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ABSTRACT

Since ion migration and interaction with the external contacts has been regarded as one of
origins for photocurrent density (J)-voltage (V) hysteresis and phase segregation in
perovskite solar cells (PSCs) under operational condition, control of ionic movement in
organic-inorganic halide perovskite presents a big challenge for achieving hysteresis-free and
stable PSCs. As a universal method, potassium doping proposed to bulk perovskite film to
minimize or eliminate the hysteresis[1]. Here, we report direct observation of moderately
retarded ion migration in K'-doped (FAPDbI3)o.875(CsPbBr3)o.12s perovskite by in-situ
photoluminescence (PL) imaging. However, more impressive is the effect on the kinetics for
generation of the ionic double layer at the vicinity of the contacts as it is reduced by two
orders of magnitude in the time scale when devices are doped with K as detected by
impedance spectroscopy. A significantly reduced hysteresis in K'-doped perovskite is
responsible for more prolonged stability exhibiting ~96% of initial power conversion
efficiency (PCE) after 22 days than relatively short-lived perovskite undoped with K" ion.
This work highlights the clear correlation of ion migration and a fast generation of the double
layer close to the contacts with severe hysteresis and long-term instability in PSCs and the
importance of K* ion in reducing the kinetics affecting the ionic attachment to the contact

surface.
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INTRODUCTION

Since the advent of a solid-state perovskite solar cell (PSC) with a power conversion
efficiency (PCE) of 9.7% and 500 h-long-term-stability in 2012 [2], following two seed
reports on perovskite-sanitized solar cells in 2009 and 2011 [3,4], perovskite photovoltaics
have been burgeoned. As a result, a PCE as high as 23.7% was authorized by Newport Corp.

as a proxy for National Renewable Energy Laboratory [5]. Although superb efficiency has



been achieved from PSCs, an issue, however, such as mismatch of current density (J)-voltage
(V) curves depending on scan directions, termed J-V hysteresis, has been critically debated
since 2014 [6] because the hysteresis could accelerate instability of PSCs [7]. The underlying
factors affecting the J-V hysteresis include ferroelectric behavior associated with dipole
orientation [8-10], native defects of perovskite [11-13], and accumulation of charged species
at interfaces due to ion migration [14-18]. Methodologies to suppress the hysteresis have
been proposed via enhancing charge transfer process at interfacial contacts [19-21], reduction
or passivation of defects [19, 22-25] or preventing ions from migration by grain boundary
passivation [26-30]. Heretofore, intrinsic defects of perovskite materials and interfaces have
been suggested to play more critical role in the hysteresis for the highly efficient PSCs with
substantially reduced hysteresis reported recently. Nevertheless, complete removal of the
hysteresis is hard to be accomplished under continuous solar cell operating condition because
slow ion conduction is intrinsic characteristics of organic-inorganic lead halide perovskite
[31-33]. Recently, instead of indirect approaches such as interface passivation or
compositional engineering, direct control of the ionic movement is considered to be more
important because phase segregation and/or degradation in cation and/or anion mixed
perovskite might be expected under operational condition [7, 34-38]. Therefore, a promising
way to control the ionic movement effectively in bulk perovskite layer is essential for
developing commercially available high-efficiency and long-term-stable PSCs. It was
reported that a small amount of rubidium cation in the Cs/MA/FA mixed perovskite could
improve PCE and photostability of PSCs [39]. In addition, a small amount of potassium ion
was found to improve PCE in MAPDI3; based PSCs [40]. Micro-mole scale potassium ion
with respect to one mole of perovskite was first reported to have universal effect on reducing

or eliminating the J-V hysteresis regardless of perovskite composition, which was explained
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by prevention of Frenkel defects in bulk perovskite due to potassium ions stabilized in
interstitial octahedral vacancies [1]. Stranks and coworkers have shown that potassium
inhibits transient photoinduced ion-migration processes and prevents halide segregation both
eventually reducing hysteresis in solar cells and improving stability [41]. Alternatively,
Segawa and coworkers showed that a slight change in band positions, as measured by

photoelectron spectroscopy, minimizes charge accumulation at the TiO2 interface [42].

The ionic double layer is the structure that appears on the surface of a material when exposed
to a liquid-like material. We have reported previously that under the presence of an electrical
field hybrid perovskite materials behave like a liquid leading to ionic migration (i.e. ref 66
and Almora et al. Appl. Phys. Lett. 2016, 108, 043903). These ions accumulate at the external
contact and form a double layer like in classic liquid electrochemistry. Observation of less- or
non-hysteric behavior complemented by the use of different physical techniques. However,
the precise formation kinetics of the double layer has not been reported in the presence of K*
in operating devices that explains why potassium ion suppressed the hysteresis and ion
migration. In this study, we show direct evidence that non-hysteric behavior is attributed to
the kinetic stabilization of the ionic double layer in the perovskite at the interface with the
external contacts. Perovskite/external contacts are studied by advanced impedance
spectroscopy (IS) and electroabsorption (EA) spectroscopy. Alternatively, the ion migration
in bulk perovskite is studied by in-situ photoluminescence (PL) imaging and calculation of
the ion mobility shows that the effect of the K doping only moderately decrease the ion
mobility. Correlation between the stabilization of the ionic double layer and reduced supply
of ions at the interfaces enables the achievement of hysteresis-free devices with increased

stability.



RESULTS AND DISCUSSION

To investigate the effect of potassium ion dopant in (FAPbI3)0.875(CsPbBr3)o.125, mesoscopic
normal PSCs were prepared including mesoporous TiO2 (m-TiO2) and spiro-MeOTAD
(2,2°,7,7-tetrakis-(N,N-di-4-methoxyphenylamino)-9,9’-spirobifluorene) as shown in inset of
Fig. 1A. Forward and reverse scanned J-V curves are measured depending on scan rate to
understand the scan rate dependent hysteresis. Fig. 1A and 1B show J-V curves for the
undoped and K'-doped (FAPbI3)0.875(CsPbBr3)o.12s measured at scan rate of 13 mV/s, where
forward-reverse scan is repeated with 5 cycles. Faster scan rates of 130 mV/s and 13,000
mV/s are also performed (Fig. S1). Photovoltaic properties depending on scan rate are listed
in Table S1, where device structure is FTO/bl-TiO2/mp-TiOz2/perovskite/spiro-MeOTAD/Au
(bl in bI-TiO2 stands for blocking layer). Control devices without K" doping show severe
hysteric behavior and J-V hysteric structure depends on scan rate, whereas almost no hysteric
property is observed upon K doping regardless of scan rate. At very fast scan rate of 13000
mV/s, the control device shows small hysteresis that is unchanged on number of cycles (Fig.
S1A). When scan rate is reduced to 130 mV/s, hysteresis is pronounced but still invariable
with cycles (Fig. S1B). As compared to scan rate of 130 — 13000 mV/s, a large hysteresis is
observed along with its strong dependence on repeating cycle at lower scan rate of 13 mV/s
as shown in Fig. 1A. It is noted that the starting point (bias voltage showing difference in
current between reverse and forward scan) from which hysteresis emerges is gradually
decreased as the scan rate is decreased from 13000 mV/s to 130 mV/s and to 13 mV/s. These
series of changes in hysteresis phenomenon with different scan rate and a huge change in J-V
curves at slow scan rate are expected to be caused by the ion movement as discussed later.

Thus, negligible hysteresis for the K*-doped perovskite regardless of scan rate and scanning



cycles (Fig. 1B, Fig. S1C and S1D). In order to rule out possible contributions of the Li"
additive used in spiro-MeOTAD and external contact layer which can role like pathway of
ions, as Li" ion has been reported to migrate through the bulk of the perovskite layer [43, 44]
and I' ion migrate through spiro- MeOTAD layer [45], more simple configurations
(FTO/perovskite/Au) confirm the hysteresis suppression as shown in Fig. S2. The movement
of ion species can lead to formation of dipoles at the external interfaces and thereby
modification in built-in potential [14, 30], which might correlate with hysteresis. This
dynamic nature can be further probed by EA spectroscopy as it is known to be a noninvasive
method to determine the built-in potential in solar cells as those induced by interfacial dipoles
[16, 46, 47]. Fig. S3 shows the change in the DC voltage dependent EA signal (AR/R) of
PSCs employing perovskite without and with K* doping measured at photon energy of 1.63
eV under reverse and forward directions, respectively. Briefly, EA signal (AR/R), i.e. the
change in the intensity of the reflected probe light in response to the external electric field
modulation, vanishes when the external DC voltage compensates the built-in potential [48-
50]. The characterized built-in potential reflects the influence of the accumulated ions at the
opposite interfaces, i.e. perovskite/ETL or HTL [16]. For the control device, a built-in
potential is established at Viorwara=1.00+£0.05 V for forward direction and at Vreverse=1.15+0.05
V for reverse direction. It is clear that the hysteresis behavior is observed during the EA
measurement. However, for the device with K'-doped perovskite, built-in potential is
estimated to be almost identical regardless of scan direction (Vforwara=1.15+0.05 V and
Vieverse=1.10+£0.05 V), which indicates that the internal electric field is invariant with scan
direction due to less charge accumulation. To check the stability under continuous operating
condition, the steady-state current density and PCE were measured for 100,000 s at the

maximum power point under one sun illumination at 290 K in dry air (relative humidity (RH)
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= 1.1%) as shown in Fig. 1C and 1D. The steady-state PCE for the control device decreases
from 16.66% at t = 200 s to 8.13% at # = 100,000 s (51.2% decrement), while the perovskite
doped with K" ion is much more stable because of only 13% decrement after 100,000 s from
19.05% at ¢ = 200 s to 16.55% at ¢t = 100,000 s. Stability under one sun illumination was
tested with devices, where devices were stored in dry air (RH = 1.1 %) under LED white light
for certain intervals between measurements (24 h-interval from 0 h to 96 h and 48 h-interval
from 96 h to 524 h). As shown in the Fig. 1E, the K* doped perovskite maintains its PCE up
to 95.9% (reverse scan) and 94.3% (forward scan) of it is initial value after 528 h, while PCE
of control device is significantly reduced to 75.6% (RS) and 62.7% (FS). The hysteresis

index (HI) is calculated by eq 1 [25] and compared in Fig. 1F.
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The HI for the pristine perovskite is gradually increased from 0.20 to 0.36 after 528 h,
indicating that hysteresis becomes severe. However, the K™ doped perovskite shows little
change in HI with time from 0.01 to 0.03. These results highlight the correlation between

hysteresis and long-term stability.
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Fig. 1. J-V curves of perovskite solar cells employing (FAPbI3)o.875(CsPbBr3)o.125 perovskite
(PSK) (A) without and (B) with K* ion ([K*]/[Pb**] = 0.01). Inset in (A) shows the device
structure for J-V measurement, where blocking TiO2 layer was present between m-TiO2 and
FTO. Forward and reverse scanned J-V measurements were repeated 5 times at scan rate of
13 mV/s under AM 1.5G one sun illumination (100 mW/cm?) at 293 K. Aperture mask area
was 0.125 cm?. Steady-state PCE and current density measured at voltage at maximum power
point (Vmax) under one sun illumination at 290 K in dry air condition (RH was 1.1%) for
PCSs employing (FAPbI3)0.875(CsPbBr3)o.125 (C) without (control device) and (D) with K"
doping. (E) Normalized PCE as a function of time measured at scan rate of 13 mV/s under
8



AM 1.5G one sun illumination (100 mW/cm?2) at 290 K. The devices were kept under dry air
and LED white light (97 mW/cm?) condition. (F) Hysteresis index (HI) calculated based on
the forward and reverse scanned data in (E).

In order to separate effects related to the bulk of the perovskite from interfacial phenomena
we next measure the ion mobility in the bulk of the perovskite layer by in-situ
photoluminescence (PL) imaging in a lateral configuration using a glass/m-
TiO2/perovskite/Au interdigitated structure (Fig. 2) [51, 52]. In this configuration, PL
quenching takes place after polarization of the perovskite with an external bias in the form of
a dark front which is related to transport of halide vacancies (Vi') in the bulk of the
perovskite layer that can annihilate non-radiative recombination centers present in the
perovskite. To exclude the influence from substrate to crystallization of PSK film, The PSK
layer was deposited on m-TiO: /glass substrate and Au interdigitated electrodes are deposited
on the perovskite layer with a spacing of 200 um and the top of the device is covered with
poly(methyl methacrylate) (PMMA) layer to protect the perovskite layer from moisture and
oxygen during measurements (see the lateral structure in Fig. 2G). PL images are observed
under 440 nm light illumination with a light intensity of 23.3 mW/cm? and an applied bias
voltage (Fig. 2A-2F). Considering that ion conductivity can be remarkably increased under
even weak light intensity [53], low bias voltages are applied from 0 V to 0.5 V with 0.1 V
interval and the applied voltage is maintained for 300 s to see mainly halide migration. A
custom-built optical microscope is used to obtain PL images [51, 54-56]. In case of the
control device employing pristine (FAPbI3)0.575(CsPbBr3)o.125 without K" ion doping (see Fig.
2A-2C and supplementary video 1), the bright PL region at 0 V is narrowed as a bias
voltage is applied and gradual PL quenching occurred near the positive Au electrode. The

migration and accumulation of halide ions (Br and I') can have a direct effect on the PL
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properties [57, 58]. In this case, the more mobile vacancies move within the applied electric
field leaving behind remaining halide ion interstitials (I;7 and Brj). Those are prone to form
deep defect states and acting as non-radiative recombination canters [24, 59-62]. For
completeness we mention two further processes that can readily induce PL quenching such
auger-like non-radiative recombination through ion accumulation [63-65] or even
degradation of the perovskite structure. Doping with K* ions in the perovskite (Fig. 2D-F)
shows a quite different spatial PL response under this low applied bias, where the bright PL
region remains almost unchanged despite increasing the bias voltage, except for a few dark
dots. A dark front is also observed at higher voltages of 4 V indicating that qualitatively ion
mobility is reduced after K™ doping. It is noticed that the PL is hard to be quenched even near
positive electrode after potassium ion doping. The dynamic PL quenching process can be best
observed in a video clip (supplementary video 2). The difference in PL images before and
after K™ doping is clear evidence that presence of potassium ion does affect ion migration
dynamics in bulk perovskite without morphological change in perovskite as confirmed by
SEM images in Fig. S4. However, a quantitative analysis is required in order to understand
ion mobilities in the different samples. By measuring the current during the recording of PL
images the ion mobility can be calculated as function of K" ratio. Here we use the dynamic
transport model based on the modification of electronic concentration by the displacement of

halide vacancies in the perovskites using eq 2 and eq 3 as described previously [52].
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Where d is the distance, v is the relative quantity of halide ion vacancies of total carriers (y =
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(po/p1)-1 = (jo/j)-1), po and p1 are the initial hole density in bright region and in the dark
region, respectively, and vo is the initial velocity of ion and uc is the mobility of halide ion
vacancies. The mobility of halide ion vacancies can be estimated by using the initial velocity
of ions (vo) which is extracted from slope of curves in the plot of the current as 1//* against
time (7) with applied voltage of 4 V using interdigitated lateral device channel width of 150
um as shown inset of Fig. 2G. Fig. 2G and 2H show two representative examples and further
data can be consulted in Fig. S5 and S6. The estimated mobility of halide ion vacancies is
gradually reduced from 2.46x10° cm/Vs (control w/o doping) to 1.18x10° cm/Vs
([K*)/[Pb*]=0.01) and then increased to 1.53x10°° cm/Vs ([K']/[Pb**]=0.015) (see Fig. 2I).
As can be observed the ionic mobility in the bulk of the perovskite layer only decreases a
factor of 2 during the addition of the K' additive. Therefore, the modest change in ionic
mobility in the bulk of the perovskite layer cannot explain by itself the dramatic reduction in
hysteresis. For this reason, we next apply a range of techniques to study the interfaces of

perovskites with external contacts.
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Fig. 2. Top-view in-situ photoluminescence (PL) images of bottom glass substrate/m-
TiO2/PSK/Au  top electrodes (200 um) devices employing (A-C) pristine
(FAPbI3)o.875(CsPbBr3)o.12s  perovskite ~ (PSK)  layer and  (D-F)  K'-doped
(FAPDI3)0.875(CsPbBr3)0.125s PSK layer obtained under 440 nm-light illumination with light
intensity of 23.3 mW/cm? at different applied voltages from 0 V to 0.5 V with interval of 0.1
V (shown here is 0, 0.2 and 0.5 V. For the bias voltages PL images can be seen in video clips).
PSK layers were covered with poly(methyl methacrylate) (PMMA) layer. Applied voltage
was maintained for 300 s at a given bias voltage. Dark and bright images represent Au
electrode and PSK layers, respectively. The “+” and “-” signs in (A) indicate polarity of the
Au electrodes. the representative plot of (G) the current (j)-time(t) and (H) 1/j* against time (?)
with applied 4V voltage. (I) The estimated mobility of halide ion vacancies as a function of
concentration of K* ion measured at interdigitated lateral devices with a channel width of 150
pm (inset of G) under 440 nm-light illumination with 23.3 mW/cm?.

Alternatively, the effect on the external interfaces can be analyzed by using IS as it is possible

to decouple bulk effects from external interfaces by the analysis of the capacitive and
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resistive contributions to the measured current. For the purpose of this work, charge
accumulation at the perovskite/Au interface can be monitored by analysis of the capacitance
related to formation of an ionic double layer which is typically observed at low frequencies
[66, 67]. In this technique, a DC voltage is applied to the sample and a small-signal AC
voltage perturbation is superimposed with a wide range of frequencies. The frequency and
amplitude of the AC perturbation modulates how much the system is separated from
equilibrium and the extent to which carriers/ions will move in the oscillating field. The AC
frequencies used for the experiments range from 1 MHz to 0.01 Hz. In this work, devices are
designed to have Au/PSK/Au configuration with a channel width of 200 um by using
interdigitated electrodes as for PL experiments. As a reference device, we measure devices
based on the simplest perovskite MAPbI3 to understand ionic transport in this interdigitated
configuration, which is compared with more complex systems having FA, Cs/ I, Br mixed
ions without and with K" doping. Fig. 3A shows the capacitance vs frequency spectra of the
interdigitated configurational lateral device in the dark at an applied DC potential of 0.2 V. At
high frequency the dielectric capacitance of the perovskite layer is observed as a plateau at
about 10-100 kHz and the capacitance increases for frequency values below 10 kHz. This
increase in capacitance at low frequency is attributed to ion transport and accumulation at the
external interfaces for measurements carried out in the dark generating an ionic double layer
[68-70]. The MAPbI3 device with interdigitated electrode shows a plateau in the low
frequency range of 0.01-0.02 Hz due to the capacitance of the double layer of accumulated
ions at the interfaces. Compared with MAPbIs, perovskite with the complex system such as
(FAPbI3)0.875(CsPbBr3)o.125 contains smaller ions (Br or Cs") than I and MA" and larger ion
(FA") than MA". Then, ionic migration of these ion species is expected to simultaneously

take place with different kinetic rates and shows the impedance response which shows the
13



result of the entire migrating species and perturbation of the ionic double layer. Interestingly,
the whole capacitance curve is shifted towards lower frequencies, about one order of
magnitude lower, indicating that the kinetics of ionic transport and accumulation is slower for
(FAPDI3)0.875(CsPbBr3)o.12s  in  comparison to MAPbI;. Finally, the K" ion doped
(FAPbI3)0.875(CsPbBr3)o.125s shows that the ionic transport is considerably inactivated with
capacitance curves shifted two orders of magnitude lower than control samples and three

orders of magnitude in comparison to MAPbIs.

A different way to visualize the same data is by using the complex impedance plot (Fig. 3B-
3D) where ionic diffusion can be detected by formation of a 45° line for diffusion (Warburg
element), a vertical line for ion accumulation and an ankle between the two regions with the
characteristic frequency of diffusion (w«). As can be observed from Fig. 3B, the device
containing MAPbIs clearly shows the transmission line that arises from ionic transport and an
ankle at a frequency of 5.9 Hz which is the characteristic frequency at which ions the ionic
double layer begins to be perturbed by accumulation at the external contacts. Fitting results to
a model containing a transmission line show excellent fittings with errors below 10%. A
complete analysis and comparison with systems containing RC elements are shown as Fig.
S7, S8 and Table S2. Similarly, the control device with (FAPbI3)0.s75(CsPbBr3)o.125 in Fig. 3C
shows the 45° line up to frequencies of 0.17 Hz when ions start to be accumulated and this
frequency is one order of magnitude lower than that of MAPbI3 in agreement with Fig. 3B.
Alternatively, K™ ion doped (FAPbI3)0.875(CsPbBr3)o.12s in Fig. 3D only shows the sign of
ionic transport and the ankle is not observed even at frequencies as low as 10 mHz (the
lowest frequency limit for this measurement), which can be interpreted that ionic transport is

impeded by the presence of K" ion. Very importantly, the high frequency arc in the complex
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impedance plot increases nearly two orders of magnitude when comparing the resistance
from MAPbl;  (0.09 MQ), (FAPbI3)os7s(CsPbBr3)or2s (0.6  MQ), K'-doped
(FAPbI3)0.875(CsPbBr3)0.125 (6.5 MQ). This high frequency arc obtained for measurements in
the dark has been previously reported to be connected with charge transfer resistances
through the external contacts [69]. In addition, as mobilities of vacancies, related to the bulk
properties of the perovskites, are similar for (FAPbIs3)os75(CsPbBr3)o.12s and K'-doped
(FAPbI3)0.875(CsPbBr3)o.125 as measured by PL, then, it is clear that the increase in resistance
is related to the properties of the contacts which are controlling the ion accumulation at the
contacts. Here, we propose that under the presence of K* the kinetics to construct the surface
polarization under illumination, related to hysteresis during measurements of J-V curves, is
modified and we need a larger amount of iodine ions to build up the charge, as negatively
charged iodine will be charge compensated by the K'. In other words, the double layer
capacitance is kinetically stabilized by K and can only be perturbed at extremely low
frequencies, with extrapolated values frequencies to obtain similar capacitances to that in the
plateau in capacitance of frequencies < 0.001 Hz (>1000 s). Very importantly, at extremely
slow scan rates (i.e. 0.1 mV/s) hysteresis is still observed for K"-doped samples (see Fig. S9).
For this reason, it is important to note that we have not totally removed the formation of the
ionic double layer and, instead, its formation is slowed down by affecting the ionic
attachment to the contact surface. We propose that this as a general physical process for
previously reported “hysteresis-free” devices. These slow scan rates are not relevant for
device operation conditions, however, they can be connected to degradation processes and

understanding the kinetics of the double layer formation is a crucial point.
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Fig. 3. (A) Capacitance-frequency plot and (B-D) complex impedance plot measured in the
dark at 02 V for MAPbI;, (FAPbI3)os7s(CsPbBr3)o.2s and  K'-doped
(FAPDI3)0.875(CsPbBr3)0.125 perovskite. All measurements were conducted in the dark.

The precise mechanism of action of K* is currently under debate. The first central point of
discussion is where exactly will be sitting the K" cations. These ions could be at the lattice
interstices [1, 71] or segregated at the grain boundaries and close to the contacts by
introducing a superlattice buffer layer at boundaries. [41, 72]. Lattice parameters must
increase if K* ion in mixed composition is located in interstitial site in the lattice but should
not change if K is confined at the external interfaces. In addition, increase in lattice
parameter is also probable by replacing Br~ anion in perovskite composition with iodide
supplied by KI. To figure out the probable location of K ion, we measure XRD of

(FAPDI3)0.875(CsPbl3)o.125 before and after KBr doping in order to investigate change of lattice
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parameter in the absence of lattice bromide using a freeware of EXPO2014 program as
shown in Fig. S10[73], together with (FAPbI3)0.875(CsPbBr3)o.125 before and after KI addition.

Both (FAPbI3)0.875(CsPbBr3)0.125 and (FAPbI3)0.875(CsPbls)o.125 are indexed as cubic phase with

space group of Pm ,3m. The XRD peaks are gradually shifted to lower angles by 0.07~0.1°
upon doping KI and KBr in both (FAPbI3)o.875(CsPbBr3)o.125 and (FAPbI3)0.875(CsPbl3)o.125
(see Fig. S10). The lattice parameter of (FAPbI3)0.875(CsPbBr3)o.125 increases gradually from
6.280305+ 0.000669 A to 6.298689 + 0.000553 A (Fig. S10A and B) and to 6.288922 +
0.000475 (Fig. S10C and D) as [K']/[Pb*'] increases from 0 to 0.01 by doping with KI and
KBr, respectively. For (FAPbI3)os7s(CsPbls)o.12s, the lattice parameter is enlarged from
6.321077+0.001389 A to 6.333954 + 0.000503 A (Fig. S10E and F) and to 6.328712 +
0.000551 (Fig. S10G and H) as [K*])/[Pb*'] increases from 0 to 0.01 by doping with KI and
KBr, respectively. Lattice expansion is concluded to be due to K ion rather than replacement
of bromide with iodide because lattice expansion observed in KBr doped
(FAPbI3)0.875(CsPbls)o.125 is decisively indicative of interstitial location of K* ion. XPS depth
profiling measurements give a very similar image, of equal K" content throughout the hole
film with an apparent increase of K' content at the mesoporous electrode (Fig. S11). We
measured PL and TRPL by using PSK film and bl-TiO2/ ms-TiO2/ PSK devices to find out
the influence of K* ion to charge extraction at the interface between PSK and TiO:2 (Fig. S12
and Table S2). PL intensity of (FAPbI3)os75(CsPbBr3)o.12s with K* ion is about 3 times
enhanced. Also, the amplitude of 11 (A1) increased from 72.8 % for w/o K to 19.3% for K
doped. Suppression of nonradiative recombination is might indicative of the decrease in the
trap density.[1] Steady state PL shows that PL quenching is observed at bl-TiO2/m-

TiO2/(FAPDI3)0.875(CsPbBr3)o.125 interfaces. TRPL spectra of the (FAPbI3)o.875(CsPbBr3)o.125
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perovskite film without and doped with K ion in contact with m-TiO2 shows amplitude of 1
(A1) of K doped one is (87.3%) slightly higher than without K ion in PSK (84.9%). This
means electron extraction at the interface of K™ doped PSK/ m-TiOz is better than without one.
Alternatively, if K* ion is phase segregated and generates a buffer superlattice close to the
grain boundaries and external contacts capacitive contributions related to the kinetics of the
generation of the double layer will be modified. Note that this chemical effect is not specific
for monovalent cations as hysteresis has also been suppressed for Rb", other small mobile
cations like Li" could lead to additional effects related to migration of the additives under an
applied electrical field. In this respect, impedance spectroscopy clearly shows differences of
two orders of magnitude, control (FAPbI3)o.875(CsPbBr3)o.12s samples compared with K'-
doped one, in the polarization time of the double layer. Here, we propose that remaining K*
at the external contacts will strongly interact with migrating iodine ions by reducing the
kinetics of formation of the double layer. i.e. Ti** defects present at TiO2 will be less prone to
interact with migrating I'. Therefore, we can conclude that K* ions placed at the contacts will
play a major role in the kinetics stabilization of the double layer which will ultimately

determine the hysteresis behavior and degradation kinetics.

CONCLUSION

We showed a clear correlation between double layer polarization, hysteresis and long term
degradation of devices. A gradual increase in hysteresis was observed for the pristine
perovskite without K™ doping as per long-term stability test, while almost no change in
hysteresis was observed for the K*-doped perovskite. The origin of the hysteresis was studied

by decoupling bulk effects in the perovskite to those related to the external contacts.
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Moderate retarded ion movement in the bulk of the perovskite is induced by K™ doping as
confirmed by in-situ PL measurements. Real time PL images proved directly directional ionic
mobility in mixed perovskite (FAPbI3)0.875(CsPbBr3)o.125 at applied voltage from 0 V to 0.5V,
which is reduced by K" doping. A dynamic transport model based on the modification of
electronic concentration by the displacement of halide vacancies in the perovskites allows the
calculation of the ion mobilities. Interfacial effects induced by K™ doping is probed by IS and
it is shown that the kinetics of formation of the double layer is highly influenced by this
cation. This work highlights that ion migration plays a critical role of K" doping in reducing
hysteresis and long-term instability in PSCs by modification of the kinetics in the generation
of the double layer at the vicinity of the contacts. We propose that the kinetics of ionic
attachment to the contact surface determines the kinetics of hysteresis as a general physical

process for previously reported “hysteresis-free” devices.
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Experimental section

Materials Synthesis

Formamidinium iodide (FAI) or methylammonium iodide (MAI) was synthesized by reacting
30 mL hydroiodic acid (57 wt% in water, Sigma-Aldrich) with 15 g of formamidinium
acetate (99%, Aldrich) or 27.8 mL of methylamine (40 wt% in methanol, TCI) in ice bath.
After stirring for 30 min, brown precipitate was formed by evaporating the solvent at 60 °C
using rotary evaporator. The solid powder was washed with diethyl ether (99.0%,
SAMCHUN) several times, which was followed by recrystallization in anhydrous ethanol.
The white precipitate was filtered and dried under vacuum for 24 h, which was stored in a

glove box filled with Ar.

Device Fabrication

The patterned FTO glass (Pilkington, TEC-8, 8Q/sq) was ultrasonically cleaned with
detergent and DI water. Ultraviolet-Ozone (UVO) was treated for 40 min to remove organic
contaminants. The blocking TiO:z (bl-TiO2) layer was deposited on the cleaned FTO substrate
by immersing substrate in 20 mM aqueous TiCls4 (99.9%, Sigma-Aldrich) solution at 70 °C

for 20 min, washing with DI water and annealing at 500 °C for 30 min. After cooling down to
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room temperature, the film was exposed to UVO for 40 min before coating a mesoporous
TiO2 (m-TiO2) layer. The m-TiO2 layer was deposited by spin-coating a TiO2 paste (particle
size of ~50 nm, ShareChem) diluted in 1-butanol (0.1 g/mL) at 2000 rpm for 20 s, which was
annealed at 550 °C for 30 min. The annealed TiO:2 film was further treated with 20 mM
aqueous TiCls (Sigma-Aldrich, > 98%) solution at 70 °C for 10 min and then annealed again
at 500 °C for 30 min. For deposition of (FAPbI3)o.s75(CsPbBr3)o.125 perovskite, a precursor
solution was prepared by mixing 0.1505 g of FAI, 0.4034 g of Pbl2 (99.99%, TCI), 0.0459 g
of PbBr2(99.999%, Alfa Aesar) and 0.0266 g of CsBr (99.999%, Sigma Aldrich) in 0.53 mL
of N,N’-dimethylformamide (DMF, 99.8% anhydrous, Sigma Aldrich) and 0.75 puL N,N-
dimethylsulfoxide (DMSO, >99.5%, Sigma Aldrich). For K" doping, 10 mM of KI stock
solution in DMF was prepared by dissolving 0.166 g of KI (= 99.99% trace metals basis,
Sigma Aldrich) in 10 mL of DMF and 0.1 mL of DMF in perovskite precursor solution was
replaced by the KI stock solution to make ratio of K* to Pb*" 0.01 ([K]/[Pb]=0.01). The
solutions were filtered with 0.20 um pore sized PTFE-H filter (Hyundai MICRO). Prior to
coating, the precursor solutions were mildly stirred at 50 °C for 10 min in ambient condition
to remove unwanted gas molecules might be dissolved in the solutions. The precursor
solutions with and without K* ion were spin-coated on the TiO2 film at 4000 rpm for 20 s,
where 0.35 mL of diethyl ether was dripped after 10 s spinning time. The transparent
brownish adduct film was formed right after deposition, which was heated at 140 °C for 40
min. The 20 pL of spiro-MeOTAD solution, which was prepared by dissolving 72.3 mg spiro-
MeOTAD, 28.8 upL of 4-fert-butyl pyridine and 17.5 pL of lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) solution (520 mg Li-TSFI in 1 mL acetonitrile
(99.8%, Sigma Aldrich)) in 1 mL of chlorobenzene, was spin-coated on the perovskite layer
at 3000 rpm for 20 s. Finally, Au electrode was deposited by using a thermal evaporator at an
evaporation rate of 0.05 nm/s. For measuring in-situ PL images and ionic mobility under
illumination, an interdigitated cell was prepared where the perovskite film was deposited on
the m-TiO2/glass substrate and then approximately 70 nm-thick Au strips were deposited by
thermal evaporation through a shadow mask at 3x10° mbar. Distance between Au electrodes
was 200 um or 150 um and length of Au electrode was 1 cm. To protect the film from oxygen
and water molecules, 40 mg/mL poly(methyl methacrylate) (PMMA) solution dissolved in
butyl acetate (anhydrous, 99%, Sigma-Aldrich) was spin-coated on the film at a speed of
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2000 rpm for 60 s in the glovebox. The probe station was directly used to contact the

electrode using tips.

Characterizations of Solar Cells

Current density-voltage (J-V) curves were measured under AM 1.5G one sun (100 mW/cm?)
illumination using a solar simulator (Oriel Sol 3A, class AAA) equipped with 450 W Xenon
lamp (Newport 6280NS) and a Kiethley 2400 source meter. The light intensity was adjusted
by NREL-calibrated Si solar cell having KG-5 filter. The device was covered with a metal

mask with aperture area of 0.125 cm?.

Photoluminescence Imaging Microscopy

In-situ PL images were measured with a home-built PL microscope [S1-S4]. In detail, on a
commercial microscopy (Microscope Axio Imager. A2m, Zeiss) the sample was put in the
focal plane of an objective lens (10%/0.25 HD, Zeiss), and a motorized scanning stage (EK
75%50, Marzhduser Wetzlar GmbH & Co. KG) was used to adjust the position of the samples.
An external blue LED illuminator (continuous mode) using a dichroic mirror and filter
combination (HC 440 SP, AHF Analysentechnik AG) with the excited wavelength of around
440 nm were used as the illumination source. This allowed for a nearly uniform illumination
area on the sample. The excitation light intensity was set to 23.3 mW/cm?. The PL signal was
filtered (HC-BS 484, AHF analysentechnik AG) for the emitted PL signal from the sample.
As a result, the wavelength of excitation beam was up to 440nm and the emission signal
comes to detector was above 490nm. PL images was recorded by a fast speed CCD camera
(Pco. Pixelfly, PCO AG) with the exposure time of 200 ms. A constant voltage was applied
between the Au electrodes using an impedance analyzer (PGSTAT 204, Metrohm Autolab).

Impedance Spectroscopy (IS) Measurement

The IS (PGSTAT 204, Metrohm Autolab) was carried, where DC voltage was applied from
0.1 V to 0.5 V at 0.1 V intervals with a 20 mV (RMS) AC voltage perturbation with
frequencies ranging from 10 mHz to MHz in the dark. Devices with interdigitated

Au/PSK/Au structure were prepared, where channel width between Au electrodes was 200
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um. The fitting results are described in detail in Fig. S7, Table S2 and Fig. S8 in the

supporting information.
X-ray diffraction (XRD) Measurements

The XRD patterns of (FAPbI3)o.s75(CsPbBr3)o.12s perovskite doped with KI or KBr
([K*J/[Pb*1=0, 0.005, 0.01) and (FAPbI3)o.s75(CsPbl3)o.125 perovskite doped with KI or KBr
([K*)/[Pb*]=0, 0.005, 0.01) were obtained using a Rigaku Smart Lab SE (40 kV, 40 mA)
under graphite-monochromated Cu-Ka radiation at 2 theta interval of 0.01° and the scan rate
of 1 °/min. To avoid thermal expansion, the temperature of 290 K was maintained. XRD data
were analyzed using EXPO2014 program. To determine space group and crystal structure, we
analyzed the @ XRD  data according to the program  provided by
http://www.ba.ic.cnr.it/softwareic/expo/general-information/. The indexing process was
performed by the N-TREOR setting in EXPO2014. Reflections were indexed by cubic unit
cell based on Pm-3m space group. The structural parameters of heavy atoms such as Cs, Pb

and I were determined by using the direct method in the EXPO2014 software [S5].

Electro Absorption (EA) Spectroscopy

The light source was installed in a monochromator illuminator (Oriel Company). The light
going through the monochromator (SPEX 1681B, Horiba Scientific) was illuminated on the
device and then the light was reflected back from the electrode onto a photodiode (HUV-
4000B, EG&G Judson). A dual channel lock-in amplifier (SR 830 from Stanford Research
Systems) was used to bias the device with a DC and an AC voltage and monitored the AC
amplitude of the EA signal from the photodiode. In parallel the DC amplitude of the EA
signal was recorded with a digital multimeter (HP34401A). For all the electrical experiment,
the FTO electrode was connected to the ground, and Au electrode was applied external

voltages [S6].

X-ray Photoelectron Spectroscopy (XPS) Depth Profile Measurement

A Gas Cluster Ion Gun (GCIB) is used as sputtered source to obtain a vertical profile of the
K+ distribution. XPS measurements were carried with PHI 5000 VersaProbe III system. The
X-ray source is an Al Ka excitation source (hv = 1486.6 eV) with a pass energy of 55 eV.
The sputtering energy of GCIB is 10kV30nA and each cycle is 2 min.
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Fig. S1. 5 cycles of J-V curves of (FAPbI3)o.s875(CsPbBr3)o.125 perovskite solar cells without
(A, B, C) and with potassium ion doping (D, E, F) ( [K*]/[Pb*"] = 0.01) which are measured
with different scan rates ((A), (D) - 13000 mV/s and (B), (E) - 130 mV/s, (C), (F) - 13 mV/s)
and scan direction under 293 K and AM 1.5G one sun illumination (100 mW/cm?) conditions.
Dashed lines indicate forward scan (from Jsc to Voc) while solid lines indicate reverse scan
(from Voc to Jsc). Aperture mask area was 0.125 cm?.
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Table S1. Photovoltaic properties of 5 cycles of J-V curves with and without K doping
(FAPbI3)0.875(CsPbBr3)0.125s mixed perovskite are measured with different scan rates.

Device ID Je (MA/ecm?) | Voe (V) FF PCE(%)
Control-Rev-13000mv/s-Cyclel 22.485 1.0824 | 0.7812 19.01
Control-Rev-13000mv/s-Cycle2 22.495 1.0774 | 0.7811 18.93
Control-Rev-13000mv/s-Cycle3 22.516 1.0801 [ 0.7808 18.99
Control-Rev-13000mv/s-Cycle4 22.479 1.0761 | 0.7791 18.85
Control-Rev-13000mv/s-Cycle5 22.496 1.0748 | 0.7787 18.83
Control-For-13000mv/s-Cyclel 22.555 1.056 | 0.7311 17.41
Control-For-13000mv/s-Cycle2 22.499 1.0572 | 0.7284 17.33
Control-For-13000mv/s-Cycle3 22.477 1.0597 | 0.7219 17.19
Control-For-13000mv/s-Cycle4 22.504 1.062 0.72 17.21
Control-For-13000mv/s-Cycle5 22.482 1.06 0.7207 17.17

Device ID Jse MA/cm?) | Voc (V) FF PCE(%)

Control-Rev-130mv/s-Cyclel 22.265 1.0841 | 0.7763 18.74
Control-Rev-130mv/s-Cycle2 22.232 1.0814 | 0.7736 18.60
Control-Rev-130mv/s-Cycle3 22.225 1.0788 | 0.7728 18.53
Control-Rev-130mv/s-Cycle4 22.188 1.0766 | 0.7693 18.38
Control-Rev-130mv/s-Cycle5 22.155 1.0754 | 0.7679 18.30
Control-For-130mv/s-Cyclel 22.287 1.0372 | 0.6261 14.47
Control-For-130mv/s-Cycle2 22.244 1.0387 | 0.6159 14.23
Control-For-130mv/s-Cycle3 22.214 1.0398 | 0.6125 14.15
Control-For-130mv/s-Cycle4 22.196 1.0411 | 0.6082 14.05
Control-For-130mv/s-Cycle5 22.174 1.0456 [ 0.5983 13.87
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Device ID Jse (mA/cm?) | Vo (V) FF PCE(%)
Control-Rev-13mv/s-Cyclel 22.010 1.0817 | 0.7523 17.91
Control-Rev-13mv/s-Cycle2 21.796 1.0798 | 0.7458 17.55
Control-Rev-13mv/s-Cycle3 21.560 1.0742 | 0.7400 17.14
Control-Rev-13mv/s-Cycle4 21.382 1.0733 | 0.7339 16.84
Control-Rev-13mv/s-Cycle5 21.178 1.0717 | 0.7296 16.56
Control-For-13mv/s-Cyclel 21.992 1.0823 | 0.6372 15.17
Control-For-13mv/s-Cycle2 21.813 1.0801 | 0.6195 14.60
Control-For-13mv/s-Cycle3 21.617 1.0780 | 0.6028 14.05
Control-For-13mv/s-Cycle4 21.420 1.0785 [ 0.5984 13.82
Control-For-13mv/s-Cycle5 21.214 1.0781 | 0.5794 13.25

Device ID Jse (MA/ecm?) | Voc (V) FF PCE(%)

Kdoped-Rev-13000mv/s-Cyclel 22.499 1.1175 | 0.7828 19.68
Kdoped-Rev-13000mv/s-Cycle2 22.498 1.1157 | 0.7825 19.64
Kdoped-Rev-13000mv/s-Cycle3 22.484 1.116 0.782 19.62
Kdoped-Rev-13000mv/s-Cycle4 22.486 1.1149 | 0.7814 19.59
Kdoped-Rev-13000mv/s-Cycle5 22.483 1.1149 | 0.7795 19.54
Kdoped-For-13000mv/s-Cyclel 22.493 1.1135 | 0.7824 19.6
Kdoped-For-13000mv/s-Cycle2 22.499 1.114 | 0.7818 19.59
Kdoped-For-13000mv/s-Cycle3 22.48 1.1176 | 0.7818 19.64
Kdoped-For-13000mv/s-Cycle4 22.483 1.1161 | 0.7815 19.61
Kdoped-For-13000mv/s-Cycle5 22.486 1.1151 | 0.7791 19.54
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Device ID Jse (MA/ecm?) | Voe (V) FF PCE(%)
Kdoped-Rev-130mv/s-Cyclel 22.457 1.1104 | 0.7783 19.41
Kdoped-Rev-130mv/s-Cycle2 22.442 1.1118 | 0.7779 19.41
Kdoped-Rev-130mv/s-Cycle3 22.441 1.1158 | 0.7766 19.45
Kdoped-Rev-130mv/s-Cycle4 22.433 1.1177 | 0.7715 19.34
Kdoped-Rev-130mv/s-Cycle5 22.429 1.1158 | 0.7693 19.25
Kdoped-For-130mv/s-Cyclel 22.46 1.1126 | 0.7789 19.46
Kdoped-For-130mv/s-Cycle2 22.437 1.1097 | 0.7786 19.39
Kdoped-For-130mv/s-Cycle3 22.436 1.099 | 0.7763 19.14
Kdoped-For-130mv/s-Cycle4 22.415 1.0997 | 0.7724 19.04
Kdoped-For-130mv/s-Cycle5 22.419 1.0986 | 0.7663 18.87

Device ID Jse (MA/ecm?) | Voc (V) FF PCE(%)
Kdoped-Rev-13mv/s-Cyclel 22.419 1.1105 | 0.7728 19.24
Kdoped-Rev-13mv/s-Cycle2 22.404 1.1096 | 0.7681 19.09
Kdoped-Rev-13mv/s-Cycle3 22.394 1.1105 | 0.7641 19.00
Kdoped-Rev-13mv/s-Cycle4 22.388 1.1109 | 0.7601 18.90
Kdoped-Rev-13mv/s-Cycle5 22.371 1.1116 | 0.7584 18.86

Kdoped-For-13mv/s-Cyclel 22.417 1.1074 | 0.7734 19.20
Kdoped-For-13mv/s-Cycle2 22.407 1.1044 | 0.7661 18.96
Kdoped-For-13mv/s-Cycle3 22.369 1.1076 | 0.765 18.95
Kdoped-For-13mv/s-Cycle4 22.318 1.1051 | 0.7585 18.71
Kdoped-For-13mv/s-Cycle5 22.308 1.103 | 0.7569 18.62
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Fig. S2. 5 cycles of I-V curves of FTO/PSK/Au structured devices without (A, B, C) and
with potassium ion doping (D, E, F) ( [K']/[Pb*] = 0.01) which are measured 5 cycles
continuously from 1.5 V to -1.5 V and to 1.5 V without interval time with different scan rates
((A), (C) - 13000 mV/s, (B), (D) - 130 mV/s and (C), (F) - 13 mV/s) and scan direction under
293 K in the dark. The compliance current (CC) was set 104 A
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Fig. S3. DC dependent EA signal change (AR/R) at photon energy of 1.63 eV for (A) control
device and (B) K ion doped device with different scan direction. Built-in-potential difference
between forward and reverse is designated as C.

Fig. S4. Plan-view (FTO/TiO2/PSK) and cross-sectional (FTO/TiO2/PSK/spiro-MeOTAD)
SEM images of (A, D) MAPbI3;, (B, E) undoped (FAPDI3)0.875(CsPbBr3)o.125s and (C, F)
K*-doped (FAPDI3)0.875(CsPbBr3)o.125. Scale bar is 1 um in (A-C) and 100 nm in (D-F).
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Fig S5. Plots of the current(j) against time (t) with different ratio of K dopant at applied

voltage of 4 V. Inset of (A) is schematic representation of lateral device with channel width of
150 um
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Impedance spectroscopy fitting

The transmission line model for ionic transport (Fig. S7) can be applied successfully to fit the

impedance spectroscopy data as can be observed in Fig. 3.
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Fig. S7. a) Transmission line model used to fit the experimental data. Comparison of data
points measured and fitting results using an equivalent circuit containing a transmission line
as show in the inset. Symbols are measured data points and solid line fitting results. b)
Capacitance frequency plot. c-e) Complex impedance plots.

The extracted parameters summarized in Table S2 show errors <10 % except for the sample
doped with K. In this latter case, the frequency at which accumulation of ions is visible is
not observed in the spectrum therefore fittings for the sample doped with K" provides large

errors for the two capacitors from the transmission line.
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Table S2. Extracted parameters from the transmission line equivalent circuit. Exponential
factors of the constant phase elements are omitted for simplicity, adopt values from 0.9-1.

Sample Rur/ Q R/ Q Quw/ F Qz/ F
MAPI 1.66x10° 5.43x10° 1.00x10°® 2.38x10°
Control 9.41x10° 8.26x10° 2.39x10°% 1.84x107
K+ doped 6.07x10° 6.54x107 5.31x10°® 2.18x10° @

@ Fittings for the sample doped with K™ provides large errors for the two capacitors from the
transmission line since the frequency at which accumulation of ions is visible is not observed
in the spectrum.

Alternatively, fitting to impedance data to either three or two arcs does not provide adequate
fitting as can be observed in Fig. S8. Here the exponential factors for constant phase elements
have been kept constant at 0.8 since fitting results provided values lower than 0.4 and in this

case the system does not behave any longer as a capacitor.
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Fig. S8. Comparison of data points measured and fitting results using an equivalent circuit
containing a transmission line as show in the inset. Symbols are measured data points and
solid line fitting results. a) Capacitance frequency plot. b-d) Complex impedance plots. e)
Equivalent circuit used to fit three arcs for MAPbI3 and control sample. ) Equivalent circuit
used to fit two arcs for K* samples.
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Fig. S9. J-V curves of K+-doped (FAPbI3)0.875(CsPbBr3)o.12s measured at scan rate of (A)
130 mV/s and (B) 0.1 mV/s. Arrows indicate scan directions.
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Fig. S10. X-ray diffraction patterns and calculated lattice parameters of
(FAPbI3)0.875(CsPbBr3)o.12s  doped with (A, B) KI and (C, D) KBr and
(FAPbI3)0.875(CsPbl3)o.125 doped with (E, F) KI and (G, H) KBr. XRD data were collected
under 2 theta interval of 0.01°. It is noted that the peak corresponding to FTO was not
changed by doping.
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Fig. S11. XPS (Photoelectron spectroscopy) depth profiling using a Gas Cluster lon Gun
(GCIB) in order to obtain a vertical profile of the K™ distribution. (A) The atomic ratio of Ti/I
through the film indicates the thickness of the film as sputtering continues. After sputtering of
40 min, Ti Signal is detected, which means that the mesoporous layer is reached. The K"
doping level of the perovskite [K']/[Pb?*] is 0.01. (B) The XPS spectra of K 2p within the
first 40 min sputtering time. It indicates that at the surface, the K amount is small and stays
constant throughout the hole film. (C) XPS spectra of K 2p with sputtering time from 40 min
to 80 min. The intensity of the K 2p peak reveals more K is detected within the mesoporous

TiOz than the top perovskite layer.
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Fig. S12. (a) Steady-state photoluminescence (PL) and (b) time-resolved PL (TRPL) spectra
of the (FAPDI3)0.875(CsPbBr3)o.125 perovskite film without and doped with potassium iodide.
(c) TRPL spectra of the (FAPbI3)0.s75(CsPbBr3)o.125 perovskite film without and doped with
potassium iodide in contact with bl-TiO2/m-TiOx.

Table S3. Fitted results which obtained from the TRPL data in Fig. S12 (b) and (c¢).

w/o K K doped TiO2/ w/o K TiO2/ K doped
1069.56 88.77 817.79 745.25
Al
(72.84%) (19.3%) (84.9%) (87.3%)
T1 (ns) 2.07 8.81 0.71 0.54
398.93 371.74 145.87 108.46
Ao
(27.16%) (80.7%) (15.1%) (12.7%)
T2 (ns) 494.89 705.64 8.71 5.53
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