majority of devices, the ratio of 77/7°Q is around
60-70% (x 2 2 and x = 0), while the ratio is even lower than
60% when x = 1 or 1.5. Furthermore, most of the samples
exhibit high-level J,. performance, with J,./J52 ratio achieving
to 90% or even higher (Figure 11b). Some devices show ultra-
high values close to or above 1 which seem unreasonable and
will be discussed later. As shown in Figure 11d, the variation
of FF/FFSQ ratio with bandgap is similar to that of 77/n5?, with
the majority of data points being in the 80-95% range. In
Figure 11c, the V,./Vo? ratios of most devices show relatively
low values at around 80% or even lower, which is the main

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Table 1. Performance indicators of reported high-quality CsPbl; (x = 3) solar cells. Abbreviations: MACI: methylammonium chloride, SDMS: sequen-
tial dripping of a methylammonium chloride solution, OAI: octylammonium iodide, DMAI: dimethylammonium iodide, PTACI: phenyltrimethylam-
monium chloride, CHI: choline iodide, PTABr: phenyltrimethylammonium chloride bromide, PEA: phenylethylammonium.

Structure (key technology) EgP [eV]; E:;P [eV] Vo [V]; V(,C/VQSCQ

FTO/TiO,/a-CsPbl;:PTABr/ N/A 1.10;
spiro-OMeTAD/Ag (PTABr surface 1.743 75.4%
post- passivation)

FTO/c-TiO,/B-CsPbl;:CHI/ 1.68; 1.101;
spiro-OMeTAD/Ag (DMAI 1.695 78.1%

volatile additive and CHI surface

passivation)

FTO/c-TiO,/A-CsPbly:PTACI/ N/A; 1.137;
spiro-OMeTAD/Ag (DMAI 1.698 80.1%
volatile additive and PTACI surface

passivation)

ITO/SnO,/LiF/-CsPbl5:PEA/ 17 133;
spiro-OMeTAD/Au (PEA and 1.749 90.6%
Pb(OAc), induced 3D/2D

structure)

FTO/Sn0,/CsPbl3:Zn (CeFs),/ 1.68;1.687 112

CsPbl;/spiro-OMeTAD/ 79.4%
Au (Zn(CgFs), additive and

blade-coating)

FTO/TiO,/CsPbl;/2D-CsPbls/ 1.69; 1.16;

spiro-OMeTAD/MoO;/Ag (2D 1702 81.7%
capping layer on 3D perovskite)

FTO/TiO,/CsPbls/spiro-OMeTAD/ 1.68; 1.148;
Au (Urea-ammonium thiocyanate 1.709 80.3%
additive)

FTO/c-TiO,/f-CsPbl;:45MACI/ N/A; 1.198;
spiro-OMeTAD/Au (SDMS 1.697 84.4%

method and OAI surface
passivation)

JscImAm™]; Jo 58 FF [96]; FF/FFSQ p{9e]; mjm™® Ref.
19.15; 80.6; 17.06; 60.3% Yong Wang 201806
89.9% 88.4%
20.525; 81.1; 18.3; Yong Wang 2019
90.5% 89.1% 62.9% (certified) 261
20.23; 82.7; 19.03; Yong Wang 2019-257]
90.4% 90.9% 65.7%
17.7; 72.25; 16.95; Qiufeng Ye 202008
84.4% 79.2% 60.3%
20.67; 81.98; 90.1% 19.00; Xiaoming Chang
91.1% 65.3% 202069
20.22; 80.23; 18.82; Tiantian Liu 202140
90.3% 88.1% 65.0%
20.76; 84.3; 20.08; Bingcheng Yu 202141
93.8% 92.6% 69.7%
20.59; 82.5; 20.37;70.4% So Me Yoon 2021123
92.0% 90.6%

factor limiting the 17/7°Q value enhancement for most of all-
inorganic perovskite solar cells.

High-quality CsPbls-based (x = 3) perovskite solar cells and
CsPblI,Br;_,-based (2 < x < 3) perovskite solar cells are the
most attractive species in the field of all-inorganic perovskite
solar cells and they exhibit similar performances. The 7/75Q
values of most of these devices are between 60% and 70%.
The ratios of J. /]2 and FF/FFSQ are close to or even beyond
90% for some devices. In contrast, the V, /V5Q ratios of most
devices show relatively low values at around 80%. Yoon et al.
have reported a recorded efficiency of 20.37% with which n/n5Q
value reaching 70.4%.%° This is the only one with 77/7°Q ratio
exceeding 70% so far. In addition, Yu et al. have obtained a
device with excellent ], /752 and FF/FF5Q of 93.8% and 92.6%
respectively.*!] Wang et al. have investigated CsPbl; perovskite
solar cells and mainly focus on surface passivation and has
achieved a certified efficiency of 18.3%.12636121] Ye et al. have
exploited 2D/3D mixed dimensional CsPbl; perovskite solar
cells and obtained an ultrahigh v,/ V2 value of 90.6%, which is
the only device with the value beyond 90%.18 The CsPbI,Br;_,
(2 < x < 3) perovskite solar cells from Zheng et al. also based
on the 2D/3D mixed dimensional structure, achieving an excel-
lent v, /V5Q ratio of 86.5% as well.'?Z Recently, Wang et al.

Adv. Mater. 2022, 34, 2108132 2108132 (13 of 30)

(2021) have reported an [-CsPbl,gsBry 149Clgo1-based device
with attractive performance of V,./Vil, Jo/Js2, n/n°Q and n
reaching 85.5%, 91.3%, 68.6% and 19.65%, respectively.?®! The
n/n*Qand Vv, / VS values of high-quality CsPbl,Br-based perov-
skite solar cells are around 66% and 80% respectively, while the
ratio of J../Js exhibits higher values up to =96%. However,
the FF/FFSQ values are relatively lowered, the maximum value
of which is less than 90%. Guo et al. have reported CsPbl,Br
perovskite solar cells with a champion PCE of 1736%/?’! in this
group, achieving 68.5% of 1/n°Q and 89.3% of V,./Vs? ratios
simultaneously. Patil et al. have fabricated Rb-doped CsPbl,Br
perovskite solar cells with a PCE of 1716%,*! acquiring 68.2%
of n/1n°Q Moreover, CsPbIBr, and CsPbl; sBr; 5 perovskite solar
cells were put together for comparison due to their similar EY
energies. This group of perovskite solar cells present much
larger room for performance improvement by comparison
with the corresponding values in the SQ model, for which the
ratios of 1/17°, v, /V3? and FF/FFSQ just come out to around
=40-60%, =<75% and =78% respectively. Zhang et al. have dem-
onstrated a high PCE of 14.05% for CsPbl, sBr;s-based device
with 59.0% of 17/1Q ratio.%! For the CsPbIBr, devices with EY
close to the intrinsic value (=2.1eV), they usually show good
Jeo/J5Q and 17/n°Q values. You et al. have reported a CsPbIBr,
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Table 2. Performance indicators of reported high-quality CsPbl,Br;_, (2 < x < 3) solar cells. Abbreviations: TL: transport layer, MAAc: methylammo-

nium acetate, FAOAc: formamidinium acetate.

Structure (key technology) EPIVEER (@V)  VoeVEVao/Va®  JucImAem ) Jsclls®  FF (9] FF/FFSR mpoe ™ Ref.
ITO/SnO,/CsPb(lggsBro1s)s/ N/A; 1.22; 17.3; 71.5; 16.14; Pengyang Wang 2018024
spiro-OMeTAD/Au (solvent-controlled N/A N/A N/A N/A N/A

crystal growth)

ITO/SnO,/LiF/CsPbl,Brs_,/ 1.77; 1.234; 18.3; 82.58; 18.64; Qiufeng Ye 20190'%°]
spiro-OMeTAD/Au (LiF interface layer 1771 83.0% 89.7% 90.4% 67.3%

and PbCl additive)

FTO/c-SnO,/CsPb (g 75Bro.25)3: 1.86; 1.34; 15.9 79.6; 17.0; Jiahuan Zhang 202001261
FAOAc/ spiro-OMeTAD/Au 1.859 85.3% 88.9% 86.8% 66.0%

(intermediate-phase engineering

with volatile salts)

ITO/SnO,/SIM-CsPbl,Br;_,/ =1.75; 1.27; 18.01; 0.79; 18.06; Yifan Zheng 20200122
spiro-OMeTAD/Au (spontaneous 1.754 86.5% 85.8% 86.6% 64.3%

interfacial manipulation 2D/3D top

interface)

FTO/SnO,/CsPbl, sBro s/ N/A; 1.3; 17.67; 74.18; 17.10; Xiaojuan Wang 20201'%")
spiro-OMeTAD/MoO;/Ag N/A N/A N/A N/A N/A

(MAAC solvent)

ITO/Sn0O,/ZnO/CsPbl, sBry s/ 1.82; 1.25; 16.5; 82.8; 17.1; Jingjing Tian 20200771
spiro-OMeTAD/Ag (Composition 1.836 81.0% 88.1% 90.4% 64.6%

Engineering with excess Pbl,)

ITO/SnO,/CsPbl, sBros/HTM/ N/A; 1.30; 16.3; 80.2; 17.0; Tiangi Niu 202011
DTB-FL/Ag (HTL design) N/A N/A N/A N/A N/A
ITO/NiO,/CsPbl,Brs_:6TIC-4F /ZnO/ 178; 1.16; 17.70; 78.6; 16.10; Jing Wang 20200141
Cgo/Ag (6TIC-4F surface passivation) 1.815 76.1% 91.7% 85.9% 59.8%
ITO/NiOX/CstIXBr3,X:6TIC-4F /ZnO/ 1.78; 1.145; 17.44; 78; 15.6; Jing Wang 2020
Ceo/Ag (6TIC-4F surface passivation) 1.815 75.1% 90.3% 85.2% 57.9% (certified) 104
FTO/TiO,/3-CsPbl, sBro146Clo 001/ 1.71; 1.23; 19.94; 80.11; 19.65; Kang Wang 20211281
spiro-OMeTAD/Au (In-situ hot oxygen 1.722 85.5% 91.3% 87.9% 68.6%

cleansing and passivation)

PSC with 77 of 11.1% and 1/1n°Q of 53.9%.5¢ As the bandgap
is relatively wide for pristine CsPbIBr, devices, many publica-
tions have mainly focused on narrowing the bandgap by Sn-
doping and co-absorber layer processes. These devices nor-
mally exhibit higher J.. and n but lower J./J5 and n/n°Q
values. The optimal PSC with a 7 of 11.53% was achieved by
Sn-doping accompanying with low annealing temperature
(150 °C).'21 As for high-quality CsPbBrs-based perovskite
solar cells, we find that the ratios of 77/n°Q exhibit high values
above 60%, which is much better than that of CsPbIBr,-based
devices. Meanwhile, the average FF/FF5Q ratio is as high as
around 90%. However, all v, /V:Q values are less than 82%.
Yuan et al. have prepared CsPbBr; perovskite solar cells with
PCE of 10.26%, with an optimal 77/75Q of 670% in this group.l*”!
Additionally, Duan et al. have reported the champion PCE of
10.85%.531 However, due to the lack of EQE dataset, we are not
able to make a further analysis.

3.4.2. Performance Variation As a Function of Transport Layer
In this section, we analyze the device performance depending

on the types of ETL and HTL materials. To be specific, the ETL
materials have been classified into 5 groups: TiO,, SnO,, ZnO,
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m-TiO,/c-TiO, and others; while the HTLs have been classi-
fied into spiro-MeOTAD, NiO,, other organics, other inorganics
and HTL-free. The power conversion efficiency distributions
with different transport layers are shown in Figure 12 as well
as Figure S4-S8 (with more details) in Supporting Informa-
tion (Section 3). As shown in Figure 12a, ETL materials are
dominated by inorganic films, especially the TiO, and SnO,
films. For HTLs, a larger variety of materials have been used
(Figure 12b). Specifically, spiro-MeOTAD films play a leading
role for perovskites with smaller EP, while more inorganic
materials or HTL-free structure have been adapted for larger E?
perovskite devices.

With regard to CsPbl; perovskite solar cells, all the sam-
ples have been fabricated with a regular planar structure and
have employed spiro-MeOTAD as HTLs. In terms of ETLs,
the majority of publications used TiO, films, including the
champion 20.37% PCE reported by Yoon et al.’l and 20.08%
PCE reported by Yu et al.l Furthermore, Chang et al. have
used SnO, ETL and achieved 19% PCE. As for the CsPbI,Br;_,
(2 < x < 3) group, SnO, films have been used as ETLs for most
of the devices. Nevertheless, the optimal 19.65% PCE has
been achieved by utilizing TiO, ETL.28l ZnO ETL for inverted
planar PSC has been reported by Wang et al.l% Furthermore,
spiro-MeOTAD films have been the predominantly used HTL
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Table 3. Performance indicators of reported high-quality CsPbl,Br (x = 2) solar cells. Abbreviations: TL: transport layer, ATS: green anti-sol-
vent, GTA: gradient thermal annealing, PBAI: phenylbutylammonium iodide, EDEA: 2,2’-(ethylenedioxy)diethylamine, PDCBT: poly[5,5"-bis(2-

butyloctyl)-(2,2"-bithiophene)-4,4"-dicarboxylate-alt-5,5"-2,2’-bithiophene],
pyrrole-4,6-dione)-random-(2,2’-bithiophenethieno[3,4-c]pyrrole-4,6-dione)],

poly(DTSTPD--BThTPD):
PDTDT:

poly[(dithieno[3,2-b:2’,3"-d]silolethieno|3,4-c]
poly[(4,4”-bis (2-ethylhexyl)dithieno[3,2-b:2”,3”-d|siloletieno[3,4-c]

pyrrole-4,6-dione)-random-(4,4”-di-n-octyldithieno[3,2-b:2”,3”-d]siloletieno[3,4-c]pyrrole-4,6-dione)].

Structure (key technology) EFP[eV]; EP [eV] Vo [VI; Ve [V JscImACm 2 Jo [ FF [9%]; FE/FFSQ 5 [9%6]; n/n™R Ref.
ITO/c-TiO,/o-CsPbl,Br/ N/A; 1.23; 16.79; 77.87; 16.07; Weijie Chen 2019142
spiro-MeOTAD/Au (ATS/GTA- 1.890 76.9% 98.1% 84.7% 63.9%

controlled crystal growth)

ITO/SnO,/CsPbl,Br:CsBr/ <1.88; 1.271; 16.72; 77.8; 16.37; Yuging Zhang 201901281
spiro-OMeTAD/Au (Interface N/A N/A N/A N/A N/A

engineering and Pb(Ac), additive)

FTO/TiO,/CsPbl,Br:CuBr/ 1.95; 1.18; 16.95; 80; 16.15; Kai-Li Wang 2019131
spiro-OMeTAD/MoOs/Ag (B-site 1.898 73.8% 99.0% 87.1% 64.2%

Cu-element doping)

ITO/SnO,/PN,N/CsPbl,Br/ N/A; 1.30; 15.3; 81.5; 16.2; Jingjing Tian 2019141
PDCBT/MoOj;/Ag (Interface 1.907 80.8% 90.7% 88.7% 65.0%

engineering)

ITO/Cs,CO3:Zn0O/CsPbl,Br/ N/A; 1.28; 16.34; 78.5; 16.42; En-Chi Shen 202014°]
spiro-OMeTAD/MoOs/Ag (ETL 1.862 81.5% 91.3% 85.6% 63.7%

doping)

FTO/c-TiO,/m-TiO,/ N/A; 1.315; 16.25; 77; 16.45; Jyoti V. Patil 2020141
CsPby g95Nbyg0s12Br/P3HT/Au 1.899 82.2% 94.9% 83.9% 65.4%

(Nb doping and hot air method)

FTO/c-TiO,/m-TiO,/ N/A; 1.32; 16.25; 80.03; 17.16; Jyoti V. Patil 2020-21+"]
Cs0.99Rbo.01PbI,Br/ P3HT/Au (Rb 1.899 82.5% 94.9% 87.2% 68.2%

doping and hot air method)

ITO/EDEA/ZnO/CsPbl,Br/PBAIl/ N/A; 13; 15.93; 80.2; 16.6; Yu-Xin Luo 20201481
spiro-OMeTAD/MoOs/Ag 1.903 80.8% 94.5% 87.3% 66.6%

(EDEA and PBAI interface layers)

ITO/ZnO/CsPbl,Br/PolyTPD/ 1.92; 1.24; 16.54; 82.1; 16.84; Pang Wang 202041
MoO;/Ag (Organic ligands 1.887 78.0% 95.3% 89.4% 66.5%

armored ZnO TL)

ITO/SnO,/CsPbl,Br/ 1.97; 1.47; 14.25; 77; 15.53; Zhanglin Guo 202060
poly(DTSTPD-r-BThTPD/Au 1.881 88.7% 82.1% 83.9% 61.3%

(SnCl, precursor solution aging)

ITO/SnO,/CsPbl,Br/PTAA/Au N/A; 1.26; 16.95; 75; 16.02; Min Wang 202151
(Intermediate-adduct-assisted 1.897 78.8% 99.0% 81.7% 63.7%

growth)

ITO/SnO,/SnO,/CsPbl,Br/ 1.97; 1.42; 15.02; 81.29; 17.36; Zhanglin Guo 20212
PDTDT/Au (dopant-free HTM) 1.880 89.3% 86.5% 88.6% 68.5%

materials for regular planar perovskite solar cells, while the
NiO, films have been commonly used as HTLs for inverted
planar perovskite solar cells. For the CsPbl,Br perovskite solar
cells, the kinds of ETL and HTL materials are diverse relative to
the above two groups. All of the TiO,, SnO,, ZnO and m-TiO,/c-
TiO, films have been used as ETLs for high performance perov-
skite solar cells. Guo et al. have prepared modified SnO, ETL for
CsPbI,Br perovskite solar cells and achieved the optimal PCE of
1736% and V,. as high as 1.42 V with a EP of 1.88 eV.[?%] Patil et
al. have applied m-TiO,/c-TiO, ETL for mesoscopic perovskite
solar cells and obtained the PCE of 1716%.] In addition, though
spiro-MeOTAD has still been the predominant HTL material,
other organic HTL materials, such as PDTDT, P3HT, poly(N,N"-
bis-4-butylphenyl-N,N”-bisphenyl)benzidine  (PolyTPD) and
PTAA, have also shown satisfying performance. The perovskite

Adv. Mater. 2022, 34, 2108132 2108132 (15 of 30)

solar cells which utilized PDTDT, P3HT and PolyTPD as HTLs
have reached PCE of 1736%,?% 1716%*! and 16.84%!*] respec-
tively, higher than that of 16.6%* using spiro-MeOTAD film.
Regarding CsPbIBr, and CsPbl, sBr; 5 perovskite solar cells, we
find that both TiO, and SnO, films have been generally used
relative to the others, among which TiO, containing perovskite
solar cells exhibited better performance in terms of PCE. As for
HTLs, besides of the predominantly used spiro-MeOTAD films,
inorganic NiO,,®% (NiCo),_,Fe,0,-GOP materials and carbon-
electrode-based HTL-free perovskite solar cellsP?*¥ have also
been reported. For the CsPbBr; group, m-TiO,/c-TiO,, TiO,,
and SnO, have been the main ETLs, while there is little perfor-
mance difference among these devices. In addition, the carbon-
electrode-based HTL-free structure is the most popular device
geometry for CsPbBr; perovskite solar cells. Based on this,
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Table 4. Performance indicators of reported high-quality CsPbl;sBr;s (x = 1.5) and CsPblBr, (x = 1) solar cells. Abbreviations: TL: transport layer,
PEG: poly(ethylene glycol), FITC: fluorescein isothiocyanate, MA: methylammonium, PEI: polyethylenimine, SAS: sodium salt, YD,-0-Cg: 5,15-bis(2,6-
dioctoxyphenyl)-10-(bis (4-hexylphenyl)-amino-20-4-carboxyphenylethynyl) porphyrinato]zinc(I1).

Structure (key technology) EFP[eV] EP [eV] Voe VI Ve [V Jse IMAcm 2 Jsc /3 FF [9]; FF/FF? pp [9%]; n/m*R Ref.
FTO/SnO,/Zn0O/CsPbl, sBr; s/ 1.96; 1.29; 14.7; 77.3; 14.05; Weihai Zhang 2020006
spiro-OMeTAD/Au (FITC additive) 1.956 77.9% 90.3% 83.8% 59.0%

FTO/c-TiOy/m-TiO,/ 1.79; 1.26; 14.3; 63; 11.33; Jia Liang 201702
CsPbg 9SngIBr, /carbon (B-site 1.876 79.7% 81.2% 68.7% 44.3%

Sn-element doping)

ITO/Sn0O,/Ceo/CsPbg 75SN0 251Bry/ 1.78; 1.21; 12.57; 75.8; 11.53; Nan Li 201802
spiro-OMeTAD/Au (B-site 1.905 75.2% 74.6% 82.5% 46.3%

Sn-element doping)

FTO/c-TiO,/CsPblBr,/carbon 2.05; 1.24; 10.66; 69; 9.16; Weidong Zhu 20182
(Intermolecular exchange strategy) 2.130 68.3% 89.1% 74.5% 45.5%

ITO/SnO,/SnCl,/CsPbIBr,/ 2.05; 1.37 12.05; 61; 10.13; Shuzhang Yang 2019010
YD,-0-Cg/ spiro-OMeTAD/ 1.961 82.3% 78.3% 66.2% 42.9%

Au (co-sensitization layer and

interface passivation)

FTO/TiO,/CsPb(Ba)IBr,/ 2.11-2.12; 1.19; 11.91; 74; 10.51; Wagas Siddique Sub-
Spiro-OMeTAD/ Au (B-site Ba- 2.097 66.5% 94.9% 80.0% 50.6% hani 20191
element doping)

FTO/TiO,/SmBr;/CsPbIBr,/ 2.14; 1.17; 12.75; 73; 10.88; Waqas Siddique Sub-
spiro-OMeTAD/Au (SmBr; inter- 2.100 65.4% 101.6% 78.9% 52.4% hani 2019-255%
face modification)

FTO/TiO,/CsBr/CsPblBr,/carbon 2.04; 1.261; 1.8; 72; 10.71; Weidong Zhu 201954
(CsBr interface modification) 2.108 70.1% 95.4% 77.8% 52.1%

FTO/TiO,/CsPb(SO3)1Br,/ 2.7 1.21; 12.27; 7, 10.57; Yulong Wang 202032
spiro-OMeTAD/Au (SAS additive) 2.066 68.7% 93.2% 76.8% 49.4%

FTO/SnO,/CsPblBr,/ N/A; 1.24; 12; 74.6; n; Weihai Zhang 20201°]
spiro-OMeTAD/Au (MABr N/A N/A N/A N/A N/A

Seed-Assisted Growth method)

FTO/SnO,/Csy.0MAG 0PbIBr,/ 2.17; 1.21; 11.94; 72.5; 10.47; Weihai Zhang 2020-2[°]
spiro-OMeTAD/Au (MABr 2.130 66.6% 99.7% 78.3% 52.0%

Seed-Assisted Growth method,

low-T process)

FTO/TiO,/CsPbIBr,:PEG/spiro- 2.07; 1.21; 12.25; 74.82; ny; Yibo You 20205¢1
OMeTAD/Ag (Lewis base (PEG) 2.108 67.3% 99.0% 80.8% 53.9%

additive)

FTO/Sn0O,/CsPblIBr,:PEI/NiO,/Au 2.01; 1.25; 13.30 68; 1.3; Bowen Gao 202081
(PEI additive) 1.803 82.5% 68.0% 74.3% 41.7%
FTO/c-TiO,/CsPblIBr,/(NiCo),_,Fe, 2.09; 1.29; 12.03; 70.58; 10.95; Jian Du 202157]
0,-GO/ carbon (TL design) 2.115 71.4% 98.8% 76.2% 53.8%

various kinds of new inorganic transport layer materials have
been investigated, including NiO,» MnS,®! Cu(Cr,Ba)O,
NCs,% CulnS,/ZnS QDsBU and Br-GO GO.'% However,
though the utilization of new transport layer materials have
achieved favorable performance, they show a limited effect (with
PCE just increase from 10.14% to 10.85%, less than 1%) and
thus more efforts are still urgently needed.

3.4.3. Surface and Interface Passivation
Tables 1-5 list the key aspects of the device stack and the pro-

cessing condition that define the unique aspects of the different
publications. We observe that surface and interface passivation

Adv. Mater. 2022, 34, 2108132 2108132 (16 of 30)

methods are among the most frequently used strategies to
improve performance beyond the state of the art. Especially, in
hybrid lead-halide perovskites, the detrimental effect of surfaces
and interfaces leading to enhanced carrier recombination, short
photoluminescence lifetimes and lower external luminescence
quantum efficiencies as well as open-circuit voltages has been
thoroughly investigated.l34 Defect passivation could effectively
reduce the defect density at the surfaces/interfaces, which has
been of major importance for the device performance improve-
ment of hybrid(* but also all-inorganic perovskite solar cells in
recent years. The passivation techniques applied to all-inorganic
perovskite solar cells include the following types, 1) Induced 2D
layers: It has been reported that OAIL?’l PEAI* and GABrl!??
could have a passivation effect due to the formation of a 2D
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Table 5. Performance indicators of reported high-quality CsPbBr; (x = 0) solar cells. Abbreviations: TL: transport layer, LPP: long persistence phos-

phor, N-CQDs: nitrogen-doped carbon quantum dots, Br-GO: brominated graphene oxide.

Structure (key technology) ELP [eV]; EP [eV] Voe [V]; Voo VR Jse [MA cm™]; Jsc 52 FF (9] FE/FFSQ (9] /5 Ref.
FTO/c-TiO,/m-TiO,/ N/A; 1.594; 7.48; 85.1; 10.14; Jialong Duan 2018
CsPbg g7Smg g3Brs/ carbon 2.319 79.9% 86.3% 91.4% 62.9%

(Sm doping)

FTO/c-TiO,/m-TiO,/ 2.3; 1.57; 8.21; 79.6; 10.26; Haiwen Yuan 2018(>]
CsPby.g7Tbg g3Br3 /SnS:ZnS/NiO,/ 2360 77.2% 101.7% 85.4% 67.0%

carbon (Integrated solar cell)

FTO/SnO,/CsPbBr;/CsSnBr; 2.3; 1.67; 7.80; 84.4; 10.60; Yuanyuan Zhao 2019033
QDs/ carbon (TL design) N/A N/A N/A N/A N/A

FTO/TiO,/CsPbg o7Smg 03Brs/ N/A; 1.62; 7.81; 85.5; 10.79; Jialong Duan 2019/
Cu(Cr,Ba)O, NCs/Carbon (Sm N/A N/A N/A N/A N/A

doping and TL design)

FTO/TiO,/CsPbBr;/Cu(Cr,Ba)O, 2.34-2.35; 1.602; 7.62; 83.4; 10.18; Jialong Duan 20191601
NCs/ carbon (TL design) 2.279 81.8% 81.9% 89.6% 60.0%
FTO/c-TiO,/m-TiO,/CsPbBrs/ 2.3; 1.52; 8.28; 83; 10.45; Xin Li 201967
MnS/ carbon (vapor-assisted 2.293 76.9% 92.2% 89.2% 63.2%

solution technique and TL design)

FTO/SnO,/CsPbBr;/carbon (grain N/A; 1.588; 7.64; 84.1; 10.2; Yuanyuan Zhao 2020162
growth control) 2.361 78.11% 94.7% 90.2% 66.7%
FTO/c-TiO,/m-TiO,/CsPbBr;/ 2.3; 1.626; 7.73; 86.3; 10.85; Jialong Duan 20208
CulnS,/ ZnS QDs/LPP-C (TL and N/A N/A N/A N/A N/A

electrode design)

FTO/c-TiO,/m-TiO,/ 2.34; 1.602; 7.88; 80.07; 10.10; Xuemiao Sun 202101%%
CsPbBr;:Br-GO/Br-GO/carbon N/A N/A N/A N/A N/A

(Br-GO additive and HTL)

perovskite layers on the surface of 3D perovskite films. 2)
Post treatments: The addition of PTABr,3¢l CHI, =26l PTACL
6TIC-4F1% and CsBrl'?® has been used for perovskite surface
treatment to passivate defects. 3) Interfacial layers: The prepa-
ration of interfacial layers, e.g., LiF,1%’l EDEA] and PBAIL, M
between perovskite and transport layer has been proven to be
effective in defect passivation. Nevertheless, improper surface/
interface passivation may cause an increase of the series resist-
ance R, or even interface deterioration, and thus can lead to a
reduced [, and FF. It should be noted that passivation can not
only reduce defect density and improve device performance,
but also enhance the stability simultaneously. For instance, 2D
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perovskite layer capping can improve V,. due to the passivation
effect as well as prevent moisture and oxygen ingress by forming
a compact layer on the surface of the 3D perovskite.[23840.122]
In addition, as mentioned above, CsPbl; exhibits a relatively
low tolerance factor which means phase transitions may easily
occur. Fortunately, it has been demonstrated that interface
passivation can effectively enhance the phase stability. Zhao
and coworker have reported that using PTABr,?® CHI,1?%l and
PTACIP! reagents can passivate surface defects and improve
the phase stability of CsPbl; perovskites at the same time.
Introduction of hydrophobic groups on perovskite surface can
further prevent moisture penetration. Apart from that, lowering

(b)

22

N
N
<
o]

=y
o
T

3
<
>
Q
c

o

L

=

[0]
c
kel
7]
o
(]
>
c
Q
o
o
(]
2
o
o

8 1 1 1 1 I I 1 1
16 1.7 18 19 20 21 22 23 24
Band gap EP (eV)

Figure 12. a,b) The power conversion efficiencies distribution with respect to EP of the all-inorganic perovskite solar cells, of which datapoints are
encoded by ETL (a) and HTL (b) materials. The colored lines illustrate the percentage of SQ limits
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the surface energy by interface engineering is also promising
strategy for improving the phase stability of CsPbI;.[13]

4. Loss Analysis

4.1. Overview

In this section, we analyse the loss sources and the underlying
physical mechanisms for all-inorganic perovskites. As discussed
in last chapter, we find that the V, /V;? values of most of the
present all-inorganic perovskite solar cells are at a relatively low
level, indicating that the performance is mainly restricted by
substantial voltage losses. Figure 13 shows the distribution of
V, along with EP for the high-quality all-inorganic perovskite
solar cells. The colored reference lines represent the radiative
limit of open-circuit voltage V! for different external lumines-
cence quantum efficiencies Q™ (10 to 1) calculated with a
step function, which is useful to better reveal the actual level
of V,. under different bandgaps. Among all-inorganic perov-
skite solar cells, the CsPbBr; devices exhibit the maximum V,,
for which could reach 1.6 V. Such high value of V. is mostly
responsible by the wide bandgaps. The corresponding Q& in
the range of 107° to 107 has been attained, which has no advan-
tages over other perovskite solar cells. In terms of Q. the
CsPbl; and CsPbI,Br;_, (2 < x < 3) perovskite solar cells exhibit
the optimal values, which could approach 1072 and 1073 respec-
tively. However, there is still a gap compared with the highly effi-
cient hybrid Perovskite solar cells. For instance, Liu et al. have
obtained a Q"™ = 5% for completed MAPD(I, 3B ,); perovskite
solar cells (Eg = 1.725 eV) with 1.35 V V,, which is higher than
any all-inorganic perovskite solar cells.®® Noting that all the
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Figure 13. Open-circuit voltages V,. of all-inorganic perovskite solar cells
versus E¢ . The high-quality organic hybrid perovskite solar cells are also shown
in figure for comparison. The reference lines illustrate the external lumines-
cence quantum efficiency (107 to 1) calculated with a step function. Each
color represents a group of CsPbl,Br;_, perovskite solar cells (plum: CsPbls-
based perovskite solar cells; orange: CsPbl,Br;_,-based (2 < x < 3) perovskite
solar cells; violet: CsPbl,Br-based perovskite solar cells; sienna: CsPbl; sBry 5-
based PSC; deeppink: CsPblBr,-based perovskite solar cells; purple: CsPbBr;-
based perovskite solar cells; gray: hybrid perovskite solar cells).
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Q™ values mentioned here were based on completed devices
and thus these values were lower than those reported by other
publications which were obtained from perovskite films.[®® For
CsPbl; perovskite solar cells, Ye et al. have fabricated 3D/2D
mixed CsPbl; devices achieving an optimal V,. of 1.33 V under
1.749 eV EP 138 as well as a calculated Q™ =1.13% which is the
highest value among the discussed all-inorganic perovskite solar
cells. Tt is worth noting that the position of this data point in
the figure is slightly lower than the reference line of Qe = 1%.
This situation also happens to some other samples. Such differ-
ence could be attributed to the non-negligible radiative recom-
bination for actual devices, which cannot be took into account
in the calculation of the reference lines. For the recorded device
(PCE = 20.37%) reported by Yoon et al. 2 the Q™ is calcu-
lated to be =0.042%. Zheng et al. have achieved the optimal
Q™ =0.21% among the CsPbI,Br;_, (2 < x < 3) group with a
relatively low bandgap of 1.754 eV.'?l The maximum Q" value
for CsPbl,Br group is calculated to be =0.54% using the results
reported by Guo et al.l?%l As for CsPbIBr, perovskite solar cells,
Yang et al. have designed novel transport layers to narrow down
the bandgap to 1.961 eV (obviously lower than the intrinsic
value) and obtained a high 1.32 V V,,[13% resulting in an optimal
Q™ of =0.013%. In terms of the CsPbIBr, perovskite solar
cells with bandgap close to the intrinsic value, Du et al. have
demonstrated a maximum V,, = 1.29 V with EP = 2.115 eVF as
well as an extremely small Q<™ = 6.0 x 107%, suggesting great
potential of V,. improvement for CsPbIBr, perovskite solar
cells. With regard to CsPbBr; perovskite solar cells, the optimal
Q"™ =2.7 X 10% has been achieved by Duan et al.l**!

By utilizing the inflection point of the external quantum effi-
ciency as the bandgap for the related perovskite solar cells, we
can now reliably compare and analyze energy losses for all-inor-
ganic perovskite solar cells in a unified method. There are two
loss terms for the actual open-circuit voltage V., i.e., the radia-
tive loss AVZ? and the nonradiative loss AV, According to
the calculation method introduced in Supporting Information
(Section 1.3), we calculated the radiative open-circuit voltage V=,
AVEY and AV for each of the devices. The corresponding
results are list in Tables S3-S7 in Supporting Information
(Section 5). The AV therein originates from the nonradia-
tive recombination in the bulk and at the interfaces, which has
been widely focused on by the academic community and can
be suppressed by film quality improvement and interface opti-
mization. Figure 14a provides an overview over the distribution
of AVe™™ along with EP value, which presents raising ten-
dency with widening E?. CsPbIBr,-based perovskite solar cells
exhibit the maximum nonradiative loss AV2"™. In particular,
for the devices with EP close to the intrinsic value of CsPbIBr,
(=2.1 eV), the calculated AVEmad o ag high as 450-600 mV.
CsPbl;-based, CsPbl,Br;_,-based (2 < x < 3) and CsPbl,Br
perovskite solar cells present relatively lower AV which
can be lower than 200 mV. Nevertheless, such nonradiative loss
is still pretty large compared with high-quality hybrid perov-
skite solar cells, whose AV2™ can be suppressed to below
100 mV.B813738] Figure 14b presents the limitation of J../Js3
value with respect to AV for all-inorganic perovskite solar
cells. Obviously, there is a negative correlation between current
loss and voltage loss, which means that it is difficult to achieve
a low current loss and a low voltage loss at the same time.
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Figure 14. a) Overview of nonradiative V, loss AV distribution along with Ef. b) Comparison of the limitations of the present high-quality all-inor-
ganic perovskite solar cells from the literature. The performance with regard to the short-circuit current density is indicated by the ratio of experimental
Jsc compared to the corresponding value in the SQ model J3°. Each color of the datapoints represents one group of all-inorganic CsPbl,Br;_,-based
perovskite solar cells (plum: CsPbl;-based perovskite solar cells; orange: CsPbl,Brs_,-based (2 < x < 3) perovskite solar cells; violet: CsPbl,Br-based
perovskite solar cells; sienna: CsPbl; sBr; s-based PSC; deep-pink: CsPblBr,-based perovskite solar cells; purple: CsPbBr;-based perovskite solar cells).

Though the voltage loss is high for CsPbIBr,-based perovskite
solar cells as mentioned above, they exhibit a low current loss.
The CsPbls-based and CsPbI,Br;_,-based (2 < x < 3) perovskite
solar cells present a higher current loss, which could be attrib-
uted to the V,. optimization process. For instance, interface pas-
sivation is an effective mechanism to reduce AV which
would increase series resistance at the same time because of the
addition of dielectric interface layer and in consequence has a
negative effect on the short-circuit current density Jq..

There are several possible reasons for the relatively high
T /J5R ratios of perovskite solar cells with larger bandgap (e.g.,
CsPbl,Br): 1) Absorption below EF. We compare the absorption
of an ideal step function with a step at E¥ to calculate SQ limit
with the actually measured EQE spectra. For bandgaps substan-
tially above the maximum of the efficiency versus bandgap curve
predicted by the SQ model, the below E{ absorption becomes
relatively more important. 2) Measurement errors. We find fre-
quent disagreements between the stated J,. from J-V curves
compared to the J, obtained from the integration of the EQE
spectrum. We will discuss it later (Section 4.7). Furthermore, the
calibration of the solar simulator is often done with Si photodi-
odes. Given that the risk of calibration and measurement errors
increases if the bandgap of the device under test and the refer-
ence photodiode are different,* it is conceivable that the occur-
rence of measurement errors increases for higher bandgaps.

In the following, we break down the efficiency losses into
five figure of merits (FoMs) to reveal the physical mechanism
via the following equation,[®4]

nreal Vorceal Vorcad FFO (Vorceal) e
T vE vE R (i) ¥

where F,, = J/J52 and Ef = FFeU/FF(Vi). FFo(Vod),
the value without resistive losses, can be calculated as
following, 61401

qVoc ! qVoc
- +0.72
gk Teen " ( gk Teen

FF, =

(10)
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The corresponding physical loss mechanisms are shown in
Table 6. The details have been introduced in the Supporting
Information (Section 1.4). Figure 15 presents the energy loss
comparison of the representative all-inorganic perovskite solar
cells in each group. There are also three high-quality hybrid
perovskite solar cells with low AV2"™ shown for comparison.
We find that all-inorganic perovskite solar cells present larger
energy losses compared with the hybrid perovskite solar cells.
Especially, the CsPbIBr,-based perovskite solar cells possess
the largest energy losses, following by CsPbl; sBr; s-based and
CsPbBrj-based perovskite solar cells, whose 1/n°Q values are
much lower than that of hybrid perovskite solar cells. For the
CsPbl; and CsPbLBr;_, (2 < x < 3) devices, the related 7/75?
values tend to be close to hybrid perovskite solar cells, bene-
fiting from the similar or even smaller loss in Ff'. However,
there is still large room to catch up with the hybrid devices with
respect to the V' V2 loss. For the complete set of all-inor-
ganic perovskite solar cells shown, the energy losses are domi-
nated by the FoMs of V2 /V2 and F¥, indicating severe non-
radiative recombination loss, high series resistance and poor
ideality factor. In addition, for the devices with x > 2, the F,
which is due to the photocurrent loss, also accounts for a large
proportion of the total efficiency loss. Nevertheless, its effect
would be weakened along with increasing of bandgap energy,
while the effect of V& V2 factor would become stronger. In

Table 6. Figure of merits used for performance loss analysis and the
corresponding physical loss mechanisms of perovskite solar cells.

Figure of merit Physical loss mechanism

Fee= Joc )32 Photocurrent loss.
FFo(vied)/ FFo(voR)

Fres = FF™!/ FRo(vze)

FF loss due to the loss in V.

FF loss due to the resistive and ideality factor.

I . .
Ve [vgad V, loss due to the nonradiative recombination.

vggd/vff Vi loss due to discrepancy between the actual
absorption coefficient and the assumed step-

function in SQ limit.

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

85UB01 SUOWIWIOD SANERID 3|qedl|dde au) Aq pausenoh a/e Sapie YO ‘8SN JO S9N 104 AR 1T BUIUO A8]IM UO (SUORIPUOD-PUB-SLUBILIOD" A2 I ARe1d) 1B 1UO//SdRY) SUORIPUOD PUe SWB L 83 885 *[220Z/0T/LT] uo AriqIT2uluO A811M BB YoJeessy HAWS a1 Ine wnauwezsbunyasiod Ag ZET80TZ0Z BwPe/Z00T OT/I0p/L0D A3 |1M AReidq 1|ouljuo//SARY Woiy pepeojumod ‘T ‘2202 ‘S60rTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

o
=]

©
=]

®
=]

vrad /VSQ
o
60 FRAVe WFF|Vod)

Percentage of SQ efficiency
3

snginnesipl

www.advmat.de

b —=-hybrid PSCs ==+t~ —-—X=3 ===+ 4=+ 2<X<3 - ==~ === X=2= =+ A-x=1.5p = =+ X=1 === {= = X=0-=-~1
50

* * — — —~ —~ ~d o o = fan
55 &g 23 N SE 22 8y g 2% g K8 N‘_ 22 K%
. OB 3% SR c© O o~ o® N o0 = S =N o™
2 3 432 > S« > S< S =< S O O« o S~
g s > ] n > Iy e, = L o, Tl c Uy >l LIS o N o
= o
SY Ty W W Ty W Sy W oad N W W WY

Figure 15. Visualized comparison of potential improvement for the champion all-inorganic perovskite solar cells in each group. High-quality hybrid

perovskite solar cells have been taken account of as well.’738 The respectiv

the following, we discuss the physical loss mechanisms for
each group of all-inorganic perovskite solar cells in detail.

4.2. CsPbl;-Based (x = 3) Perovskite Solar Cells

Figure 16a shows the comparison of voltage and current losses
for CsPblj-based perovskite solar cells, i.e., the J./J5& value
versus nonradiative loss AVe™. The performance of the
device from Yoon et al. stands out, and exhibits small losses
in both short-circuit current density (J./J52 = 92.0%) and
open-circuit voltage (AV™™ = 201 mV), demonstrating the
great advantage of sequential dripping of a methylammonium
chloride solution(SDMS) method and octylammonium iodide
(OAI) surface passivation technology in balancing current and
voltage performance.®’! The device from Yu et al. also shows
good balance between J,. and V,. performance with AV of
250.9 mV and J../J52 of 93.8%.141 Ye et al. obtained an ultralow
AV of 116 mV by fabricating a 2D/3D mixed-dimensional
perovskite structure, which is the lowest value among all the
discussed devices in this paper. However, the current per-
formance has been sacrificed for the voltage optimization
and the J/Js value was only 84.4%, which is lower than its

e E{ for each device has been marked.

competitors.?8 Apart from this device, we find that the Ju/J5®
values are pretty similar among this group and thus the non-
radiative voltage loss AV s considered as the main factor
affecting device performance. In 2021, Liu et al. have achieved
a low AV™™ = 2435 mV for the solar cell with structure of
2D capping layer on 3D perovskite which generally comes at
the cost of current loss. The J../J32 value for their device is
still close to other devices in this group.*! Chang et al. have
developed blade-coating process for PSC with FTO/SnO,/
CsPbI;:Zn(C¢Fs),/CsPbl;/spiro-OMeTAD/Au  structure and
obtained a low AV of 258.3 mV, demonstrating the great
potential of blade-coating process for high-quality perovskite
thin films and devices. Wang et al. have focused on surface
passivation technique and published some related articles, of
which AV2"™ presented a decreasing trend, from the initial
336 mV to 264.4 mV.2%363 [t is observed that the efficiency
of CsPblj-based perovskite solar cells has been satisfyingly
improved from 1706% to 20.37% within 3 years, which could
be due to the successful optimization for nonradiative voltage
loss AVod

As shown in Figure 16b, the parts of v /v (green), Fy
(vellow) and Fi® (red) make up the main share for present
CsPbls-based perovskite solar cells, indicating the primary
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Figure 16. Loss comparison of CsPbls-based perovskite solar cells. a) Comparison of the J. /=2 limitation with respect to nonradiative voltage AVL"™.

b) Visualization of potential improvement using FoMs of the efficiency losses.
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Figure 17. Loss comparison of CsPbl,Br;_-based (2 < x < 3) perovskite solar cells. a) Comparison of the Jic [J5 limitation with respect to nonradiative
voltage AV, b) Visualization of potential improvement using FoMs of the efficiency losses.

losses by nonradiative recombination, photocurrent and series
resistance together with ideality factor. By contrast, the green
bar is the largest in terms of the area for most devices, namely,
the nonradiative voltage loss is the dominant factor for per-
formance difference, indicating that the main strategy for
performance improvement should focus on suppressing car-
rier nonradiative recombination, which is consistent with the
above discussion. Although Ye et al. have reported the best V.
/Va4 factor, both the F,. and Fi* losses are pretty large com-
pared with the others and thus limits the efficiency. For further
performance improvement, efforts on balancing nonradiative
voltage loss and resistive loss should be done.

4.3. CsPbl,Br;_,-Based (2 < x < 3) Perovskite Solar Cells

Figure 17a compares losses for CsPbI,Br; ,-based (2 < x < 3)
perovskite solar cells. Wang et al. (2021) have reported an
optimal performance with 68.6% 1/7°? in this group, revealing
excellent balance between the AVE™? (163.6 mV) and [, /J52
(91.3%).28] Zheng et al. have reported the highest V,./Va?
value of 86.5%, which originates from the ultralow AVnenrad
of 159.6 mV.!?2 Similar to Ye et al.’¥l and Liu et al.*) men-
tioned above, Zheng et al. have also prepared 2D perovskite on
the 3D perovskite film in order to optimize the CsPbI,Br;_,/
spiro-OMeTAD interface and consequently reduce nonradiative
recombination. However, though the AVZ™ performs well,
the J. /]2 ratio is relatively low (85.8%), and thus becomes the
limiting factor for efficiency improvement. Zhang et al. have
demonstrated better balance between voltage loss and current
loss for the device with FTO/c-SnO,/CsPb(Iy75Brq 25)3: FAOAc/
spiro-OMeTAD/Au structure, of which AV2"™ = 183.3 mV
and J.. /]2 = 88.9% have been obtained. Different from the
former work, Zhang et al. have concentrated on the c-SnO,/
CsPb(Iy5Brg5); interface and achieved the goal of AVi™
reduction by introducing FAOAc volatile salts.’?%) These two
studies have adopted similar device structures but focused
on the upper and lower surfaces of perovskite films respec-
tively and both exhibited favorable effect on reducing nonra-
diative recombination. There is no obvious conflict of these two

Adv. Mater. 2022, 34, 2108132 2108132 (21 of 30)

technologies and it seems possible to combine them together
to further reduce AV2", aiming to achieve AV2" that could
as low as that for hybrid perovskite solar cells. Ye et al. have
focused on SnO,/perovskite interface as well and prepared a
LiF film at the interface for passivation. This device exhibited
favorable balance with AVg*™ =225.8 mV and [, /J32 = 89.7%,
which is contributed to the 18.64% PCE and 673% n/nSQ.1%%
Wang et al. have made efforts on AV2™ reduction as they
stated, but according to our comparison analysis, they have
excelled in short-circuit current density loss as their 91.7%
Je /]2 value comes to the top among this group.'* From the
FoMs loss analysis shown in Figure 17b, vl ved R and Fy
contribute the main share for energy losses. Devices from Wang
et al. (2021), Zheng et al. and Zhang et al. have advantages in
Vil [V ratio, indicating the lower nonradiative recombination
loss. Devices from Tian et al. and Ye et al. performed better in
Fge®, which represents smaller series resistance and better ide-
ality factor for the devices. While the device from Wang et al.
(2020) existed fewer photocurrent loss due to the smaller area
of F,. Similar to CsPbls-based perovskite solar cells, a bal-
ance between the indicators is the key for further performance
improvement.

4.4. CsPbl,Br-Based (x = 2) Perovskite Solar Cells

The comparison of losses for CsPbI,Br-based perovskite
solar cells is presented in Figure 18a. Guo et al. have devel-
oped a new type dopant-free hole-transport material PDTDT
for CsPbI,Br solar cell and obtained the optimal PCE of
17.36% and minimum AV2™ of as low as 135.7 meV in this
group, whereas the J /][5 was limited.??) Patil et al. have uti-
lized Nb-doping and Rb-doping process for CsPbI,Br perov-
skite solar cells and both obtained favorable comprehensive
results.*®#] The one proceeding Rb-doping performed better
and achieved a AV = 266.9 mV and J«/J52 = 94.9%.47]
Shen et al. have reported small AV2™ of 260.4 mV by
utilizing Cs,C05:Zn0O ETL.*! The devices from Wang et
al. (2019),1¥] Wang et al. (2021)Y and Chen et al.(2019)*?
exhibit nice [, /J:2 value, while the AV2™ is relatively high,
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Figure 18. Loss comparison of CsPbl,Br-based perovskite solar cells. a) Comparison of the Jic/Ji limitation with respect to nonradiative voltage
AV;™ b) Visualization of potential improvement using FoMs of the efficiency losses.

indicating that suppression of carrier nonradiative recom-
bination is significant for performance improvement. The
related FoMs loss analysis is shown in Figure 18b. On the
whole, the green bar is the largest in terms of the area,
suggesting that more efforts on suppressing nonradiative
recombination should be done. In addition, the distinct red
area indicates the deficiency of series resistance and ide-
ality factor for present CsPbl,Br-based perovskite solar cells.
Compared with CsPbI,Br;_, devices with x>2, F,  factor show
less impact on CsPbI,Br perovskite solar cells. In particular,
devices from Chen et al. (2019),1*?] Wang et al. (2021)P" and
Wang et al. (2019)** performed ultralow short-circuit current
density loss. In addition, Patil et al.*%l have achieved the best
V24 V2 value by Nb-doping process, demonstrating that the
actual shape quantum efficiency is much close to the ideal
step-function assumed in the SQ limit. In a brief, apart from
the others factors, suppression on nonradiative recombina-
tion loss is the primary task for CsPbl,Br-based perovskite
solar cells performance improvement.

4.5. CsPbIBr,-Based (x = 1) and CsPbl, sBr, 5-Based (x = 1.5)
Perovskite Solar Cells

Figure 19a presents the loss comparison for CsPbIBr,-based
perovskite solar cells including one data point for a CsPbl; 5Br; 5
PSC prepared by Zhang et al. Compared with most of CsPbIBr,-
based perovskite solar cells, device from Zhang et al. exhibited
satisfying balance between voltage and current losses, with
AV = 280.5 mV and Ju /J52 = 90.3%.196] However, it seems
hard to make a balance between voltage and current losses
for most CsPbIBr,-based perovskite solar cells. To be specific,
Yang et al.,[3% Liang et al.,® and Li et al."?} have achieved
low AVE"™ while the optimal Ju /] 52 value among them was
just 81.2%. Noted that all of them have adopted regulation pro-
cess to narrow bandgaps and in consequence broadens the
response range of external quantum efficiency and improves
short-circuit current density J,. and the power conversion effi-
ciency 1. It is surprising that such regulation could obtain
lower AV than the others, rather than higher J../J:2 value.
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Figure 19. Loss comparison of CsPblBr,-based (x = 1) and CsPbl, sBr;s-based (x = 1.5) perovskite solar cells. a) Comparison of the J.//i2 limitation
with respect to nonradiative voltage AV."™. b) Visualization of potential improvement using FoMs of the efficiency losses. Devices are sorted from

left to right by bandgap size.
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Figure 20. Loss comparison of CsPbBrs-based perovskite solar cells. a) Comparison of the J..//i2 limitation with respect to nonradiative voltage
AV b) Visualization of potential improvement using FoMs of the efficiency losses.

That means, though the range of external quantum efficiency
has been broadened, more efforts are needed to effectively con-
vert them into current and thus improve the ratio of Ju/ 52,
On the contrary, for the others devices, which possess bandgap
close to the intrinsic value (=2.1 eV), they exhibit opposite situ-
ations. Namely, these devices show high Ju/ 32 value as well
as large AV, indicating that nonradiative recombination
loss is the primary factor limiting device performance in this
group. Noted that some devices exhibit ultrahigh Je/ 52 value
of approximately 1. They will be discussed later. As shown in
Figure 19b, the FoM of Vorfal/VO'fd dominates the energy losses
overall, following by Fi’. For the devices from Yang et al.,13%
Liang et al.,l?! and Li et al.'?3 with smaller bandgaps, despite
the effect of V2 /V2¢ has been reduced at a certain extent, the
loss caused by F,. increase significantly. For the CsPbl;sBr;5
device reported by Zhang et al,l% it presented lower loss
overall, and the V! /V2¢ is the dominated factor. It is noted that
the devices shown in Figure 19b have been arranged depending
on bandgap energy from small to large. We conclude that the
main factor affecting energy losses changes from F,. to Vi /
Vi along with increasing bandgap energy, suggesting that tar-
geted optimization approach should be performed. In addition,
the F® occupied large percentage for all devices, indicating that
series resistance reduction and ideality factor improvement are
needed as well.

4.6. CsPbBr;-Based (x = 0) Perovskite Solar Cells

Figure 20a presents the comparison of losses for CsPbBr;-
based perovskite solar cells. It can be seen that severe nonradia-
tive recombination loss should be considered as the main factor
limiting performance improvement. The lowest AV in this
group is still as high as 332 mV.I%)l The other devices exhibit
more severe nonradiative recombination loss,®*¢1 which
is consistent with FoMs loss analysis shown in Figure 20b.
Obviously, the green bar, which is related to Ve Ve repre-
senting nonradiative recombination loss, is the largest. Note
that Yuan et al.’”! have fabricated solar cells with the structure
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FTO/c-TiO,/m-TiO,/CsPby ¢7Tbg ¢3Br3/SnS:ZnS/NiO,/carbon,
leading to an ultrahigh J../J5? value beyond 1 leading to the
disappearance of the bar for F,_in Figure 20b.

4.7. Effect of J,. Reporting Method on the Performance Loss
Analysis

In the process of meta-analysis, we have found that many
devices show ultrahigh J /Js2 values, i.e., ultralow F, loss in
the FoMs loss analysis figures. This phenomenon is usually
observed for the CsPbI,Br;_, perovskite solar cells with small
x value which have a relatively wide bandgap. We hold the
opinion that such ultralow F,. loss should be considered with
caution. Almost all the stated J,. (denote as Ji') are from the
champion devices measured by the |-V measurement system
with a standard solar simulator. These Ji& values are usually
higher than the average J;. and the integrated value from the
EQE (denote as J«). When the Ji strongly disagree with the
<, the Ji&/Ji& will be significantly higher. This problem
was overlooked for perovskite solar cells with narrow bandgap
because they possess relatively high real J., and thus the dif-
ference between J,. and J<* would not significantly affect the
results. However, for perovskite solar cells with high E,, it will
result in the ultrahigh Je/J 5 value and ultralow F, loss.

For the need of parallel comparison, we still adopt the Ji'
from champion devices reported in the literature, because this
is the most commonly used J,. reporting method. Although it
would underestimate the impact of F,, it can well reflect the
differences between different devices and technology processes.
In order to make the loss analysis more rigorous, we further
discuss the perovskite solar cells with F,. loss lower than 5%
(Jsc/J:& > 95%) in Supporting Information (Section 6). We have
compared the effects of J& and ]sEcQE on the performance loss
distribution, as shown in Figure S17 and S18. The results show
that the J, calculation method have significant influence on
the F. loss but little influence on v« /vy, yrd [y5Q FF(yred
)/FFo(V3R) and Fi'. Hence, the results of these losses are still
reliable in this 51tuat10n And the F losses calculated by Js o
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are usually much higher than the losses calculated by Ji'. Con-

. . sta EQE .
sidering the measurement process of J« and J«  , we believe
that the real F, loss should be somewhere in between. Finally,
although many research groups have begun to pay attention to
the report of J,. and presented several different measurement
results in their papers, we still call on people to treat the report
of J,. more strictly, especially for the perovskite solar cells with
high E,. Due to the presence of deviation in preparation and
measurement process, the performances of champion devices
are likely to be unreliable when J«/J5® values approach or
even exceeds 1, but other performance metrics are not good
enough.

5. Conclusions and Outlook

We have performed a detailed meta-analysis of key performance
parameters of all-inorganic CsPbL,Br;_, (0 < x < 3) perovskite-
based solar cells and absorber materials. Given that all-inor-
ganic perovskites cover a wide range of bandgaps that go up to
values of 2.3 eV, i.e., much higher than ideal for single junction
solar cells, it is imperative to correct device performance data
for the influence of bandgap. Therefore, we used a consistent
way of determining the bandgap from the inflection point of
the quantum efficiency that is in line with other efforts such as
the emerging-PV project.! Using the bandgap, we determined
performance parameters in the SQ model and referenced all
experimental data to the respective values in the SQ model.
From this data and meta-analyses of the material parameters
such as mobility and photoluminescence lifetime, we can make
conclusions on the whole material family as well as obtain more
detailed insights as a function of stoichiometry. Independent of
the I to Br ratio, CsPbI,Br;_, perovskite layers show similar car-
rier mobilities as compared to hybrid lead-halide perovskites
but so far shorter photoluminescence lifetimes and lower
external photoluminescence quantum efficiencies. Thus, all-
inorganic perovskite solar cells have more severe nonradiative
recombination losses over the whole range of bandgaps, and
hence lower V,./Va2 and 1/1°Q ratios in devices as compared
to hybrid perovskites. However, we also note that given the cur-
rent level of work (measured in the accumulated number of
publications) invested into the material system, all-inorganic
perovskite solar cells don’t perform worse than hybrid ones at a
similar stage in their development.

While V, losses are the largest fraction of the total losses for
basically all studied devices, fill factor losses are also quite sub-
stantial in particular in case of higher-bandgap perovskites. This
suggests that tackling resistive limitations is important for a fur-
ther improvement of efficiencies. Photocurrent losses are overall
the least significant in most of the devices that are best of their
respective bandgap range. While this is generally a good sign
and an indication of a high absorption coefficient and sufficient
mobilities of absorber and contact layers, we note that the losses
get significantly lower with higher bandgap with some of the
cells having values above the SQ model. While this is not tech-
nically impossible given the definition of the bandgap via the
inflection point, those cells often have discrepancies between
the current densities derived from quantum efficiency measure-
ments and the current densities derived from current-voltage
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curves. This suggests that at least some of the values might be
affected by calibration issues. A further trend seen as a function
of bandgap is a decrease of PL lifetime of films with increasing
bandgap. This trend is consistent with the trend in non-radiative
recombination losses in full devices. Here, we note that in both
cases, the CsPbIBr,-based devices break the trend as they show
even higher voltage losses and lower lifetimes than the higher-
bandgap CsPbBr;-based samples. Achieving an improved bal-
ance between voltage and photocurrent losses is another key
requirement for better performance. Our meta-analysis shows a
trade-off between these two factors. The lowest AV Aymomad
of 116mV is achieved by lower E, CsPbl; devices, while only
achieving 84.4% of J«/J<. On the contrary, for the higher E
CsPbBr; and CsPbIBr, devices with J«/J58 > 95%, the AVO‘;"“““%
loss increases to over 400 mV.

Finally, we also performed a meta-analysis of the used con-
tact layers. Given the higher annealing temperatures, all-inor-
ganic perovskites are mostly prepared in the structure that is
often called the regular structure and that starts the deposition
with an ETL that is normally a metal oxide (TiO, or SnO,) that
can withstand the required higher annealing temperatures
much better than the organic HTLs that are typically used for
inverted geometries. Here, we want to point out that there is
over all rather little variation in the used contact layers, with
Spiro-OMeTAD dominating the used HTLs over the whole
range of I to Br ratios. However, given the large range of band-
gaps covered, it is likely that perfect (or even good) band align-
ment can only be achieved by a tiny subsection of the studied
compositions while many of the layer stacks may suffer from
additional recombination losses at interfaces. As TiO,/SnO,
and Spiro-OMeTAD have been shown to be compatible with
high-efficiency lower-bandgap hybrid perovskites,3841 it is
likely that especially the higher-bandgap all-inorganic perov-
skite solar cells suffer from this effect.

To achieve a higher degree of technological maturity and
improved device performance in all inorganic perovskites,
understanding of carrier recombination processes in the bulk
and at the interfaces is essential. All-inorganic perovskites
have shorter photoluminescence lifetimes and lower photolu-
minescence quantum efficiencies than the best hybrid lead-
halide perovskites. While there are already many experimental
studies on the topic, theoretical work on the dominant defects
and their impact on the recombination rates and lifetimes is so
far relatively scarce. We think theoretical work, identifying the
dominant defects and their associated capture coefficients and
formation energies would be highly valuable.®) If we know the
dominant defect species, we can adjust processing conditions
to eliminate the source of defect formation. An example for a
such a change in processing conditions could be, e.g., a change
in the ratio of precursors to achieve a stoichiometry that has
an excess of a certain element which is harmful as a vacancy.
Furthermore, changes in stoichiometry can also lead to changes
in formation energies of defects and may therefore be a fea-
sible way to reduce the densities of certain defects. In addition,
calculated capture coefficients are often (but not always) fairly
different for electrons and holes(see Figure 6).] Assuming for
instance that the electron capture rate is much slower than the
hole capture rate, the entire recombination process would be
rate limited by electron capture. Thus, if one was able to further
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slow down electron capture, the whole process could be further
slowed down and efficiency would increase. Such a slowing
down of the rate could be achieved by reducing the density of
(in this example) electrons, e.g. by introducing doping or by
adjusting the properties of the electron injecting contacts rela-
tive to the hole injecting contacts such that one type of carrier is
present in excess of the other.['%!

Another major aspect that will help direct process and
device optimization will be to develop a suitable set of charac-
terization methods to identify the dominant efficiency limiting
mechanisms in all-inorganic but also in hybrid perovskites. The
determination of many key parameters such as defect densi-
ties, recombination lifetimes or the efficiency of charge extrac-
tion that are necessary for improving our understanding of
charge-carrier recombination could be improved. So far, defect
densities are frequently measured using the trap-filled regime
in single carrier devices, which is highly problematic due to
electrostatic limitations® of the method and the dangers asso-
ciated with neglecting the influence of injection barriersi*
and moving ions.**] Steady-state and transient photolumi-
nescence are frequently used to study recombination. How-
ever, often also information about charge extraction or charge
collection are derived from photoluminescence. For instance,
the quenching of the steady-state photoluminescence when
attaching electron- or hole-transport layers is often considered
a way of identifying efficient charge extraction.**1%l However,
in fact this only clarifies that the electron- or hole-transport
layer will increase charge recombination and is hence a clearly
negative factor that should correlate with losses in open-circuit
voltage. A better way of extracting information on charge collec-
tion from photoluminescence is to compare PL at short circuit
and open circuit!* or to even measure voltage-dependent pho-
toluminescence in complete devices.™ Furthermore, it may
be possible to develop new experimental methods sensitive to
charge extraction and collection based, e.g., on the rise of the
photovoltage in different transient methods.!* Thus, we hope
that the technological development of all inorganic perovskite
solar cells will be enabled and accompanied by improvements
in theoretical understanding and characterization of efficiency
limiting processes.
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