Downloaded via CORNELL UNIV on September 23, 2020 at 03:51:00 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCC

Revealing Stability of Inverted Planar MA-Free Perovskite Solar Cells
and Electric Field-Induced Phase Instability

Erjin Zheng, Zhiyin Niu, Gabriella A. Tosado, Hao Dong, Yaqoub Albrikan, and Qjuming Yu*

I: I Read Online

Article Recommendations ‘

Cite This: J. Phys. Chem. C 2020, 124, 18805-18815

ACCESS |

ABSTRACT: Hybrid organic—inorganic perovskite is one of the most 14 e —— sﬁem
9.9 q s 9 — s10-M —+— Cs15-
promising candidates to replace state-of-art silicon to fabricate low cost ] RB5Cs10-U —— Cs15-U| (IR

= oy o
solar cells. However, its instability, including intrinsic and operational tif \beE’CSW”d

[l Metrics & More | @ Supporting Information

Ll
instability, strongly hinders its real-life applications. Methylammonium g0 A S
(MA)-free, formamidinium (FA)-based perovskite doped by small A-site & 081 e
inorganic cations was developed to tackle the intrinsic instability issue, 50'6'
but the operational instability, especially against the applied electric field, 2°4]

induced by defect mediated ion migration remains a problem. In this 021
work, we fabricate two types of MA-free perovskites, Rby sCsg ;FAggsPbl; 0.0 5
and Cs sFA(sPbl;, and investigate the effect of Rb* on the device

performance and long-term stability. We find that even with incomplete

incorporation, Rb* cation can significantly improve the device perform-

ance. We reveal the defect-mediated cation and anion migration under electric field using cross-sectional secondary electron
microscopy, X-ray photoelectron spectroscopy, and time-of-flight secondary ion mass spectrometry, and identify that Rb* is more
vulnerable compared to Cs*. By simply mixing the precursor solution before spin coating, we significantly reduce the defect states in
both types of perovskite and improve the device stability against an electric field. The modified precursor solution provides the
devices with Rby(sCsy ;FAqgsPbl; and Cs,;sFAggsPbl; active layers that retain 68% and 92% of their initial PCE, respectively, over
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30 days under N, protection.

B INTRODUCTION

Methylammonium lead triiodide (MAPbI,) perovskite is one
of the most studied perovskites, and a PCE as high as 20% has
been demonstrated for single junction solar cells."® However,
MAPDI; perovskite is not an ideal option to fabricate high
performance and stable single junction perovskite solar cells
mainly due to its intrinsic moisture and thermal instability.*®
Formamidinium (FA) as another organic cation has been
applied as a replacement for MA to solve the instability issues.”
However, FAPDI; suffers from phase instability under room
temperature. It spontaneously transfers from a black photo-
active a-phase to a yellow photoinactive 6-phase at room
temperature in a few days.'’ To solve the phase instability
problem, alkaline cation such as Cs* and Rb* cations are
introduced to partially replace the large FA cation to adjust the
Goldschmidt tolerance factor.''~*° Compared with the well-
studied Cs" cation, the incorporation of Rb* in FAPbI; and the
effect of Rb* on phase stability and device performance
remains unclear. There are a few works regarding Rb-doped
MA-free perovskite solar cells and all are in the conventional
device structure.'®*°

Beyond the intrinsic phase stability problem, ion migration
induced operational degradation is another critical factor that
prevents the commercialization of perovskite solar cells.”'~*°
Ion migration has been observed in both single component
and mixed-cation/-halide perovskites, where the A-site cation
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and the X-site halide with low activation energy migrate
spontaneously or upon stimulation. Higher energy irradiance,
temperature, and electric field have been reported to trigger
the ion migration.”® Ton migration must be mediated by the
defects in the perovskite solid films, such as Schottky and
Frenkel defects and grain boundaries.”””* In order to
thoroughly prevent the degradation and meet the real-life
usage requirement, it is highly desired to fabricate MA-free
perovskites with reduced defect densities.

In this work, we purposely selected mixed Cs* and Rb* and
single Cs™ as the A-site cation dopants to fabricate two types of
MA-free perovskites, Rbj csCsy FAyssPbI; and
Csy15FAg4sPbl;, and investigated the effect of Rb* cations on
device performance and long-term stability against electric field
of inverted structured MA-free perovskite solar cells. We
investigated the ion migration under electric field, such as the
area under the electrode, and without electric field, such as the
area between electrodes, and its impact on perovskite phase
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segregation and device stability. In addition, we varied the
precursor preparation methods to effectively control the defect
densities in the resulted perovskite films, which not only
impacts the device performance but also the device stability.
This work sheds light on the development of MA-free
perovskite solar cells by reducing defects and electric field
induced ion migration.

B EXPERIMENTAL SECTION

Materials. Indium tin oxide (ITO) coated glass (sheet
resistance = 10 Q-sq”') was purchased from Colorado
Concept Coating, LLC. Poly(3,4-ethylenedioxythiophene):po-
lystyrenesulfonate (PEDOT:PSS, CLEVIOS P VP Al 4083)
was purchased from Heraeus. Lead iodide (Pbl,, for perovskite
precursor, 99.99%) was purchased from Tokyo Chemical
Industry. Formamidinium iodide (FAI) was purchased from
Greatcell Solar. Ag evaporation pellets (99.999%) were
purchased from R.D. Mathis. Dimethyl sulfoxide (DMSO,
anhydrous, > 99.9%), N,N-Dimethylformamide (DMF,
anhydrous, > 99.8%), chloroform (anhydrous, > 99%), 2-
propanol (anhydrous, 99.5%), bathocuproine (BCP, 96%),
diethyl ether (DEE, > 99.0%), Rbl (99.9%), and CsI
(99.999%) were purchased from Sigma-Aldrich. All the
materials were used as-received without further purification.

Thin Film Fabrication. Perovskite precursors were
prepared as follows: Pbl, (1.1 M) was dissolved in
DMF:DMSO 4:1 (v/v) by stirring at 80 °C for 1 h. Pbl,
(1.1 M) solution was added into RbI (1 M), CsI (1 M), and
FAI (1 M) to form RbPbl;, CsPbl,;, and FAPbI; precursor
solutions. RbPbl; and FAPDbI, solutions were stirred at room
temperature for 1 h. CsPbl; solution was stirred at 80 °C for
~3.5 min then room temperature for 1 h. Rbg(sCs,;FA( gsPbl;
and CsgsFAgsPbl; precursor solutions were prepared by
mixing the desired volumetric ratios of the above solutions.
The final precursor solution was stirred at room temperature
overnight and passed 0.45 ym PTFE filter. Glass substrates
were cut into 1.5 X 1.5 cm”® pieces, then cleaned by sonication
in soapy deionized (DI) water, DI water, acetone, and
isopropanol for 15 min each sequentially and finally treated
with 100 W oxygen plasma for 10 min. PEDOT:PSS was spin
coated onto the cleaned glass substrate at S000 rpm (ramp:
5000 rpm/s) for 60 s, followed by annealing at 150 °C for 10
min in the ambient condition. The substrates were then
transferred into a N, filled glovebox. The substrates and
precursor solution were placed on a 70 °C hot plate and the
precursors were either stirred under 500 rpm or unstirred. The
heated substrate was transferred onto the spin coater, and the
hot precursor solution was dropped onto the substrate. The
substrate was spun at 1000 rpm for 10 s (ramp: 200 rpm/s)
and 4000 rpm for 30 s (ramp: 4000 rpm/s). A 300 uL of DEE
was dropped onto the substrate at the last 10 or 15 s of the
entire process for RbgsCsg 10FAgsPbl; and Csg sFAjgsPbl;,
respectively. The substrates were annealed at 100 °C for 10
min.

Thin Film Characterization. Scanning electron micros-
copy (SEM) and energy dispersive spectroscopy (EDS) were
acquired using a FEI Sirion SEM to investigate the surface
morphology and elemental compositions of perovskite thin
films, respectively. Two-dimensional X-ray diffraction (XRD)
patterns were performed on a Bruker D8 Discover with IuS 2-
D XRD System using Cu Ka radiation (4 = 1.54184 A). Cross-
sectional SEM was performed on TFS Apreo-S without any
sample pretreatment. Ultraviolet—visible (UV—vis) absorption

spectra were collected via a Varian Cary 5000 UV—vis—NIR
spectrophotometer. Ultraviolet photoelectron spectroscopy
(UPS) measurements were performed on a Kratos AXIS
Ultra DLD spectrometer. A He discharge lamp source (Kratos)
at an excitation energy of 21.2 eV was used in combination
with a delay line detector at an electron pass energy of S eV.
The UPS spectra for Au were acquired with a step size of 0.1
eV and a dwell time of 100 ms. The high-resolution UPS
spectra and Fermi edge spectra were acquired with a step size
of 0.01 eV and a dwell time of 100 ms. X-ray photoelectron
spectroscopy (XPS) measurements were performed on a
Kratos AXIS Ultra DLD X-ray photoelectron spectrometer.
The incident X-rays were monochromatized Al Ka (KE =
1486.6 V) operated at 10 mA and 15 kV. All XPS data were
acquired at a normal photoelectron takeoff angle of 0°. The
survey spectra were acquired with a step size of 1.0 eV and a
dwell time of 100 ms at a spectrometer pass energy of 160 eV.
The high-resolution spectra were acquired with a step size of
0.1 eV and a dwell time of 425 ms for S 2p spectra and 259 ms
for C 1s spectra at a spectrometer pass energy of 40 eV. Data
analysis was performed using Kratos Vision Processing
software (ver. 2.2.8). The binding energy scale was calibrated
by assigning the lowest binding energy C 1s peak to 285.0 eV.
All samples were measured under ultrahigh vacuum of around
5 X 107 Torr. The probing depth for both UPS and XPS was
approximately 10 nm. Time-of-flight secondary ion mass
spectrometry (ToF-SIMS, ION-TOF) was applied to gain the
depth profile after the devices have been undergoing the
stability tests. A beam of Arjgy, with 10 keV (4.4 nA) was
applied for depth profiling on a raster area of 300 X 300 um”.
A Bi** primary beam (0.01 pA) was scanned over a 100 X 100
um? area. The data are normalized by the measured total ion
counts to eliminate the artifacts from a charging ion yield in
different layers.

Device Fabrication. ITO coated glass substrates with the
size of 1.5 X 1.5 cm” were cleaned following the same cleaning
procedure as glass substrates. PEDOT:PSS and perovskite
layers were fabricated as described in the thin film fabrication
section. A 60 uL drop of PCx(BM solution (15 mg/mL in
chloroform) was spin coated onto the perovskite layer at 4000
rpm (ramp: 4000 rpm/s) for 60 s without annealing. A 70 uL
drop of BCP solution (0.5 mg/mL in 2-propanol) was spin
coated onto the PC4BM layer at 4000 rpm (ramp: 4000 rpm/
s) for 60 s without annealing. The devices were finished by the
deposition of a 150 nm Ag layer at the rate of 0.2 nm/s with a
mask to a final device size of 0.0314 cm? The thermal
evaporation processes were performed in a background
vacuum less than 2 X 107 Torr.

Device Characterization. The photocurrent density—
voltage (J—V) measurements were performed in a N, filled
glovebox and recorded by a Keithley 2400 source meter from
—0.5 to 1.5 V (forward scan) or 1.5 V to —0.5 V (reverse scan)
under illumination by a 450 W oriel xenon lamp with a AM
1.5G filter solar simulator (100 mW/cm?). The light intensity
was calibrated with a standard Si photodiode equipped with
KG-S filter. The calibration diode was calibrated by the
National Renewable Energy Laboratory. The EQE spectra
were measured using a setup consisting of a xenon lamp (Oriel,
300 W) as a light source, a monochromator (Newport
Cornerstone 130), a mechanical chopper (Stanford Research
Systems Inc.) with a frequency of 200 Hz, a lock-in amplifier
(Stanford Research Corp SR830), and a NIST-certified Si
photodiode (Thorlabs FDS 100-CAL) for calibration. The
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Figure 1. (a) J-V characteristics, (b) PCE versus time at the maximum power output, and (c) normalized PCE versus time for the solar cells based
on Rb5Cs10-U, RbSCs10-M, Cs15-U, and Cs15-M perovskite active layers. (d, e) Photocurrent density versus effective voltage of the solar cells
with Rb5Cs10-U and Rb5Cs10-M active layers, respectively, by tracking the same device over 30 days.

Table 1. Average Photovoltaic Parameters of the Perovskite Solar Cells Based on Different Active Layers

active layer Joe (mA/cm?) V,. (V) FF PCE (%)

Rb5Cs10-U 17.65 + 0.72 0.93 + 0.01 0.81 + 0.01 1322 + 0.52
Rb5Cs10-M 17.00 + 1.10 0.92 + 0.02 0.74 + 0.02 11.52 + 1.10
Cs15-U 18.16 + 0.70 091 + 0.01 0.74 + 0.02 12.17 + 0.84
Cs15-M 15.04 + 0.84 0.90 + 0.02 0.67 + 0.03 9.05 + 0.68

EQE spectra were integrated over AM 1.5G photon flux to
attain photocurrent density.

B RESULTS AND DISCUSSIONS

One-step solution process of hot casting with antisolvent was
applied to fabricate Rb(sCsg10FAggsPbl; and Csg sFA  ¢sPbl;
perovskite thin films,” which are named as Rb5Cs10 and Cs15,
respectively. The perovskite films prepared using well-mixed
precursor solutions denoted as Rb5Cs10-M or Cs15-M while
those without stirring as RbSCs10-U or Cs15-U. The
perovskite solar cells were fabricated in an inverted structure
as ITO/PEDOT:PSS/Perovskite/PCc,BM/BCP/Ag, where
perovskite active layers are RbSCs10-M, RbSCs10-U, Csl15-
M, and Cs15-U, respectively.

Figure la shows the current density—voltage (J—V)
characteristics of the devices under forward and reversed
scans, and the device performance parameters are summarized
in Table 1. All devices show ignorable hysteresis. Devices
fabricated with unmixed precursor solutions exhibit better
performance than their counterparts with well-mixed precursor
solutions. RbSCs10-U devices show a Jsc of 17.65 mA/cm?, a
Voc of 0.93 V, an FF of 0.81, and a PCE of 13.22%. The
Rb5Cs10-M devices give a slightly reduced Jsc of 17.00 mA/
cm? and V¢ of 0.92 V, while a heavily reduced FF of 0.74,
which results in a reduced PCE of 11.52%. The Cs15-U and
Cs15-M devices show a similar trend, with Jgc reduced from
18.16 to 15.04 mA/cm? Vyc from 0.91 to 0.90 V, FF from
0.74 to 0.67, and in sum, PCE from 12.17 to 9.05%. The EQE
spectrum (Figure S1 of the Supporting Information, SI) of the
Rb5Cs10-M device shows a sharp cutoft around 830 nm and
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an integrated photocurrent density of 17.30 mA/cm’ The
incorporation of Rb* cation boosts up the device performance
regardless of well-mixed or unmixed precursor solutions. All
devices exhibit a good short-term stability at the maximum
power output (MPP) over 1 h measurement.

The long-term device stability was evaluated by measuring
the J—V curves every 3 days for 30 days. The devices were
stored in a N, glovebox without encapsulation in dark between
measurements. As shown in Figure 1¢, the PCEs of both Cs15-
U and Rb5Cs10-U devices drop significantly to less than 10%
of the initial values over the 30 days testing period. The Cs15-
U devices show a relatively improved stability in the first 20
days than the Rb5Cs10-U devices. The Cs15-M devices exhibit
even increased PCEs in the first 15 days with a peak PCE
about 20% higher than the initial values on the third day. The
PCE:s retain 92% of the initial values at the end of 30 days. The
RbSCs10-M devices also exhibit an initial PCE increase in the
first 3 days but a quick drop of PCE in the next 6 days and
then maintain 68% of the PCEs to the end of 30 days. The
losses of PCEs are mainly due to the decrease of Ji’s as the
Voc’s remain unchanged over the 30 days for all devices and
the FFs even increase for the Rb5Cs10-M and Cs15-M devices
(Figure S2a—c).

The reduction of Jsc is generally attributed to interfacial
degradation and/or active layer degradation, which mainly
affect the charge carrier extraction rate””>' and the charge
carrier generation and transport rate,32 respectively. We
plotted the photocurrent density versus effective voltage for
Rb5Cs10-U and Rb5Cs10-M devices by racking the same
devices in a 3-day interval for 30 days (Figure 1d,e). The
photocurrent densities reach the plateaus at a low effective
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Figure 2. (a) SEM images, (b—d) XRD patterns, and (e) UV—vis absorption spectra of RbSCs10-U and Rb5SCs10-M, and Cs15-U and RbSCs10-
M thin films on glass/PEDOT:PSS substrates that are freshly prepared and after stored in dark under N, protection for 30 days. Scale bars are 5 ym

and 500 nm for the low and high magnification images, respectively.

voltage of 0.1—0.2 V, suggesting that charge carriers are swept
out efficiently and interfacial charge extraction is not a limiting
factor of the device performance.”® In addition, the plateau
effective voltage, at which the photocurrent densities reach the
plateaus, does not change over the storage time, indicating that
the reduction of Jgc is not caused by the interfacial
degradation. The Rb5Cs10-U device exhibits a decreased
plateau current density at high effective voltage over the 30
days testing, indicating that the charge carrier generation rate
in the active layer is the reason for the device degradation. In
contrast, the plateau current density of the RbSCs10-M device
decreases in the first 9 days and then maintains almost the
same in the following 21 days, suggesting that the charge
generation rate is maintained at the similar level. Similarly,
both Cs15-U and Cs15-M devices exhibit the constant plateau
effective voltage of 0.1—0.2 V over the 30 days, while the
plateau current density of Cs15-U significantly decreases and
that of Csl15-M remains constant (Figure S2d,e). The
decreased plateau current density again indicates the reduced
charge generation rate in the active layer.

To fully understand the impacts of mixed Rb* and Cs*
cation versus single Cs" cation doping in the A-site of FAPbI,
as well as the precursor preparation methods on MA-free
device performance and stability, we characterized freshly
made and aged thin films as well as the active layers after
device stability tests. SEM images (Figure 2a), XRD patterns
(Figure 2b—d), and UV—vis spectra (Figure 2e) show that
there are no significant differences in film morphology,
crystalline phase, and optical band gap for RbSCs10-U and
Rb5Cs10-M films or Cs15-U and Cs15-M films. However,
differences are observed for perovskites with or without Rb.
White rods present on both RbSCs10-U and Rb5Cs10-M films
but not on Cs15-U and Cs15-M films (Figure 2a). The energy
dispersive spectroscopy (EDS) of the RbSCs10-U thin film
shows the white rod regions have higher amount of Cs and Rb,
especially Rb, while less FA content (indicated by element N)
compared to these element contents in the background regions
(Figure S3 and Table S1). Giving the same total 15%
substitutional quantity of small cations for FA cations and
the smaller radius of Rb* (1.52 A) than Cs* (1.67 A), the
(110) peak of a RbSCs10 thin film should appear at the higher
diffraction angle than that of a Cs1S thin film if all small
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cations are integrated into the perovskite lattice. However,
Figure 2c shows that the (110) peaks of the RbSCs10 thin
films are at 13.94° compared to 14.00° for the Cs1$ thin films,
indicating that less Cs" and Rb" cations are integrated into the
perovskite lattices."" In addition, two extra peaks, correspond-
ing to the 5-phase Rb/CsPbl;,'******* present at 10.04° and
13.22° for the Rb5Cs10-U thin film and at 10.02° and 13.18°
for the RbSCs10-M thin film (Figure 2d). The EDS and XRD
results indicate that the white rods could be enriched 5-phase
Rb/CsPbl; segregated from the RbSCsl0 perovskites. The
UV—vis spectra show that the absorption cutoffs of RbSCs10
perovskite thin films are around 832 nm, exhibiting an obvious
red shift comparing with the cutoffs around 821 nm for Cs1$
thin films, which is attributed to the less incorporation of small
Cs* and Rb" cations in the perovskite lattice.”*® The SEM,
EDS, XRD, and UV—vis results reveal that Rb* cation is less
effectively integrated into the FAPbI, lattice than Cs* cation
and codoping Rb* with Cs* could even induce the segregation
of Cs* cation along with Rb" cation, forming mixed J-phase
Rb/CsPbl; white rods on the RbSCs10 films.

To rule out the effect of mixed Rb" and Cs"* cation doping
and single Cs® cation doping on FAPbI; perovskite phase
stability, we conducted SEM, XRD, and UV—vis s experiments
after storing all four thin films under N, protection in dark for
30 days. SEM images show white crumbs present on the aged
Rb5Cs10-U perovskite grains, which is similar to the feature
reported previously,”” while no obvious morphology changes
for the other three films. XRD patterns show a 0.02° down-
shift of the (110) peak for all films, indicating a slight
segregation of small cations upon storage. In addition, the peak
corresponding to the oJ-phase Rb/CsPbl; also shifts from
10.04° to 9.92° and from 10.02° to 9.94° for the RbSCs10-U
and RbSCs10-M film, respectively, indicating that more Cs*
cations segregate out of the RbSCs10-U film than the
Rb5Cs10-M film because the lattice parameter of CsPblj; is
larger than RbPbI;. There are no obvious differences at the
absorption edges for all thin films after storage (Figure 2e).
The aging results indicate that single Cs* cation doped Cs15
perovskites are stable regardless how the precursor solutions
were prepared. In contrast, the phase stability of mixed Rb*
and Cs* cation doped RbSCs10 perovskites is influenced by
the means that the precursor solutions were prepared. A well-
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mixed precursor solution leads to a more stable RbSCs10
perovskite while an unmixed precursor solution results in more
segregation of small cations.

We investigated the band structures of these four perovskites
using ultraviolet photoelectron spectroscopy (UPS) (Figure
S4) and determined their valence band maxima (VBM) and
Fermi levels (Table S2). The conduction band minima (CBM)
were calculated by adding the optical band gaps to the VBM.
Figure 3a shows the derived energy level diagram of four
perovskite films along with the transport layer and electrode
materials. Both Rb5Cs10-U and Cs15-U perovskites show a
strong n-type semiconductor feature with the Fermi levels 0.52
and 0.54 eV above the middle band gap, respectively, while
both RbSCs10-M and Cs15-M perovskites show a weak n-type
feature with the Fermi levels 0.2 eV above the middle band
gap. Previous studies of MAPbI; perovskite show that I”
vacancy (V;), MA* and Pb** interstitial sites (MA; and Pb;),
cation substitution (Pby,), and antisite substitution (MA; and
Pb;) can cause n-type doping.”” Except the interstitial site Pb;
and antisite substitution Pb; causing deep level traps, all others
make shallow level traps and the formation energy of these
point defects is low. Experiments have demonstrated that
MAPDI; can be tuned from p-type to n-type by adjusting the
MAI and Pbl, concentration ratio or creating Pb*" rich and
MA" and I" deficiency through thermal annealing to remove
MAL*® MAPbI; was heavily n-doped with a high electron
concentration of 2.8 X 107 cm™ even with the stoichiometric
ratio. At room temperature, the MA" interstitial defect has the
highest concentration of 1 X 10" cm™ and the I” vacant
defect concentration is about 5 orders of magnitude lower.”
The n-type doping level difference of our perovskite films
could be related to the formation of point defects in making
Rb5Cs10-U and Cs15-U perovskite films and RbSCs10-M and
Cs15-M perovskite films because the only difference is that the
precursor solutions were magnetically stirred or not prior to
spin coating. As illustrated in Figure 3b, in the unmixed
precursor solution, Pbl, octahedrons are most surrounded by
Rb" and Cs* cations due to their high affinity to Pbl,. In
contrast, in the well-mixed precursor solution, PbI, octahe-
drons are surrounded by more homogeneously distributed
DMSO and DMF solvent molecules. The Pbl,-DMSO
intermediates were formed after the antisolvent DEE washes
off the majority of DMSO and DMF solvent molecules and the
perovskite structure with corner-sharing octahedrons was
formed by extracting DMSO molecules and diffusion of A-
site cations during thermal annealing.*”*' For Rb5Cs10-U and
Cs15-U samples, Rb* and Cs* cations have partially filled the
spaces between the PbL,-DMSO intermediates, and some Rb*
and Cs" cations are trapped in the interstitial A-sites after
annealing, resulting in more defects and strong n-type
perovskites. For Rb5SCs10-M and Cs15-M samples, DMSO
molecules slow down the interdiffusion process and crystal-
lization, resulting in less defects, and thus weak n-doping. The
UPS results reveal that both RbSCs10-U and Cs15-U
perovskites are stronger n-doped than RbSCs10-M and
Cs15-M perovskites, which could be attributed to more A-
site interstitials in perovskite films made by unmixed precursor
solutions. The heavily n-doping and possible higher electron
concentration in RbSCs10-U and Cs15-U perovskites yield the
better device performance, especially larger J’s for RbSCs10-
U and Cs15-U devices (Figure 1a and Table 1).

Since codoping Rb" with Cs" induced more phase
segregation and PCE decrease over time, we further

characterized the perovskite active layers after the Rb5Cs10-
M and Rb5Cs10-U devices have been tested in a 3-day interval
for 30 days. Figure 4a shows the photographs of the front-side
(Ag electrode) and back-side (glass/ITO) of the RbSCs10-M
devices after 30 days testing. The back-side photograph shows
black color in the entire active layer film, indicating that
Rb5Cs10-M perovskite is photoactive a-phase. We took the
cross-sectional SEM images specifically in the areas under an
Ag electrode (Figure 4b) and between Ag electrodes (Figure
4c). The SEM images show that the RbSCs10-M perovskite
thin films have a thickness of approximately 700 nm with nice
polycrystalline structures and clear grain boundaries in both
areas. We also acquired the XRD patterns in these two areas
(Figures 4d—f). There are no obvious differences in the overall
XRD patterns except some peak intensity changes and an Ag
diffraction peak centered at 38.12° in the XRD pattern taken
under the Ag electrode (Figure 4e). However, some changes
are observed in the zoom-in low angle region and the (110)
peak. Figure 4d shows a tiny §-phase FAPbI; peak centered at
11.76° in the XRD pattern taken under the Ag electrode but
not present between electrodes. Figure 4f shows that the (110)
peak in the XRD pattern taken from the area between
electrodes still maintains a single peak of a-phase, while it
slightly splits into two peaks collected under the electrode with
one peak corresponding to FAPbI;-rich phase while another
corresponding to more Rb* and Cs* in FAPbI;.** Even the
single peak from the area between electrodes also shifts slightly
to the low angle centered at 13.92° compared to 13.94° for the
film that has been stored in a N, glovebox for 30 days (Figure
2c). The XRD results indicate that phase segregation occurs in
the Rb5Cs10-M active layer, especially under the Ag electrode
during the course of device testing. The emerging S-phase
FAPDI, in the active layer under the Ag electrode could be due
to the phase transition of small clusters of pure a-phase FAPbI,
that are formed in the Rb5Cs10-M film.

A dramatically visual difference is shown by photographs in
Figure 4g. Devices containing the RbS5Cs10-U active layer
show a see-through photograph taken from the glass/ITO side
after 30 days testing. The RbS5Cs10-U active layer turns to
yellow under the Ag electrodes, making the electrodes visible
from the back-side. However, the Rb5Cs10-U active layer
between electrodes remains black. The cross-sectional SEM
image taken under the electrode shows pinholes in grains and
blurry grain boundaries (Figure 4h), in comparison to dense
grains and clear grain boundaries exhibited in the SEM image
between Ag electrodes (Figure 4i). The overall XRD patterns
in Figure 4k show the coexistence of photoactive a-phase and
photoinactive d-phase perovskites in the active layer under the
electrode, while mainly photoactive a-phase perovskite in the
active layer between electrodes. Much stronger 6-phase FAPbI;
peak at 11.76° exhibits in the active layer under the electrode
than between electrodes (Figure 4j). The a-phase (110) peak
of the Rb5Cs10-U active layer under the electrode splits into
two peaks, centered at 13.86° and 14.02° (Figure 41),
corresponding to pure a-phase FAPbI; and the a-phase
FAPbI, with highly incorporated Rb* and Cs* cations.”* The
content of Rb* and Cs" cations is even higher than the freshly
made films because the (110) peak is shifted to 14.02°
compared to the location at 13.94°. The SEM images and XRD
patterns indicate a material loss and phase segregation in the
Rb5Cs10-U active layer under the electrode. The relatively
pure a-phase FAPbI; small crystals transferred to the yellow
photoinactive J-phase under the electrode over time.
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Figure S. (a) Schematic illustration of the regions where XPS and ToF-SIMS experiments were performed indicated by blue and red, respectively.
(b) Atomic ratio of I to Ag determined by XPS measured at the peel-off Ag electrodes from the RbSCs10-M and RbSCs10-U devices after testing
for 30 days. (c) The Rb to FA and (d) Cs to FA content ratio profiles determined by ToF-SIMS for the RbSCs10-M and Rb5Cs10-U devices in the

regions between electrodes and under the electrode.

Apparently, ions must migrate in this process. The Cs15-M
and Cs15-U devices show the similar visual pictures as the
Rb5Cs10-M and Rb5Cs10-U devices after testing for 30 days,
and their XRD patterns are shown in Figure S5 and discussed
in the SL

To find the evidence of ion migration, we first characterized
the chemical components of the Ag electrodes at the side
touching the electron transport layer (ETL). The Ag
electrodes were carefully peeled off and the survey and high-
resolution XPS scans (Figure S6) were taken at the Ag
electrode side contacting the ETL as illustrated in Figure Sa.
The survey scans (Figure S6a,d) show iodine signal on the Ag
electrode but no Rb and Cs signals. The core level spectra of I
3d and Ag 3d (Figures S6b,c,e,f) show the binding energy of
619.2 and 3682 eV for I 3ds;, and Ag 3d),, respectively,
corresponding to I” in Agl compound and Ag” in the hybrid of
Agl and Ag.” The I:Ag atomic ratios on the Ag electrodes
were calculated by integrating the peak areas of Ag 3d and I 3d
in the survey scans. More than the twice of the I:Ag atomic
ratio was found on the Ag electrode from the RbS5Cs10-U
device compared to the RbSCs10-M device (Figure Sb).
Forming Agl in the Ag electrode due to iodide ion migration
have been reported in previous studies.””~** The higher I:Ag
atomic ratio on the Ag electrode from the Rb5Cs10-U device
and the strong n-type doping of RbSCs10-U films shown by
the UPS results demonstrate that more halide vacancies exist in
the RbSCs10-U film than in the Rb5SCs10-M film. We further
used ToF-SIMS to characterize the elemental depth profiles in
the regions under the electrode and between electrodes for
both RbSCs10-U and RbSCs10-M devices (Figure S8). The
Rb:FA and Cs:FA cation ratio profiles are shown in Figure

18811

5¢,d, respectively. Clearly, Rb* cations show a strong diffusion
direction toward the PEDOT:PSS and ITO layers. The Rb
content in the RbSCs10-U active layer is less than that in the
RbSCs10-M active layer because more Rb" cations have
diffused into the PEDOT:PSS and ITO layers. For both
Rb5Cs10-U and Rb5Cs10-M active layers, more Rb present in
the PEDOT:PSS and ITO layers in the region under the
electrodes. Similarly, Cs* cations also diffuse toward the
PEDOT:PSS and ITO layers, leaving a Cs depletion zone in
the active layer close to the ETLs. The RbSCs10-U active layer
has a lower Cs content than the Rb5Cs10-M active layer. The
Cs content is lower in the regions under the electrodes,
especially for the RbSCs10-U active layer. The XPS and ToF-
SIMS results show that after testing the devices in a 3-day
interval for 30 days, iodide anions present in the Ag electrodes
while Rb* and Cs* cations in the PEODT:PSS and ITO layers,
the consequence of anion and cation migration in the opposite
directions. The applied external electric field accelerates these
ion migrations and the active layer, prepared with the unmixed
precursor solutions, exhibit more serious Rb* and Cs* cation
and I” anion deficiency in the active layer.

The comprehensive characterizations of both stand-alone
perovskite films and the perovskite active layers in the inverted
structured devices allow us to understand the device
performance and the stability related to the mixed Rb* and
Cs* and single Cs" cation doping as well as the precursor
solution preparation methods induced defects in
Rby 0sCsg.10FAggsPbl; and Cs, FAgsPbl; perovskites. The
device performances were significantly improved by replacing
5% of Cs* cation in Csy;sFAygPbl; with Rb" forming
RbysCso10FA¢ssPbl;, even though Rb* cations were not

https://dx.doi.org/10.1021/acs.jpcc.0c05357
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Figure 6. Schematic illustration of ion migration in the perovskite film under (a) negative effective electric filed and (b) positive electric field.
Effective electric field applied on the perovskite active layer following the testing sequence: (c) under dark without external bias, and under
illumination with (d) —0.5 V reverse external bias, (e) V. forward external bias, and (f) +1.5 V forward external bias.

completely integrated into the perovskite lattice and Rb/
CsPbl; phase was observed on the perovskite surface. The
improved device performance of RbgsCsg 0FAqgsPbl; than
Csy1sFA(gsPbl; was also observed in the conventional
structured devices and the white segregation of Rb/CsPbl;
phase presented on the RbysCsg10FAgssPbl; thin film.** The
difficulty to integrate Rb* cation into perovskites lattices has
been reported in a variety perovskites from MAPbI;, FAPbI,,
and MA/FAPbI, to MA/FAPb(I/Br); with single Rb* cation
or mixed Rb* and Cs* cation.®72**~*® Nonetheless, even a
small amount of Rb" integration can increase charge carrier
mobility and slow down charge recombination,'®***” which
could also be the underline factors improving the device
performance of our Rb5Cs10-M and Rb5Cs10-U devices. The
better device performance of the RbSCs10-U and Cs15-U
devices than the RbSCs10-M and Cs15-M devices benefits
from the heavily n-doping of these perovskites, which increases
electron carrier concentration, improves the charge carrier
transport, and eventually enhances the Jsc and FFE.*® It has also
been reported that the benign defects in the perovskite could
improve the performance by aggregating at the perovskite/
transport layer interface and heal the deep defects, therefore,
improve the charge carrier collection.*’

Even though both Rb* cation incorporation and benign
defects in the perovskites make the positive impacts on the
initial device performance, they cause the long-term instability
of the devices due to ion migration under electric field. The n-
type doping nature of these perovskites means the presence of
many types of point defects, particularly, halide vacancies and
Assite cation interstitial sites as illustrated in Figure 6a,b. Other
types of defect such as A-site vacancy and grain boundary

defects may also exist in the perovskite and serve as the cation
migration channels. The effective voltage (V.g) is the actual
voltage applied to the active layer involving both built-in
internal electric field and applied external voltage. When the
device is in the dark with no applied external voltage, the active
layer experienced a built-in internal field (Figure 6¢). When we
conducted the stability test in a 3-day interval for 30 days, the
devices were always swapped from —0.5 to 1.5 V. The effective
voltage is even stronger under an applied reverse external bias
(0.5 to <0 V, Figure 6d). In both cases, as illustrated in
Figure 6a, I" anions move toward the Ag electrode side
mediated by the halide vacancies, and interstitial (even some
A-site) small Cs*, and especially Rb* cations mi§rate toward
the ITO electrode side via different path ways,” while large
FA" cations mainly remain in their positions because of the
hydrogen bonding with iodide atoms. When the applied
external voltage is equal to V,, the effective voltage is equal to
zero, no ion migrations occurs but this is a very short period.
When the device is under a forward external bias (0—1.5 V,
Figure 6f), the effective voltage applied to the active layer is
reversed. Consequently, Rb" and Cs* cations and I” anions
migrate in the opposite directions as illustrated in Figure 6b.
Since the devices were stored in the dark during the course of
30 days testing, the active layers were experienced a constant
built-in voltage, which drives the slow migration of Rb* and
Cs* cations toward the ITO electrode side and I” anions
toward the Ag electrode side and they even diffuse through the
transport layers and are permanently captured in electrodes.
Therefore, after 30 days device testing, the iodide element is
testable in the Ag electrode by XPS and enriched Rb and Cs
elements in the ITO side shown by ToF-SIMS. In contrast, in
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the conventional structured devices, the migrated cations and
anions accumulate at the HTL/perovskite and ETL/perovskite
interfaces. Under illumination and open circuit voltage, light
induced self-pooling makes ions redistribution in the active
layer, which has been attributed to the origin of hysteresis.*’
The losses of materials in the active layer under dark and
reverse applied external voltage create more defects, which
facilitates ion migration under the applied higher forward
external bias. Consequently, small clusters with relative pure a-
phase FAPbI; are formed in the active layer, which are easily
transferred to the thermodynamically more stable S-phase
FAPDbI; under room temperature. To further confirm our
hypothesis regarding the effect of electric field on the device
stability, we also performed the stability test on the Rb5Cs10-
U device with longer testing intervals, 15 days and 30 days
(Figure S7). The PCEs at the 30 days retain 20% and over 40%
of the initial PCEs for the devices tested in a 15-day and 30-
day interval, respectively, while the PCE is below 10% of the
initial PCE for the devices tested in a 3-day interval. The
reduced PCEs are again mainly due to the decrease of Jc's.
These results confirm that the electric field plays a crucial role
in the ion migration process. The better PCEs after 30 days for
the devices tested in longer intervals might also be due to the
less light exposure. The reduction of PCEs for longer testing
intervals, especially the interval of 30 days, indicates that the
built-in internal electric field can cause ion migrations. In the
inverted structured devices, the migrated small inorganic
cations and halide anions are captured in electrodes, creating
more defects in perovskite. A frequently applied electric field
accelerates phase segregation, creating small clusters of pure a-
phase FAPDbI;, which transfers to photoinactive OJ-phase
FAPDI; under room temperature, and finally resulting in the
degradation of device. We should point out that the reported
long-term device stability based on MA-free
Rby 05Csg.10FA( 3sPbl; perovskite was achieved in the conven-
tional structured device and the device was tracking under
continuous maximum power point, at which the applied
voltage is close to V. and thus, ion migration is physically
suppressed.”’ The further improved stability by applying
PMMA in both HTL/perovskite and ETL/perovskite inter-
faces could be due to the mitigation of ion diffusion into
transport layers.

B CONCLUSIONS

In summary, we prepared two types of MA-free perovskite,
Rby 05sCsg.10FAggsPbl; and Csg sFAggsPbls, and investigated
the effect of Rb* on the device performance and long-term
device stability against electric field. We demonstrated that the
incorporation of Rb* cation in the perovskite lattice was
incomplete, but it improved the device performance even
though reduced the long-term device stability. We revealed
that the degradation of the inverted structured devices was due
to phase segregation caused by ion migration under electric
field and the losses of I" anions and Rb* and Cs* cations
captured by the electrodes. We showed that by stirring the
precursor solution prior to spin coating, the defect density in
the perovskite was significantly reduced and the device long-
term stability was improved. The stabilized
Rbyg5sCsp.10FAssPbl; and CsgsFA¢Pbl; devices retained
68% and 92% of the initial PCE, respectively, after 30 days
under N, protection. Our work elucidates that codoping Rb*
with Cs* cation is still promising for FAPbI; but ion migration
under electric field needs to be suppressed. Our work also
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reveals that mixing precursor solution prior to spin coating is
one of the accessible methods to reduce the defect densities,
therefore the ion migration in the perovskite solar cells. Our
work sheds light on the solution of the operational instability
of perovskite solar cells and paves the pathway for their
industrialization.
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collected from the thin film background and while rod
region along with the corresponding element molar
percentage in the RbSCs10-U perovskite thin film; UPS
spectra of Rb5SCs10-U and Rb5Cs10-M, and Cs15-U
and Csl15-M thin films; work function, valence band
maximum, optical band gap, and conduction band
minimum of four MA-free perovskites; XRD patterns
taken from the areas between Ag electrodes and under
the electrode of the solar cells with Cs15-M and Cs15-U
active layers; survey and high-resolution Ag 3d and I 3d
XPS spectra of Rb5Cs10-U and Rb5Cs10-M; normal-
ized ToF-SIMS profiles of Rb, Cs, FA, Pb, and Na
elements acquired from the areas under the electrodes
and between electrodes of the solar cells tested for 30
days with RbSCs10-U and Rb5Cs10-M active layers;
and normalized PCE, Jsc, V¢, and FF of solar cells with
a Rb5Cs10-U active layer stored in N, filled glovebox
under room temperature for 30 days with the testing
intervals of 3, 15, and 30 days for the first 30 days (PDF)
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