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We report highly efficient and stable inverted planar lead mixed-halide (Br, I) perovskite solar cells with a
configuration of ITO/poly(3-bromothiophene)/(FA)y(MA);_yPbBr,I3_./Ceo/BCP/Ag (FA: HC(NH,),"; MA:
CH3NH;"). We found that small changes in the composition of (FA)y(MA);_yPbBr.I;_ have big impact on
the material properties and device performance. Appropriate Br-doping enlarges MAPbBr,I3_'s bandgaps and
prolongs the life of the excited charge carrier, which leads to higher device open-circuit voltage (Voc). Replacing
“MA” with “FA” extends the absorption of (FA),(MA);_,PbBr.I3_x which compensates the Jsc loss in
MAPDBr,I3_ from Br-doping. The optimized perovskite film with a composite of FAg gMA 2PbBrg »I> g shows
a lifetime of 670 ns and a photoelectric response to 830 nm, resulting in an enhanced Jsc of 22.2 mA cm™2, a
high FF of 0.80, and an efficiency of 18.1%. In addition, the inverted device based on FAggMAq 2PbBrg 1> s
showed long-term stability with 80% efficiency remained after 4 months in a glovebox without encapsulation.
Our results demonstrate highly efficient and stable inverted planar perovskite solar cells can be achieved by
optimizing absorber material composition, which offer a reference for their applications in flexible or tandem

solar cells.

1. Introduction

The performance of perovskite solar cells (PSCs) still has large
room for further improvement considering its theoretical efficiency [1].
The optimization of perovskite film quality [2-7] and the use of
interfacial materials to enhance charge collection [8—12] have achieved
desirable effect on device efficiency [2,3,5]. Another important strategy
to improve performance is the optimization of perovskite absorber
material composition, which can be divided into two aspects, 1) Cl
[12,13] or Br [14,15] doping. As early as 2013, Sang Il Seok et al. had
demonstrated that the band-gap of MAPbX3 can be tuned via replacing
I with Br ions, which covered almost the entire visible spectrum [16].
MAPDbX,I54, (X=Cl, Br) have many advantages compared to MAPbI;
First, they show longer charge carrier diffusion length [17,18], which
can reduce charge recombination rate and enable the use of thicker
layer to absorb more light; Second, they have wider bandgaps which
increase device open-circuit voltage (Voc) [8,13,15]; third, they are
theoretically more stable than MAPbI; because of increased motivating
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factors [19]. Recent results reveal that Br-doping has greater potential
than Cl-doping because Br-doping can adjust perovskite composition in
a wider range [15], thus can tune device parameters including Voc and
Jsc in a broader extent. 2) Partially substitution of methyl ammonium
(MA: CH3NH3") by formamidinium (FA: HC(NH,)>") [20], which
extends the absorption edge to longer wavelength and thus improves
Jsc [20]. The combination of these two substitutions can balance the
Voc and Jgc of the device and has shown huge potential in regular
mesoporous PSCs [15]. An efficiency of 18.4% with a Voc of 1.11 V was
achieved in perovskite (FAPbI3)o.g5(MAPbBr3)o 15 with a device archi-
tecture of FTO/blocking-TiO,/mesoporous-TiO,:perovskite-composite
layer/perovskite upper layer/PTAA/Au [15]. Later, by fine composition
tuning, an efficiency as high as 20.8% was obtained from (FA)4/6(MA),,
6PbBrg slo 5 with a Jgc of 24.6 mA em™2, a Voc of 1.16 V, and a FF of
0.73 [21,22].

However, the applications of MAPDLXI5, or
(FA),(MA);_yPbBr,I3_, in inverted planar devices are rare, mainly
due to unfeasible formation of high quality crystalline films via solution
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process in the absence of mesoporous-TiO, scaffold [23]. Inverted
planar PSCs have many advantages compared to regular structured
ones, such as suitable for fabricating low-temperature solution-proces-
sable devices, compatible with flexible substrates and solution pro-
cessed interfacial materials [12]. Thus, it is important to develop
inverted planar PSCs using the lead mixed-bromine perovskites as the
absorber layer. In the previous work [24], some of the authors have
successfully fabricated poly(3-bromothiophene) (PBT) film as a hole-
selective layer for inverted planar PSCs. The results showed that PBT is
very compatible with perovskite precursor solution and feasible for
crystalline film formation atop it. In this work, by using PBT as the
interfacial layer, high quality Br-doped perovskite films were achieved
and inverted planar PSCs were fabricated. The effect of the composition
of FA\MA;_,PbBr,I5_ on inverted device performance was system-
atically studied and a power conversion efficiency as high as 18.1% was
achieved from perovskite with a composition of FAg gMAg >2PbBrgsl5 s.

2. Materials and methods
2.1. Materials

3-bromothiophene and BF3.Et;O were purchased from
Zhongshenghuateng Company. BF;.Et,O was purified by distillation
prior to use. Pbl,, Cgo, and BCP were purchased from Alfa Aesar and Ag
was purchased from Sigma-Aldrich. PdI,, Co and BCP were purified by
vacuum sublimation. CH3NH3I was synthesized according to the
literature [10] and recrystallized prior to use. Indium tin oxide (ITO)
coated glass substrates with a sheet resistance of 24 Q/sq were
purchased from CSG Holding Co., Ltd.

2.2. Instrumentations

UV-vis spectra were obtained with a Lambda 35 spectrophot-
ometer. The bandgaps of hole-transporting material (HTM) and
perovskite samples were determined by the absorption edge
(E=1240/A.). The work functions [the highest occupied molecular
orbital (HOMO) energy levels] of HTM and perovskite samples were
measured on an ultraviolet photoelectron spectroscopy (UPS) (Ac-2,
Riken Keiki). The lowest unoccupied molecular orbital (LUMO) of
HTM and perovskite samples were calculated from Epomo and Eg
(Erumo—Enomo=Eg). XRD patterns were performed on a Rigaku D/
max-2500 X-ray diffractometer with Cu-Ka radiation at a generator
voltage of 40 kV and a current of 100 mA. Scanning electron micro-
scope (SEM) images were measured on Hitachi S-4800 SEM micro-
scope. Fluorescence spectra of the perovskite films were recorded with
a Fluora Max-3P spectra photometer with an exciting wavelength of
466 nm. The time-resolved PL was recorded at the peak emission of
around 750 nm by a lifetime and steady state spectrometer (FLS980,
Edinburgh Instruments Ltd.) with a 470 nm laser.

2.3. Synthesis of poly(3-bromothiophene) (PBT)

PBT films were synthesized in a one-compartment cell under
computer control in a three-electrode test system according to the
reference [24,25]. ITO glass substrate (~0.38 cmx2.2 cm), platinum
wire (which was placed 0.5 cm apart from ITO) and Ag/AgCl electrode
were served as the working electrode, counter electrode, and reference
electrode, respectively. The electrolyte solution was freshly distilled
BF;.Et,O containing 30 mM biphenyl monomer. The solutions were
degassed with a stream of dry argon before electrochemical reaction
and a slight overpressure was maintained during each experiment. The
PBT films were grown at +1.40 V and the polymerization current was
1.00x10™* A and reaction time was 10 s. After polymerization, the films
were thoroughly rinsed with diethyl ether and ethanol, and then dried
under nitrogen flow.
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2.4. Preparation of the lead mixed-halide precursor solutions

The precursor solutions of MAPbBr s, (x=0.2 to 3.0) were
prepared by dissolving MABr, MAI, and PbIl, (or MABr, Pbl, and
PbBr,) in N,N-dimethylformamide (DMF) with defined stoichiometry
and concentration. The precursor solutions of (FAI),(MABr),_.Pbl,
(x=0.8, 0.6 and 0.4) were prepared by dissolving MABr, FAI, and Pbl,
in DMF with defined stoichiometry and concentration.

2.5. Device fabrication and photovoltaic characterization

Lead mixed-halide perovskite films were fabricated according to the
one-step fast deposition-crystallization procedure [10]. Lead mixed-
halide precursor solution was first spin-coated on top of PBT/ITO at
5000 rpm for 4-6 s, followed by immediate exposure to chlorobenzene
to induce crystallization, and then span at 5000 rpm for 60 s. The film
was annealed at a set temperature for 10 min before it was loaded into
a vacuum chamber for the thermal deposition of 40 nm Cgy and 10 nm
BCP. Finally, Ag (100 nm) was thermally evaporated on top of the
device to form the back contact. The current density-voltage (J-V)
curves of photovoltaic devices were obtained by a Keithley 4200 source-
measure unit with forward scanning direction from -0.2 to 1.3 V and
reverse direction from 1.3 to -0.2V at different sweep rates. The
photocurrent and device stability was measured under simulated
100 mW ecm™2 AM 1.5G irradiation using a xenon-lamp-based solar
simulator [Oriel 300W solar simulator Thermo Oriel 91160-1000]. All
the device fabrication and characterization were performed in nitrogen
filled glove box with oxygen level at about 100 ppm and water content
about 0.01 ppm.

3. Results and discussion

We first conducted a solely Br-doping of MAPbI; in order to enlarge
perovskite's bandgap and increase device Voc [26]. Fig. 1a shows the
absorption and the tauc plots of MAPbBr,I5_, with x=0, 0.2, 0.4, and
0.6. The detailed absorption spectra of MAPbBr,I5_ films as well as
their photos with x changing from 0.2 to 3.0 are given in Fig. S1 and S2.
As expected, the absorption edge gradually blue shifted with the
increase of Br content (x) and the bandgaps of MAPbBr,I5_, absorber
materials extrapolated from the tauc plots are 1.60, 1.63, 1.67, 1.70 eV
for x=0, 0.2, 0.4, 0.6, respectively. The band gap for MAPbBr; is 2.3 eV.
The HOMO energy levels of MAPbBr,I5_, obtained from the ultraviolet
photoelectron spectra (Fig. S3) varies between —5.4 eV and -5.7 eV
(Table S1).

The crystalline structure of MAPbBr,I5_, perovskite film on the
PBT/ITO/glass substrate was characterized by glancing angle X-ray
diffraction (GAXRD) and the results are shown in Fig. 1b and S4. The
main diffraction peaks of MAPbI; at 14.1°, 28.4°, 31.9° and 40.6°,
being assigned to 110, 220, 310 and 330 diffractions, gradually shifted
to higher angle (14.2°, 28.7°, 31.2° and 41.0° respectively for
MAPDBr 6L, 4) with the increase of the Br doping concentration, which
indicates the successful doping of Br into the lattice of MAPbI; and
agrees well with the variation of the bandgaps [27].

The PL peaks of MAPbBr,I5_ perovskite exhibited intrinsic fluor-
escence emission at 760 (x=0.2), 751 (x=0.4) and 727 nm (x=0.6),
which is blue-shifted with the increase of Br-doping extent (Fig. S5).
Time resolved photoluminescence (TRPL) was characterized to probe
the charge lifetime of the obtained MAPbBr, I3, (x=0.2, 0.4, 0.6)
perovskites. Fig. 1c shows the TRPL spectra recorded at their peak
emission by 470 nm laser excitation from the pristine films deposited
on nonconductive glass substrate. All the curves can be fitted with a
single exponential decay function and the lifetimes are calculated to be
41.3, 141.9, and 56.9 ns for x=0.2, x=0.4, and x=0.6, respectively. The
results demonstrate that longer charge carrier life can be achieved at
certain Br-doping degree in MAPbI; perovskites, which resembles that
of Cl-doping. The prolonged charge carrier lifetime also indicates that
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Fig. 1. a) UV-vis absorption of MAPbBr,I5_, perovskites films. Insert: Tauc plots and the linear extrapolation of the band gaps; b) XRD patterns of MAPbBr,I;_, films measured on
PBT/ITO/glass. Insert shows zoomed in (110) peaks for better comparison. The pattern of PBT/ITO/glass is also shown for reference; ¢) TRPL of MAPbBr,I;_ (x=0, 0.2, 0.4, 0.6).
Samples were deposited on nonconductive glass substrates; d) Energy levels of MAPbBrI3_, and other materials used in the inverted PSCs.

high crystalline MAPbBr,I5_, films were successfully fabricated [21].
Compared to pure MAPbBrg4I,¢ film, a clear PL quenching was
observed in MAPbBrg 41, ¢/PBT film (Fig. S4) confirming efficient
hole-transfer from MAPDbBrg4I»¢ absorber layer to PBT interfacial
layer [27]. PBT has a HOMO of -5.4 eV (Fig. 1d), matching well with
that of the MAPbBr,I3_, perovskites [27]. Therefore, it can effectively
extract hole from perovskite material and facilitates the hole-transfer to
ITO anode.

Inverted planar perovskite solar cells with a structure of ITO/PBT/
MAPDbBr,I5_+/Ceo/BCP/Ag were fabricated using previous reported
process [24]. The current density-voltage (J-V) curves of the whole
set of devices (x=0-3.0) are given in Fig. S6. With the increase of Br-
doping concentration (from x=0.2 to x=3.0), the V¢ of the devices first
increases then decreases and reaches a maximum of 1.2 V for x=2.2,
whereas the Jsc continuously decreases due to the weakening of the
light-absorption ability stemming from the narrowing of photo-absorp-
tion region (Fig. S2). The three highest efficiencies are achieved with
x=0.2, 0.4 and 0.6 and their J-V curves and external quantum efficiency
(EQE) are shown in Fig. 2a and b, respectively. The Voc, Jsc, FF, and
PCE are 1.02, 1.05, and 1.09V, 21.1, 20.7, and 19.5 mA em~2, 0.77,
0.73, and 0.65, 16.6%, 15.9%, and 13.8% for x=0.2, 0.4, and 0.6,
respectively. The Jgsc measured from the J-V curves match well with
that integrated from the EQE, which are 20.0, 19.4, and 18.8 mA cm™2
for x=0.2, 0.4, and 0.6, respectively. In consideration of the device
performance and charge carrier lifetime (Fig. 1c), MAPbBrg 41, ¢ was
selected for further device optimization [15]. The J-V curves of
MAPDBrj 41> ¢ based solar cells with the films annealed at different
temperature are shown in Fig. 2c¢ and the device parameters are
summarized in Table 1. It can be seen that with increase of the
annealing temperature, device Voc, Jsc and FF first increase and then
decrease with the highest efficiency of 17.3% observed at an annealing
temperature of 110 °C. Fig. 2d shows that its PCE values are in
agreement with that obtained from the stabilized power output near
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the maximum power point, reflecting the device performance in the
working condition more closely.

To further understand the relationship between the device perfor-
mance and film quality, SEM was conducted and the images are shown
in Fig. 3. High-quality crystalline films of MAPbI; (Fig. 3a),
MAPbBI‘()_QIQ.s (Flg ?)b), MAPbBI‘()AIgf, (Flg SC), and MAPbBI‘OﬁIgA
(Fig. 3d) were observed at the annealing temperature of 100 °C, which
ensures the rationality of device performance comparison based on
these three perovskites. When the annealing temperature increased
from 100 to 110 °C for MAPbBr 415 6, large and well connected grains
are observed without any pinholes (Fig. 3e), consistent with the device
performance improvement (Fig. 2c¢). With the temperature further
increased to 120 °C and 130 °C, pinholes and cracks appeared (Fig. 3f
and g), which explain the decline of the device performance.

Considering the relatively low Jsc of the champion cell based on
MAPDbBr, I3y, “FA” was induced to partially replace “MA” in order to
broaden the absorption spectrum into infrared region. The UV-vis
spectra of (FAI),(MABr);_(Pbl, (x=0.4, 0.6, 0.8, 1.0) are shown in
Fig. 4a. As expected, the absorption of (FAI)\(MABr);_Pbl, is
broadened with the increase of “FA” content and the onset of the
absorption for x=0.4, 0.6, 0.8, and 1.0 are 747, 788, 811 and 832 nm,
respectively.

The crystalline structure of (FAI),(MABr);_,Pbl, perovskite film on
the PBT/ITO/glass substrate was further analyzed by GAXRD and the
results are shown in Fig. 4b. The main diffraction peaks of MAPbBrI,
[(FAI),(MABr),_,Pbl,, x=0] at 14.5°, 20.3°, 24.9°, 29.0°, 32.4°, 41.3°
and 44.0°, being assigned to the 110, 112, 211, 220, 310, 330 and 224
diffractions, gradually shifted to lower angles with increase of “FA”
content and they are 13.8°, 19.7°, 24.3°, 28.1°, 31.6°, 40.2° and 42.6°
for FAPbI; [(FAD,(MABr);_Pbl,, x=1].

The gradual shift in the diffraction angle is a strong indication that a
mixed phase of (FAI)\(MABr);_.Pbl, is formed in which “FA” and
“MA” cations are both inserted in the same lattice frame [15]. The PL
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Fig. 2. a) J-V curves of the best performing MAPbBr,I3_y solar cells with different Br substitution. All the films were annealed at 100 °C; b) EQE spectrum of the devices in (a); ¢) J-V
curves of MAPbBr 415 6 solar cells with the absorber film annealed at different temperature; d) photocurrent density and PCE of the champion MAPbBrg 41, ¢ solar cell as a function of
time measured at a forward bias of 0.85 V. The cell was placed in the darkness prior to the measurement and the light was turn off for 20 s after working for 300 s. All the devices had a
configuration of ITO/PBT/MAPbBr,I;5_,/Ceo/Ag and were measured under simulated 100 mW ecm 2 AM1.5 sun light.

peaks of (FAI),(MABr);_4Pbl, perovskite exhibit intrinsic fluorescence
emission at 748 (x=0.4), 773 (x=0.6), and 796 (x=0.8) nm, which is
red-shifted with the increase of “FAI” extent and decrease of “MABr”
(Fig. S7). TRPL spectra (Fig. 4c) for these three materials were
recorded at their maximum emission and PL lifetimes for
(FAI),(MABr); «Pbl, being fitted with a single exponential decay
function are 331.6 (x=0.4), 182.2 (x=0.6), 670.0 (x=0.8), and 179.6
(x=1.0), respectively. Compared with the lifetimes of MAPbBr,I5_,,
41.3 ns for x=0.2, 141.9 ns for x=0.4, and 56.9 ns for x=0.6, the
lifetimes of (FAI),(MABr),_Pbl, are greatly improved after “FA”
substitution in Br-doped perovskites. This means excitons in the
(FAI),(MABr); ,Pbl, films can travel longer distance and more ex-
citons can reach the interfaces of perovskite/HTM and perovskite/
ETM. The long lifetime also indicates  high-quality
(FAI),(MABr);_Pbl, crystalline films were formed, which can reduce
exciton recombination and enhance charge collection. In addition, a
clear PL quenching was observed in (FAI)yg(MABr)q>Pbl>/PBT film
compared to that without PBT (Fig. S7), confirming efficient hole-
transfer from (FAI)qg(MABr).»Pbl, to PBT.

Fig. 4d shows the HOMO and LUMO energy levels of
(FAD)(MABr); _,Pbl, (x=0.4, 0.6, 0.8). Compared to MAPbBr,I5
(Fig. 1d), “FA” substitution slightly lowers the HOMOs and LUMOs

Table 1.
The annealing temperature effect on device performance of MAPbBrg 41, ¢ perovskite.

of the perovskites. With the increase of “FA” content, the bandgaps of
(FAI),(MABr);_,PbI, become narrower with the LUMO remains nearly
unchanged and the HOMOs goes up slightly. The lower LUMO
increases the gap of LUMOs between perovskite and HTM (PBT) and
could enhance the electron-blocking ability of PBT. The approaching of
the HOMO of (FAI),(MABr),_.Pbl, to that of PBT is beneficial for hole-
transfer from (FAI),(MABr),_.Pbl, to PBT.

Based on the correlation between the device performance and the
stoichiometry of MAPbBr,I3_ (MAPbBr, I35 : x=0.2, 0.4, 0.6) perovs-
kites (Fig. S6, Table S2), the device optimization of
(FAI),(MABr);_,Pbl, are focused on that with x=0.4, 0.6 and 0.8.
The results are shown in Fig. 5 and the device parameters are
summarized in Table 2. The initially annealing temperature of these
perovskite films were set at 130 °C according to the literature [15].

From Table 2, it is obvious that under the same annealing
condition, with the increase of “FAI”, the average Jsc increases from
17.4 t0 20.9 mA cm 2 and to 21.8 mA ecm~2 and the V¢ decreases from
1.07 to 1.04 and to 1.01V for x=0.4, 0.6, and 0.8, respectively. The
Voc, Jsc, FF, and PCE from their corresponding champion devices are
1.06, 1.04, and 1.02 V, 17.8, 20.9, and 22.2 mA cm 2, 0.72, 0.77, and
0.80, 13.6%, 16.7%, and 18.1% for x=0.4, 0.6, and 0.8, respectively
(Fig. 5a). This variation agrees well with the calculated Jgc from the

Perovskites” Annealing temperature (°C) Voc (V) Jsc (mA ecm™2) FF PCE (%)
MAPDBrj 4126 100 1.05( £ 0.02) 20.5(+0.6) 0.74( £ 0.04) 16.0(+0.7)
110 1.06( + 0.02) 20.7(+ 1.0) 0.76( £ 0.03) 16.5(+0.8)
Champion 1.07 20.6 0.784 17.3
120 1.05( £ 0.01) 19.9(+1.2) 0.75(£0.02) 15.6(+ 1.0)
130 1.03(+0.01) 19.3(+£1.0) 0.72(+0.03) 14.5(+1.1)

@ The thickness of the perovskite active layer is 260 + 25 nm for all devices. The average value was calculated from ~50 devices.
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Fig. 3. SEM images of MAPbBr,I;_ (x=0, 0.2, 0.4, 0.6) films annealed at different temperature. All films were deposited on PBT/ITO glass substrates. a) x=0, 100 °C; b) x=0.2, 100 °C;

¢) x=0.4, 100 °C; d) x=0.6, 100 °C; e) x=0.4, 110 °C; f) x=0.4, 120 °C; g) x=0.4, 130 °C.

EQE, 16.6, 19.3 and 20.2 mA cm™2 for the devices based on x=0.4,
x=0.6 and x=0.8, respectively, as shown in Fig. 5b. With the increase of
“FAI”, the edges of EQE curves are red-shifted from 754 (x=0.4) to 793
(x=0.6) and to 818 (x=0.8) nm, which is consistent with absorption
variation (Fig. 4a). We further changed the annealing temperature of
the best performing (FAI) g(MABr)g 2Pbl, films to 120 and 140 °C and
no device further improvement was obtained (Fig. 5¢ and Table 2).
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Thus, the champion PCE of 18.1% is achieved from
(FAI)O.g(MABI')O.QPbIQ with a Voc of 1.02 V, a JSC of 22.2 II].ACI’II_2
and a FF of 0.80. The PCE values are in agreement with that obtained
from the stabilized power output near the maximum power point,
indicating future available practical application with high performance
in the working condition, as displayed in Fig. 5d.

The hysteresis character of the champion inverted planar solar cells
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Fig. 4. a) Absorption spectra of (FAI),(MABr),_,Pbl, perovskite films; b) XRD patterns of (FAI)x(MABr);_«PbI, measured on PBT/ITO/glass; ¢) TRPL of (FAI),(MABr),_,Pbl, (x=0.8,
0.6, 0.4). Samples were deposited on nonconductive glass; d) energy levels of (FAI)x(MABr);_<Pbl, and other materials used in the inverted PSCs.
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Fig. 5. a) J-V curves of the best performing (FAI)((MABr); _«Pbl, solar cells with different FAI and MABr constitute. All the films were annealed at 130 °C. b) EQE spectrum of the
devices in (a); ¢) J-V curves of (FAI)o s(MABr), oPbI, solar cells at different annealing temperature; d) photocurrent density and PCE of the champion (FAI) s(MABr)o 2PbI, solar cell as
a function of time measured at a forward bias of 0.85 V. The cell was placed in the darkness prior to the measurement and the light was turn off for 20 s after working for 300 s. All the
devices had a configuration of ITO/PBT/(FAI)o g(MABr), »Pbl,/Cgo/Ag and were measured under simulated 100 mW em™2 AM1.5 sun light.

of (FAI)yg(MABr)y-Pbl, was tested and the J-V curves measured at
scanning rates from 100 to 500 mV/s with different scanning direction
are given in Fig. S9. No large variation of efficiency is observed at
different scanning rates (Fig. S9a) or directions (Fig. S9b), demonstrat-
ing very weak hysteresis in this device. This is believed due to balanced
electron flux (J.) and hole flux (J},) to anode and cathode [28] and is
beneficial for charge collection.

To further understand the relationship between the device perfor-
mance and film quality, SEM was conducted and the images are given
in Fig. 6. Large condensed crystalline grains with micro sizes were
observed in all films at the annealing temperature of 130 °C (Fig. 6a—
¢), which ensures the rationality of performance comparison based on
these three perovskite materials. When the annealing temperature
decreased from 130 to 120 °C for (FAI)g g(MABr)g 2Pbl,, smaller grains
are observed (Fig. 6d), and more boundaries formed, which increase
exciton recombination rate, leading to the device performance decline
(Fig. 5c). With the temperature increased to 140 °C, obvious cracks
appeared (Fig. 6f), which explains the dramatically decline of the device
performance.

To explore the stability of the inverted planar solar cell based on

Table 2.

(FAD)(MABr);_PbI, perovskites, the champion device without any
encapsulation was tested in a N»-glovebox with the oxygen about
100 ppm, water about 0.01 ppm and a temperature about 30 °C. As
shown in Fig. 7, no obvious change of the four key photovoltaic
parameters, Voc, Jsc, FF, and PCE were observed within two weeks.
We believe “FA” and “Br” doping improves the stability of the
perovskite. Partially substitution of “MA” by slightly larger “FA” gives
rise of Goldschmidt tolerance factor (t;) closer to unity and the
substitution of “I” atoms with smaller “Br” atoms leads to a reduction
of the lattice constant, which results in a transition of the perovskite
structure to a stable, compact cubic phase and improve its stability to
moisture and temperature [29].

After four months, the PCE of the device showed a 20% drop from
18.1% to 14.5% (Fig. 7d), mainly due to the decrease of FF from 0.80 to
0.70 and Jsc from 22.2 mA ecm™ to 19.8 mA em 2. This is probably due
to gradual corrosion of the perovskite absorber materials and the
electrodes due to long time exposure to trace O, and moisture in the
glovebox. We expect less efficiency drop with encapsulation.

The constitute effect on photovoltaic performance of (FAI),(MABr);_Pbl, based devices and the annealing temperature effect on (FAI)q g(MABr),2Pbl, based devices.

Perovskites” Annealing temperature (°C) Voc (V) Jsc (mA em™2) FF PCE (%)
(FATD)o.4(MABTr)g ¢PbI> 130 1.07(£0.02) 17.4(+0.8) 0.70( £ 0.08) 13.1(+1.0)
(FAI)o 4(MABI),.4PbL, 130 1.04( £ 0.02) 20.9( £ 0.9) 0.73( £ 0.05) 16.0(+1.2)
(FAI)y.8(MABr)( »Pbl, 120 0.94( +0.05) 19.9(+1.0) 0.67(+0.06) 13.5(+1.4)
130 1.01(£0.03) 21.8(+1.0) 0.76( £ 0.05) 16.9(+1.2)
Champion 1.02 22.2 0.798 18.1
140 0.97(+0.03) 18.2(+£2.0) 0.66( + 0.08) 12.0(+1.1)

2 Film thicknesses for x=0.4, 0.6, 0.8 are 250 + 30 nm, 260 + 30 nm and 260 + 35 nm, respectively. The average value was calculated from ~50 devices.
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Fig. 6. SEM micrographs of (FAI),(MABr);_Pbl, films measured on PBT/ITO glass substrates with different annealing temperature. a) x=0.8, 130 °C; b) x=0.6, 130 °C; ¢) x=0.4,

130 °C; d) x=0.8, 120 °C; e) x=0.8, 130 °C; f) x=0.8, 140 °C.
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Fig. 7. Device stability of the inverted planar perovskite solar cell of (FAI)o g(MABr), 2PbI, with a structure of ITO/PBT/(FAI)o g(MABr) 2PbI>/Cso/Ag. The test was performed in No-

glovebox (02:100 ppm, H,0: 0.01 ppm, T=30 °C) without encapsulation.
4. Conclusion

In conclusion, by using PBT as the interfacial layer, we have fabricated
efficient inverted planar perovskites solar cells and systematically studied
the effect of Br-doping and FA substitution on the device performance.
Higher Voc was realized by Br-doping and an efficiency of 17.3% with a
Voc of 1.07V was obtained from perovskite MAPbBro4los. Further

68

substitution of “MA” with “FA” lowers the perovskite bandgap which
enhances device Jsc while maintains higher V¢ from Br-doping. A
champion efficiency of 18.1% was achieved from FAggMAg>PbBrgal g
perovskite with stable power output and less hysteresis. This device exhibits
long-term stability with only 20% efficiency drop after 4 months in a
glovebox without encapsulation. Our results demonstrate highly efficient
and stable inverted planar perovskite solar cells can be realized by a
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combination of proper interfacial layer and perovskite composition opti-
mization. The high efficiency and long term stability also offer a reference
for the applications of the inverted perovskite structure in flexible and
tandem solar cells.
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