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An efficient search for numerous novel mixed perovskite materials for high-performance solar cells leads to
a strong demand for high throughput screening protocols. Highly efficient composition screening based on
high throughput fabrication of discontinuous rather than compact perovskite films with comparable
properties, which can save plenty of time and effort required for optimizing dense films and can
significantly expand the applicability of the screening method to various perovskite compositions, has
seldom been investigated. Especially, tribromide perovskites (~2.3 eV bandgap) with promising
applications in tandem and spectral splitting devices require the efficient screening of new constituents
to yield a high open-circuit voltage (Vo). Herein, we develop a highly efficient composition screening
protocol based on high throughput inkjet printing of discontinuous perovskite films with representative
and comparable properties to accelerate the discovery of novel tribromide perovskites for high-
photovoltage solar cells. 30 tribromide perovskite films with similar bandgaps are speedily and
automatically inkjet-printed, and a very close grain size is acquired for all samples via optimizing the
crystallization. Therefore, the corresponding photoluminescence (PL) lifetime database allows the
efficient screening and identification of new constituents for high-photovoltage devices. To validate this,
among the 30 samples, two compositions (HC(NH.)z)g4(CH3sNHz)osPbBrs (FAg4MAge) and
(HC(NH2)2)01(CH3NH3)0 oPbBrs (FAqg1MAg o) with a long and short average PL lifetime, respectively, are
screened out for device comparison. As expected, the FA;4MAg ¢ device delivers a high V. of 1.60 V
with a champion efficiency of 9.25%, which is among the highest reported V.. values for tribromide
devices, much higher than that (1.45 V and 6.62%) of the FAq1MAp o counterpart. Surprisingly, the Vi
limit for both devices is determined to be as high as 2.01 V for the first time. The V. and efficiency

improvements principally result from the reduced trap states, lower level of energetic disorder, more
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Accepted 21st October 2021 efficient charge transport and decreased charge recombination losses. Additionally, the validity of the PL
lifetime database is further confirmed by a high V. of 1.55 V obtained for another novel composition.

DOI: 10.1039/d1ta06594g These findings open up a new avenue for accelerated discovery of new perovskites for advanced device
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1 Introduction

Hybrid organic-inorganic perovskites have been viewed as one
of the most promising photovoltaic materials owing to their
superior optoelectronic properties, and these materials are
generally described with an ABX; formula, where A denotes
monovalent cations (such as CH;NH; " (MA"), HC(NH,)," (FA"),
and Cs"), B stands for divalent metal cations (namely Pb*>" and
Sn”"), and X represents halide anions (i.e. I, Br, and Cl7).*
Currently, the utilization of lead-based perovskites with
multiple cations and hybrid halides as active layers in perov-
skite solar cells is emerging as a particularly effective approach
to further improve device efficiency and stability.*® Conse-
quently, the combination of mixed multiple cations and
hybrid halides generates a myriad of possible perovskite
constituents. Such an enormous number of combinatorially
available precursor compositions make the trial-and-error
method time-consuming and inefficient, leading to a strong
demand for high throughput synthesis. High throughput
synthesis will permit the large-scale fabrication of perovskite
films in a fast and reproducible manner, and the subsequent
analysis regarding material properties will accelerate the
discovery of novel perovskites for advanced device
applications.

In this aspect, several research groups tried to develop a high
throughput technique suitable for perovskite synthesis.®*> High
throughput synthesis of perovskite single crystals and poly-
crystalline particles via a robot setup was demonstrated
according to antisolvent crystallization.®'®* However, the above
prepared perovskites existed in the form of particles rather than
thin films, and thus the corresponding property comparison
cannot afford an effective and direct forecast of film-based
device performance. Furthermore, 75 unique perovskite-
inspired films were fabricated and characterized using an
accelerated platform within 2 months.* This increased experi-
mental throughput significantly accelerates the search for lead-
free perovskites in the chemical space, but the preparation of
dozens of perovskite films is still a major expenditure of time
and the subsequent oversimplified property characterization
(i.e. crystal phase and bandgap) cannot effectively identify the
novel compositions for high-performance optoelectronic
devices. Recently, our previous study developed a high
throughput inkjet printing approach to fabricate 25 mixed
perovskite films in 10 minutes, and the subsequently obtained
bandgaps and PL lifetimes of these films allowed the acceler-
ated screening of perovskite constituents for photovoltaic
applications.” Apparently, this type of composition screening
based on high throughput inkjet printing is very useful for the
discovery of novel perovskites, but the pre-printing adjustment
and optimization for acquiring high-quality perovskite films are
very time-consuming, and besides it is difficult to adopt this
high throughput printing technique to produce continuous and
compact perovskite films for some compositions due to their
significantly different crystallization dynamics. Therefore, for
a more efficient search for novel perovskite materials, high
throughput composition screening based on discontinuous
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rather than compact perovskite films with representative and
comparable properties needs to be urgently developed, which
can save a great deal of time and effort required for inkjet
printing dense films and can further expand the applicability of
our screening protocol to various perovskite compositions.

A variety of perovskite film deposition technologies,
including spin coating,>** blade coating,"**” thermal evapora-
tion,”> spray deposition™*® and inkjet printing,**** have been
exploited. Among these techniques, inkjet printing has been
considered as an extremely promising method to manufacture
perovskite films in a high throughput way due to its in situ
mixing capability, low material consumption and high writing
accuracy. Over the past few years, the crystallization process of
inkjet-printed perovskite films was extensively explored and
optimized, and the corresponding solar cells demonstrated
a continuous power conversion efficiency (PCE) increase to
21.6%.>>** Despite significant advances toward high-quality
inkjet-printed films, most research efforts were concentrated
on inkjet printing single-component perovskite films rather
than multi-component perovskite films in a batch. The
remarkably increased control complexity in the printing details
and the crystallization dynamics largely hinders the develop-
ment of inkjet printing multi-component perovskite films.
Lately, our research work demonstrated 25 mixed perovskite
films which were inkjet-printed in 10 minutes in a batch by in
situ mixing four inks from separate ink cartridges,'* but the
pre-printing parameter optimization for obtaining continuous
and compact films took a huge amount of time, which
substantially lowered the time efficiency of perovskite compo-
sition screening and identification. To date, the highly efficient
composition screening based on high throughput inkjet
printing of multi-component perovskite films still remains
a daunting challenge.

Tribromide perovskites with a bandgap of ~2.3 eV have great
potential to yield a high V., which makes these materials
promising for applications in tandem solar cells and driving
electrochemical reactions.>*?® Significant efforts were under-
taken to optimize and enhance the V,. of perovskite devices.>*>*
At the early stage, engineering advanced hole and electron
transport layers gave rise to a high V. of approximately 1.5 V in
both MAPbBr; and FAPDbBTr; solar cells.**** Moreover, tailoring
the crystallization process and optimizing the precursor solvent
also enabled MAPDbBr; devices to yield a V,,. beyond 1.5 V.>*¥
Meanwhile, the employment of carbon electrodes further
pushed the V,. of MAPbBr; and CsPbBr; devices to a higher
level (close to 1.6 V).***? In addition, a record V,,. exceeding 1.6 V
in the MAPDbBr; stack was realized by inserting anode and
cathode interfacial modification layers.** In spite of significant
progress toward a high V.. for tribromide perovskite devices,
the adopted active layer materials in these studies are restricted
to three most common constituents (MAPbBr;, FAPbBr; and
CsPbBr;) rather than new perovskite compositions since the
fabrication of high-quality mixed tribromide perovskite films
and the subsequent effective composition screening require
considerable research time and effort. The exploration of new
tribromide perovskite compositions can not only considerably
enlarge the diversity of tribromide perovskites but also greatly
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promote the rapid development of optoelectronic devices based
on these novel materials. More importantly, it is well known
that the compositional engineering of triiodide perovskites
normally produces a higher V,,. and better device performance.*
As a consequence, novel tribromide perovskite materials with
different compositions need to be urgently exploited and
developed to investigate the attainable V..

Given these considerations, a highly efficient composition
screening protocol based on high throughput inkjet printing of
discontinuous rather than compact perovskite films with
representative and comparable properties is developed to
accelerate the discovery of novel tribromide perovskite mate-
rials for high-photovoltage solar cells. To be specific, the
sequential inkjet printing of three precursor solutions results in
the formation of 30 mixed tribromide perovskite films with
similar bandgaps in a fast and automated manner, and all films
have a very close grain size via optimizing the crystallization
kinetics. As a result, the obtained PL lifetime database for the 30
mixed films allows us to efficiently screen and identify novel
compositions for high-photovoltage solar cells. In order to verify
this concept, two compositions of FA, ;MA, s and FAy1MAg
have a long (32.36 ns) and short (0.57 ns) average PL lifetime,
respectively, and thereby are screened out from the 30 tested
films for device investigations. The FA, sMA, ¢ device exhibits
an optimal PCE of 9.25% along with a high V,,. of 1.60 V, which
is among the highest reported V. values for tribromide perov-
skite solar cells. As expected, these photovoltaic parameters for
the FA, 4MA, ¢ device are much better than those (6.62% and
1.45 V) for the FA,;MA,, counterpart. The superior device
performance is primarily explained by the reduced trap states,
lower level of energetic disorder and more efficient charge
transport as well as considerably decreased charge recombina-
tion losses. Besides, another novel composition of (FA)yo(-
MA), 1PbBr; (FAgoMA, ;) with a long average PL lifetime also
delivers a high V. of 1.55 V, further confirming the validity of
the PL lifetime database. This work affords an efficient route to
accelerate the discovery of novel perovskite materials for
advanced applications.

View Article Online
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2 Results and discussion

In order to accelerate the discovery of novel perovskite materials
for advanced device applications, we propose a highly efficient
composition screening protocol based on high throughput
inkjet printing, as presented in Fig. 1. In the following, we use
an accelerated discovery of novel tribromide perovskites for
high-photovoltage devices as an experimental proof of concept
for our screening protocol.

We developed an inkjet printing technique for high
throughput manufacture of compact mixed perovskite films in
our recent work.” In order to realize the high throughput
synthesis of discontinuous perovskite films with comparable
and representative properties, this inkjet printing approach is
greatly updated in this work and the corresponding working
principle is briefly described below. Fig. 2a illustrates the
schematic diagram of the four-channel non-parallel drop-on-
demand (DOD) inkjet printer (the photograph in Fig. S27)
including four printheads, four ink cartridges, a mobile flat
plate and a programmable control system. During the jetting
process, the programmable control system can precisely control
the ejected single droplet volume, the droplet number and the
location of printed dots as well as the printing sequence of
precursors. As depicted in Fig. 2b, except an empty one, three
ink cartridges are filled with FAPbBr;, MAPbBr; and CsPbBr;
precursor solutions, respectively, and the corresponding print-
heads eject the precursor droplets onto glass substrates in
sequence to form mixed precursor films before annealing. It
should be pointed out that the whole printing process for mixed
perovskite films is fully automated. When we fix the total ejected
dots (37 500) for each mixed film and the jetted single droplet
volume (100 pL), the composition of mixed perovskite films is
principally determined by the ejected droplet number from
each printhead. To demonstrate the impressive control over
printing details, a series of FAPbBr; films are inkjet-printed with
decreased ejected dots from left to right, and the resulting film
colour gradually changes from dark yellow to light yellow
(Fig. 2¢). Furthermore, the printing of irregular shaped symbols
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Fig. 1 A framework of our proposed composition screening protocol based on high throughput synthesis.
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Fig.2 (a) Schematic diagram of the four-channel non-parallel drop-on-demand (DOD) inkjet printer. (b) Schematic diagram of the fabrication of
mixed perovskite films (FA;_ MA,PbBrs;, MA; _,Cs,PbBrs or Cs;_,FAPbBr3), where the sequential printing of two different precursors with various
volume ratios yields a series of mixed films. (c) Inkjet-printed FAPbBrs films with decreased ejected dots from left to right. (d) The inkjet-printed
school logo (left) and perovskite crystal structure (right). (e) Inkjet-printed FA;_,MA,PbBrs;, MA;_,Cs,PbBrs and Cs;_,FAPbBrs films marked with
numbers from 1 to 30.

such as the school logo and the perovskite crystal structure is with mixing ratios between 0% and 100% in 10% steps,
also achievable, as displayed in Fig. 2d. producing 30 mixed perovskite films. The as-fabricated films

As shown in Fig. 2e, any two of FAPbBr;, MAPbBr; and are marked with numbers from 1 to 30 for simplicity. Strikingly,
CsPbBr; precursors are sequentially printed on glass substrates the whole printing process of 30 mixed films was highly

(b)
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Fig. 3 (a) Top-view SEM images of inkjet-printed FA; _,MA,PbBrs;, MA; _,Cs,PbBrs and Cs;_,FA,PbBr3 thin films with x =0, 0.2, 0.4, 0.6, and 0.8,
respectively. (b) Statistical distributions of the grain size of these inkjet-printed films.
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reproducible and only took approximately eight minutes,
highlighting the rapid production capacity of our inkjet
printing technique.

Firstly, scanning electron microscopy (SEM) measurements
are performed to investigate the morphology of the above
inkjet-printed films, as displayed in Fig. 3a. Although some
discontinuous regions exist in most printed films, dense crys-
talline grains still occupy most of the film surface. These prin-
ted films exhibit similar crystal sizes, and the average crystalline
size of each film is in the vicinity of 1.5 pm according to the
statistical analysis (Fig. 3b). Such a large average crystal size
even exceeds that reported for spin-coated films*+** and can
adequately express the basic optoelectronic properties of the
corresponding films, and therefore these printed films are
enough for the subsequent X-ray diffraction, absorption and PL
characterization. More importantly, the very close grain size
(Fig. 3Db) for these films with different compositions enables us
to generate an effective database with perovskite film properties
for comparison given the fact that the perovskite grain size can
greatly affect the optoelectronic properties of perovskite films,
and this resulting database can vastly accelerate the discovery of
novel perovskite materials for device applications.

To examine the crystal phase of these inkjet-printed films, X-
ray diffraction (XRD) measurements are implemented. First of
all, as shown in Fig. 4a, we compare the XRD patterns of three
single-component films (namely FAPbBr;, MAPDbBr; and
CsPbBr;). Both FAPbBr; and MAPDbBr; films exhibit two main
diffraction peaks at the 26 of ~15° and 30° corresponding to the
(100) and (200) lattice planes, indicative of the formation of
a cubic structure.*»** By contrast, an orthorhombic phase is
formed in the CsPbBr; film given the fact that three dominant
diffraction peaks at the 26 of 15.5°, 21.8° and 30.9° can be
assigned to (101), (121) and (202) planes, respectively.** With the
increase of MA concentration in FA,_,MA,PbBr; from 0% to
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100% (Fig. S471), the (100) and (200) diffraction peaks are grad-
ually shifted from 14.9° and 29.8° to 15.2° and 30.4°, respec-
tively, indicating a decreased lattice spacing due to a gradual
substitution of FA with smaller MA.** Additionally, a small
amount of PbBr, indexed to the diffraction peak at ~12.5° is
observed in the FA; ,MA,PbBr; system, and this phenomenon
has been commonly reported in mixed perovskite films.***¢
Similarly, the introduction of 0-100% smaller-sized Cs into
FAPbBr; or MAPbBr; leads to a shrinkage of the interplanar
spacing accompanied by a gradual shift of (100) and (200) main
peaks towards slightly higher 26 angles (Fig. S41).*>*>* Mean-
while, the emergence of a characteristic peak located at ~11.8°
means the formation of a parasitic CsPb,Brs phase in MA;_,-
Cs,PbBr; and Cs;_,FA,PbBr;, and such a secondary phase
generally exists in the Cs-containing tribromide perovskite films
according to previous studies.*®* When the Cs content
surpasses 50%, the splitting of a single diffraction peak at
~30.5° into double peaks probably corresponds to a structural
phase transition from the cubic to the orthorhombic structure.
The above crystal phase analysis manifests that mixed perov-
skite films can be reliably manufactured by our high
throughput approach.

The absorption and emission properties of these inkjet-
printed films are analyzed via absorbance (Abs) and PL spec-
troscopy measurements. The absorption edges of FA; MA,-
PbBr;, MA, ,Cs,PbBr; and Cs; ,FA,PbBr; films are compared
in Fig. S5, and the corresponding optical bandgaps (E,)
extracted from Tauc plots (Fig. S6) are summarized in Table S2.}
As expected, very close bandgap values of 2.2172, 2.2433 and
2.2915 €V are obtained for FAPbBr;, MAPbBr; and CsPbBr;
samples, respectively (Fig. 4b). Furthermore, the PL signals of
FAPbBr;, MAPbBr; and CsPbBr; films peak at 2.2574, 2.2916
and 2.3386 eV (Fig. 4c), respectively. For mixed film samples,
their bandgaps range from 2.2172 to 2.2915 eV (Fig. 4d) and the

a 1.0 C
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Fig. 4 XRD patterns (a), absorbance spectra (b) and PL spectra (c) of inkjet-printed FAPbBrs, MAPbBrs; and CsPbBrs thin films. Bandgaps (d), PL
peak positions (e) and average PL lifetimes (z,,g) (f) of inkjet-printed FA;_MA,PbBrz, MA;_,Cs,PbBrz and Cs;_,FA,PbBr3 films as a function of x.
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corresponding PL peaks are located within 2.2574-2.3386 eV
(Fig. 4e and S7t). The gradual change in the bandgap and PL
peak position of these mixed samples is highly consistent with
previous findings,*>***>*” and also suggests an excellent misci-
bility of the as-prepared perovskite inks in our high throughput
synthesis. This is further confirmed by energy-dispersive X-ray
spectrometry (EDS) results (Table S3t), which show small
deviations of <4% between the calculated and the experimen-
tally measured Cs/Pb ratio.

To further quantitatively evaluate the charge transport
behavior, time-resolved PL spectra of these printed films
deposited on glass substrates are recorded and fitted to a bi-
exponential decay (Fig. S81), and the corresponding PL life-
times are listed in Table S2.1 In this case, the bimolecular
recombination of long-lived free charges corresponds to the
slow decay phase and the fast decay phase is ascribed to trap-
ping into non-radiative trap states,” and thus we choose the
average PL lifetime (7,,5) of inkjet-printed films for comparison
considering that both decay phases can impact the charge
transfer dynamics. For each film, the most representative time-
resolved PL spectrum close to average results is used in the
calculation of PL lifetimes. As illustrated in Fig. 4f, these
samples exhibit obviously different 7,,, in the range of 0.38-
32.36 ns. It should be noted that a longer PL lifetime signifies
a lower charge recombination rate and more efficient charge
transport, which is very favorable for high-performance photo-
voltaic applications. In view of similar bandgaps (2.22-2.29 eV)
for all film samples, the above average PL lifetime database
allows us to efficiently screen these novel compositions and
accelerate the discovery of novel tribromide perovskite mate-
rials for high-photovoltage and high-efficiency solar cells.

To exemplify the screening role of the PL lifetime database,
two perovskite constituents are selected from the 30 tested
mixed films to fabricate solar cells for device investigations.

(e)
@ FAg1MAo.9
- ICBA
3 —
“' -
E s
< g
500 525 550 575 600

Wavelength (nm)
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Apparently, the FA, sMA, ¢ film exhibits the longest t,,, 0f 32.36
ns out of the 30 samples, and the corresponding device based
on FA, 4MA, ¢ has great potential to yield a high V,. and PCE.
Meanwhile, six samples among the inkjet-printed films have
a very short 7,,, of 0-1 ns, and these film candidates are all Cs-
containing except the FA, 1MA, o sample. Considering that the
Cs-containing tribromide perovskites usually suffer from a low
solubility of CsBr in typically used deposition solvents and the
resulting great difficulty in the direct adoption of commonly
reported solution-processed deposition methods for fabricating
high-quality thick films,* these Cs-containing compositions are
excluded for device fabrication and comparison in this study.
Consequently, we choose the FA,;MA,¢ and FA,i1MAgo
constituents as solar cell absorber materials and further
compare the corresponding device performance. Since inkjet-
printed FA, MAq ¢ and FAy1MA, films with obvious discon-
tinuous regions are not suitable for solar cell manufacture, the
following discussion will focus on FAy MA ¢ and FAy1MAg o
based films and devices deposited by spin coating based on the
fact that the spin coating technique normally produces high-
performance perovskite solar cells.

Both FA, MAq,s and FAyMA,o films have a uniform
morphology with dense grains as shown in Fig. 5a and b, where
the average grain size of the FA, ;MA, ¢ film slightly surpasses
that of the FA, 1MA, o counterpart on the basis of the statistical
distribution (Fig. S9t). According to the cross-sectional SEM
images, large columnar crystal grains form in both films and
the film thickness is measured to be approximately 380 nm.
XRD results (Fig. S101) confirm the formation of a cubic struc-
ture in both films.** The FA, sMA, ¢ and FA,MA,, films show
a bandgap of 2.23 and 2.25 eV according to Tauc plots
(Fig. S111) derived from ultraviolet-visible spectroscopy (Fig. 5¢
and d), respectively, and the corresponding PL peak are also
located at 2.23 and 2.25 eV. The obtained bandgaps and PL peak

FAO. 4MA0_ 6

PL (a.u.)

525 550 575 600
Wavelength (nm)

FA, .MA PbBr,

500 nm
e

Fig.5 Top-view and cross-sectional SEM images of spin-coated FAg 4MAg ¢ (a) and FAg 1MAg o (b) films, respectively. Steady-state PL spectra and
absorbance spectra of spin-coated FAg4MAg ¢ (c) and FAg1MAg g (d) films, respectively. (e) Cross-sectional SEM image of a typical cell with

a structure of ITO/PTAA/perovskite/ICBA/BCP/Ag.
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locations of both films deposited by spin coating are very close
to the corresponding values acquired for inkjet-printed films,
further emphasizing the feasibility of our high throughput
synthesis.

Subsequently, we estimate the photovoltaic performance of
FA,  ,MA, ¢ and FAy ;MA, o based devices with an architecture of
indium tin oxide (ITO)/poly(bis(4-phenyl)(2,4,6-
trimethylphenyl)amine) (PTAA, 20 nm)/perovskite (380 nm)/
indene-Cgo bisadduct (ICBA, 50 nm)/bathocuproine (BCP, 8
nm)/Ag (100 nm), as depicted in Fig. 5e. Fig. 6a lists the energy
levels of MAPbBr; and selected transport layers as previously
reported.”®* The current density-voltage (J-V) curves of the
champion devices measured under standard AM 1.5 G illumi-
nation conditions are shown in Fig. 6b, and the corresponding
photovoltaic parameters and statistical distributions are
summarized in Table 1. The FA, ;MA, o based champion device
exhibits a short-circuit current density (Js.) of 6.40 mA cm 2,
a Vo of 1.45 V, and a fill factor (FF) of 71.4%, yielding a PCE of
6.62%. By contrast, much better photovoltaic parameters are
achieved for the FA, 4sMA, ¢ champion device, with J;. = 7.90 mA
em ™2, Voo = 1.60 V, FF = 73.2% and PCE = 9.25%, showing
a stabilized efficiency of 9.25% at the maximum power output
point (Fig. S12%). Such an impressive PCE is among the highest
reported efficiencies for tribromide perovskite solar cells.>**°
The remarkably increased Jg. in the FA, 4;MA( ¢ cell in contrast
with the FA,;MA,o counterpart can be mainly attributed to
more efficient charge collection (details in Fig. 7b). To better
comprehend the enhancements in V,,. and FF in the FA, ;MA ¢
device, the series resistance (R;) and the dark saturated current
density (J,) are calculated using the classical diode equation:

q(V + JRS)) - 1]

nkT (1)

J=J.—Jp [exp(
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where n denotes the ideality factor, kT/q represents the thermal
voltage, J is the device output current density, and V stands for
the applied voltage. The corresponding calculation details are
described in the ESI.T The plots of —dV/dJ versus (Js. — ) and
In(Jsc — J) versus (V + RyJ) for both devices are illustrated in
Fig. 6¢c and d. The R, for the FA, ;MA, ¢ device is estimated to be
2.48 Q cm ™2, lower than the corresponding value (3.08 Q cm ™ ?)
obtained for the FA,;MA, o, counterpart. The reduced Rg can
partially explain a slightly higher FF in the FA, MA, ¢ cell.>*
Moreover, the J, for the FA, ;JMA, ¢ device is calculated to be 6.6
x 1077 mA ecm ™%, which is much smaller than that (9.7 x 1077
mA cm?) for the FA,;MA,, counterpart. The recombination
rate is directly correlated with J, based on the fact that J, is
a parameter signifying the thermal emission rate of electrons
from the valence band to the conduction band. The smaller J, in
the FA, 4MA, ¢ device manifests a lower recombination loss, and
accordingly a higher V,..>>*® The superior device performance
(especially V,.) of the FA;,MA( ¢ cell to the FA,MA,, coun-
terpart well supports the screening protocol based on the above-
mentioned PL lifetime database, highlighting the advantage of
accelerated discovery of novel perovskite materials via our
screening approach.

It is worth noting that both FA,,;MA,s and FA, ;MAgo
devices have no obvious hysteresis of /-V characteristics with
respect to the voltage scan directions (Fig. S131). The J,. values
obtained from J-V curves are in accordance with those inte-
grated from external quantum efficiency (EQE) spectra (Fig. 6e).
Moreover, photothermal deflection spectroscopy (PDS)
measurements are carried out to analyze the defects within the
sub-bandgap region of both films. Evidently, the sub-bandgap
absorption coefficient («) below 2.2 eV of the FA;1MAg film
is much larger than that of the FA, ;MA, ¢ counterpart (Fig. 6f),
implying a significant reduction of trap states in the FAy 4;MAq ¢

(©)
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£ 8- FA, MA, ¢
= -3.04 :I\J o 207 FA,,MA
3 3.4 T ol L AMA,,
= > O 15
g 401 3 46 G, g
- ] o s ™ 3 104
g 7o & 2 | Fa,MA >
Ig 5.0, o 2] 0.4V1”g 6 7 5]
5.2 8] FAGMAG,
-6.0- -5.7 30 : . 0 : ' :
0.0 0.4 1.2 1.6 0.00 0.05 10.10 ) 0.15 0.20
Voltage (V) = WscJ)! (cm4/mA)
s (©) 100 ger-( T 10°
FA)MA ¢ E 8 ] FAuMAg
NE N — 754 FA0_1MA09 16 E *qc-; 105_5 FA0_1MA0_9
s . - E 3 i y
< -5 X o & ]
£ w 5 49 g0ty EU2T.0meV . )
5101 g B A Y T
2 g 3 ¢ IV
ﬂg - FA ,MA, ¢ 25 2 ® .% 10° - v
E FA,sMA, 4 E;' 5 ] Eu=23.9 meV
-20 : 0 ; , oS 8 10%-
0.0 04 1.6 300 400 500 600 < 15 1.8 21 24 2.7

038 12
V+RgJ (V)

Wavelength (nm)

Energy (eV)

Fig. 6 (a) The energy diagram of each layer in the device, and the energy levels of PTAA, MAPbBr3; and ICBA were obtained from previous
studies.®?%* (b) J-V characteristics of FAg 4MAg ¢ and FAg 1MAg ¢ based champion solar cells under AM 1.5 G solar irradiation, where a reverse scan
from 1.65 to —0.1V is performed with a scan rate of 0.1V s~ Plots of —dV/dJ versus (Jsc — J) "1 (c) and In(Jsc — J) versus (V + R J) (d) as well as their
linear fitting, and both fitting curves are situated around the corresponding V.. (e) EQE spectra and integrated J... (f) PDS absorbance spectra of

FAo.4MAg ¢ and FAg 1MAg o films coated on quartz substrates.
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Table 1 Summary of the photovoltaic parameters of FAg 4MAg e and
FAq 1MAq o based solar cells

Active layer  Jo. [mAcm ] Vo [V] FF [%)] PCE [%)]
FAouMA,s  7.90° 1.60 73.2 9.25

7.71 + 0.2° 1.584+0.02 71.6+15 8.72+0.5
FAo1MAoo  6.40 1.45 71.4 6.62

6.18 & 0.3 1.41 £0.04 69.5+£2.0 6.06+ 0.6

“ The value from the champion devices. ® The average value from 20
cells.

film in comparison with the FA, {MA, o film, which benefits the
suppression of non-radiative charge recombination. Besides,
the electronic disorder of perovskite films can be quantified by
the Urbach energy (E,), which is computed by a single-
exponential fit to the PDS spectra at the absorption edge. As
a result, the FA, ,MA ¢ film has a much lower E, (23.9 meV)
compared with the FA,;MA, o counterpart (27.6 meV), indica-
tive of a lower level of energetic disorder existing in the
FAo4MA, ¢ film.*”*®* Such a lower level of energetic disorder
enables a reduction of the parasitic charge recombination,
consistent with the declining J, observed above in the
FA,..MA, ¢ device.

To demonstrate the V,. reproducibility, V,. statistical
distributions from 20 cells are also presented in Table 1. The
FAo1MA, o device exhibits an average V,. of 1.41 V with
a maximum value of 1.45 V. In contrast, the maximum V.
reaches 1.60 V in the FA, 4MA, ¢ cell with an average value of
1.58 V, which is among the highest reported V,. values for tri-
bromide perovskite devices (Table S47). In addition, we further
explore the radiative limit of Vo (Voc,rad, Namely the Vo, limit) for

View Article Online

Journal of Materials Chemistry A

Table 2 Parameters used in the calculation of non-radiative recom-
bination losses. Jsc and V. are taken from J-V curves. Jg rag and Vo rag
are calculated based on highly sensitive EQE spectra and AV, from
Voc,rad - Voc

Active layer FA( . MAy ¢ FA)1MAj o
Jse [MA cm™?] 7.90 6.40

Jorad [MA cm™?] 1.6 x 103 9.3 x 107**
Voe,rad [V] 2.01 2.01

Vo [V] measured 1.60 1.45

AVoe [V] (Voerad — Voc) 0.41 0.56

both devices and the corresponding non-radiative recombina-
tion losses (AV,.), which can be determined from eqn (2) and
(3), respectively. Here, Ji denotes the measured short-circuit
current density under one sun illumination, and o raq is the
saturation current density for radiative recombination. The
Voerad €an be obtained when the absorbed photon flux is
balanced exactly by the emitted flux under open-circuit condi-
tions. As shown in Fig. 7a, the highly sensitive EQE spectra of
both devices are derived from normalized PDS spectra
(Fig. S141) and can be adopted to compute J, .q, Where the
electroluminescence spectra extend the absorption edge into
the low-energy region to ensure calculation with sufficiently
high resolution (details in the ESI{).*** The measured and
calculated parameters used for the analysis of non-radiative
recombination losses are summarized in Table 2. Amazingly,
the Vo raa Obtained is as high as 2.01 V for both FA, ;MA, o and
FAy4 MA, ¢ devices, much higher than the value (1.30-1.33 V)
acquired for triiodide perovskite solar cells.®*> This Vo raq value
is also consistent with that (1.95 V) reported for a MAPbBr; solar

(a) (b) 4¢ (©) ~
- 35 1.04
CE : - FA( MA ¢ £1 0 A
o = FA.{MA, 4 2
2 s g
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2.0 2.2 24 2.6 0 100 200 300 400 0 50 100 150 200
Energy (eV, i Time (us
(d) ay (eV) @i Time (ns) ® (Bs)
1.6+ FA, ,MA ¢
. b 1.6
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18 1.47kTlq FhosMAgs %
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>o 1.4 7, 400 g e
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1.31 FAqMAg -200 *
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Fig. 7 (a) Highly sensitive EQE spectra (dotted line) derived from normalized PDS spectra in Fig. S14,1 where the absorption edge is extended by
the ratio of the emitted photon flux from electroluminescence to the photon flux for blackbody radiation (solid line). (b) Time-resolved PL spectra
of FAg 4MAg g and FAg 1MAg ¢ films coated on glass substrates. Normalized TPV decay (c), light intensity dependent V. (d), and Nyquist plots (e) of
FAg 4MAg ¢ and FAg1MAg o based solar cells, respectively. (f) V. statistical distributions of FAg 9MAq 1, FAg4MAg e and FAq1MAg g based devices

from 20 cells.
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cell in our previous work.*® Accordingly, the FA,;MA,, and
FA, 4sMA, ¢ devices deliver a AV,. value of 0.56 and 0.41 V,
respectively, suggesting a much lower level of non-radiative
recombination losses existing in the FAy,4;MAye stack.
Evidently, these tribromide devices suffer more from non-
radiative recombination losses than their triiodide analogues
which were reported with AV,. values of 0.1-0.2 V.**** This
comparison also means that the V,. for these devices may be
further increased if non-radiative recombination can be
remarkably suppressed even further.

kT J,
Voc.ra =—1In i+ 1) 2
¢ q (JOA,rad ( )
AVOC = Voc,rad — Voc (3)

In order to further comprehend the distinction in device
performance, the charge transport characteristics are explored
via recording the time-resolved PL spectra of both films
deposited on glass substrates, as displayed in Fig. 7b. A bi-
exponential fitting to the time-resolved PL spectra gives the
corresponding PL lifetimes (Table S5f). The FA,;MA,o film
shows an average PL lifetime of 13.5 ns, while a much longer
average PL lifetime (37.3 ns) is achieved in the case of the
FAy 4sMA, ¢ film, in agreement with trends observed in the PL
lifetime database for inkjet-printed films. The extension of PL
lifetimes in the FA, 4JMA, 6 film means better charge transport to
a large extent, contributing to a higher photocurrent in devices.
Additionally, transient photovoltage (TPV) measurements are
conducted to determine the charge recombination lifetime of
both devices, as illustrated in Fig. 7c. The normalized photo-
voltage of the FA, sMA, ¢ device decays with a long lifetime of
42.2 ps, which is almost 1.5 times that (30.4 pus) of the FAq ;MAg o
counterpart, indicating lower charge recombination losses in
the FAy 4MA, ¢ cell.®**

To gain further insight into the relationship between charge
recombination and device performance with different absorber
layers, the charge recombination mechanism is evaluated on the
basis of light intensity dependent V,,. and electrochemical imped-
ance spectroscopy (EIS). Normally, the slope of V. versus the
natural logarithm of light intensity deviating from k7/q manifests
the existence of trap-assisted charge recombination.®* As depic-
ted in Fig. 7d, the corresponding slope for FA,i;MA,o and
FA)sMA,¢ devices is determined to be 1.88kT/q and 1.47kT/q,
respectively. The smaller slope for the FA, ,MA, ¢ device suggests
a more effective suppression of charge recombination through trap
states, in good accordance with the decreased defects in the
FAy 4MA, ¢ film, thus leading to a higher V. Fig. 7e presents the
Nyquist plots from impedance spectra of both devices and the
corresponding circuit model. The FA, sMA, ¢ device has a much
larger recombination resistance (Rye.) (1285 Q) than the FA,;MA,o
counterpart (879 Q), suggesting that the charge recombination
process can be more effectively suppressed in the FA, MAje
device.*”” In general, substantially decreased charge recombina-
tion losses exist in the FA, ,MA, ¢ device in comparison with the
FA,1MAyo counterpart on the basis of TPV and light intensity
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dependent V,,. as well as EIS results, which inevitably contribute to
its better device performance.

In order to further confirm the validity of the above PL lifetime
database for novel composition screening, we employ another new
composition (FAg9MA, ;) as an example to check the achievable
Voo, given the fact that the average PL lifetime of the FA) oMA, ; film
is ranked second (26.58 ns) among all inkjet-printed samples.
According to the statistical analysis from 20 cells, the FA; gMA, 4
device yields a V. of 1.53 £ 0.02 V with a maximum value of 1.55V
(Fig. 7f). These V,, values are slightly smaller than that (1.58 & 0.02)
of the FA,,MA, ¢ device, but obviously outperform that (1.41 +
0.04) obtained for the FA,;MA, o counterpart. This result further
supports that our PL lifetime database can indeed screen out novel
tribromide perovskites for high-photovoltage solar cells. With this
we conclude that our proposed composition screening protocol
based on high throughput inkjet printing can effectively accelerate
the discovery of novel perovskite materials for device applications.

3 Conclusion

In summary, we have developed a highly efficient composition
screening protocol based on high throughput inkjet printing of
discontinuous rather than compact perovskite films with
representative and comparable properties to accelerate the
discovery of novel tribromide perovskites for high-photovoltage
solar cells. Specifically, the sequential inkjet printing of three
precursor solutions yields 30 mixed tribromide perovskite films
with similar bandgaps rapidly and automatically, where the
good control of the crystallization behaviour produces a very
close grain size for all samples. Thus, the corresponding PL
lifetime database enables us to efficiently screen and identify
novel compositions for high-photovoltage solar cells. To verify
this, two constituents of FA, ;MA, s and FA, 1 MA, o with a long
(32.36 ns) and short (0.57 ns) average PL lifetime, respectively,
are selected out of the 30 tested films as device analysis. As
anticipated, the FA, ;MA, ¢ device achieves a high V,. of 1.60 V
along with a peak PCE of 9.25%, which greatly outperform those
(1.45 V and 6.62%) acquired for the FA, ;MA, o counterpart. The
as-obtained V,. of 1.60 V is among the highest reported V.
values for tribromide perovskite devices, and more importantly,
the Vo raq is estimated to be as high as 2.01 V for both devices
for the first time. The greatly enhanced device performance
(especially V,.) can be mainly attributed to the reduced trap
states, lower level of energetic disorder and more efficient
charge transport as well as considerably decreased charge
recombination losses. In addition, the validity of the PL lifetime
database is further confirmed by a high V,,. of 1.55 V achieved in
devices based on another novel FA,oMA,; composition with
a long average PL lifetime. These results highlight that our
proposed high throughput composition screening approach
can effectively and efficiently accelerate the discovery of novel
perovskites for advanced device applications.
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