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Metal halide perovskite materials have drawn worldwide attention for application in a variety of
optoelectronic devices, especially in the emerging photovoltaic devices. In recent years, remarkable
progress has been achieved in the device performance and stability. The optoelectronic properties of
metal halide perovskites can be further tuned by ion doping. Herein, a comprehensive review of the
incorporation of alkali metal ions (Li*, Na*, K* and Rb*) in emerging perovskite solar cells for
a longer carrier lifetime, lower interfacial defect density, faster charge transfer, no hysteresis, higher
stability and higher power conversion efficiency is presented. The detailed mechanism behind these
beneficial effects has been discussed in terms of electronic properties, film morphology, energy level
alignment, carrier recombination dynamics and stability. On the basis of these latest advances and
breakthroughs in alkali ion doped perovskite thin films, future research directions and prospects are
also discussed, which include further understanding of the underlying photophysical mechanism and
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1. Introduction

As the world's population continues to grow, there is a huge gap
between energy supply and demand standards. The traditional
ways of closing this gap are running out and we need to obtain
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photovoltaic devices is widely recognized as one of the most
promising solutions to meet the global energy demand.*”
Organic-inorganic hybrid lead halide perovskites have received
extensive attention in the fields of photovoltaics,®® lasers,"
photodetectors,"* light-emitting diodes (LEDs)'***** and thin
film transistors™ due to their excellent optoelectronic proper-
ties, such as suitable optical band gaps, long charge carrier
diffusion lengths, and high absorption coefficients.”>™® Over the
past decade, perovskite solar cells (PSCs) have made great
progress with a certified record current efficiency of 25.2%.%°
The high efficiency of PSCs depends on a high quality light
absorbing layer, which is controlled by nucleation and crystal
growth of the perovskite layer. However, poor stability against
humidity, heat and light of the perovskite layer raise a critical
concern for future commercialization.>*** The fracture of the
periodic crystal structure occurs in the perovskite film with
polycrystalline properties, forming a large number of grain
boundaries (GBs) and defects, which served as recombination
centers in the charge transport pathway.**** Researchers have
developed a variety of methods to reduce the defects of the
perovskite absorption layer. For example, the introduction of
different doping ions or the component adjustment in the
precursor solution has been widely investigated in this
regard.”** Different organic and inorganic additives have been
employed to passivate the defect density, such as MACI>**
water,”® guanidinium salt,** Lewis bases,>*° N,N-dime-
thylformamide (DMF)**** and so on.

Considering the valence distribution in the lattice of hybrid
perovskites and the redox resistance of alkali metals,® positively
charged alkali metal cations (Li*, Na', K" and Rb") are consid-
ered as ideal dopants. In recent years, the incorporation of these
alkali metal cations in perovskite materials has attracted
extensive attention.***” For example, the incorporation of Cs,
Rb" and other cations into the perovskite A site improved not
only the power conversion efficiency (PCE) but also the repro-
ducibility and stability of the PSCs. The Cs" doping enables the
transformation of the yellow phase (3-phase) into the perovskite
phase. Zhu et al.** found that partial replacement of FA" with
Cs" can improve the stability of humidity due to the shrinkage
of the perovskite lattice. Saliba et al. added Rb" into (CSFAMA)
Pb(I/Br); perovskites with a stabilized PCE of up to 21.6% and
remarkable stability at 85 °C for 500 h in a nitrogen atmosphere.
The exploration of Rb* prompted us to investigate smaller alkali
metal ions (such as K" and Na") for improving the photovoltaic
performance of PSCs.**° Recently, the addition of K' to the
perovskite layer eliminated the hysteresis in the j-V curve of
PSCs.®* The diffusion of sodium ions (Na') can extend the
carrier lifetime and reduce the trap density, increasing the
efficiency of the device.** This massive research on alkali metal
doping in the perovskite layer greatly improves the performance
and stability of PSCs.**** Thus, a systematical review of the
latest advances of alkali metal cation (Li*, Na", K" and Rb")
doped perovskites is highly necessary. Here we summarize the
recent development of alkali metal ion doping in PSCs for
a longer carrier lifetime, lower interfacial defect density, faster
charge transfer, no hysteresis, and higher stability and PCEs.
The detailed mechanism behind these beneficial effects has
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been discussed in terms of electronic properties, film
morphology, energy level alignment, and carrier recombination
dynamics. Some open questions and future perspectives are
also given, which include further understanding of the photo-
physical mechanism, implementation of novel deposition
methods, and extension to other optoelectronic devices.

2. Incorporating position: interstitial
or substitution

The basic structure of metal halide hybrid perovskites can be
represented by a general formula of ABX;, wherein the B atom is
usually a divalent metal cation (Pb**, Sn**, or Ge®") or mixing
cations and X is a halide anion (Cl, Br, or I"). The structure
consists of an extended framework of corner shared (Pbl,)*~
octahedrons in which the A" cation, such as methylammonium
cations (CH3;NH;" and MA'), formamidinium cations
(HC(NH,)," and FA"), or cesium cation (Cs'), occupies the
central position and is surrounded by 12 nearest neighboring X
anions.’** Therefore, the size of the A" cation is restricted by
the space of pores. A tolerance factor (¢) was proposed in the
early 1920s to study the structural stability of perovskites:

l‘:(RA-‘rRx)/\/zRB-i—RX

where R, Rp and Ry are the ionic radius of the A, B, and X ions,
respectively. When ¢ > 1, the perovskite tends to form a hexag-
onal structure. When ¢ < 0.8, it is an orthogonal structure. When
0.8 <t < 1, it is a cubic structure (see Fig. 1(a)).”**® So far,
Goldschmidt's tolerance factor ¢ has been widely accepted for
studying the ionic radius relationship and predicting the
formation of cubic perovskite structures. A large variety of
component elements enrich the versatility of perovskite mate-
rials. For example, lead toxicity raises serious environmental
concerns for the practical application of this technology.®® Tin
(Sn) analogies of MASnI;, FASnI; and CsSnl; were used address
the toxicity issues in PSCs with relatively lower PCEs.**"%1%
MAGel; has also been investigated with good hole and electron
conductivity and stability compared with MAPbI;.* Transition
metal alloys have been studied including Pb/Sn and Pb/Ge
hybrid systems, among which MASn, sPb,sI; and MAGe, ;5
Pby 513 showed abnormal band gap narrowing and higher
theoretical efficiency.*® In addition, cationic transmutations
have been theoretically calculated with many promising alter-
natives for photovoltaic applications, such as MAIn, 5Biy 515,*
Cs,InSbClg,*¢ Cs,InBiCle,* etc. Distortion due to the A site
cationic substitution can be further used to fine tune the
physical properties of perovskites.”” It is well known from the
tolerance factor that the ionic radius of the A site cation has
a critical effect on the crystal structure of the perovskite. A
cation with a small ionic radius can shrink the perovskite
structure. However, the addition of a small amount of cations
(Cs" and Rb") does not cause the collapse of the perovskite
crystal structure. Calculations of the tolerance factor from the
space size have been used to predict new perovskites as shown
in Fig. 1(b). Empirically, perovskites with a ¢ between 0.8 and 1.0
(dotted line) exhibit a photoactive black phase (solid circle)
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Fig. 1 (a) Crystal structure of perovskite materials with different tolerance factors. Copyright 2015 American Chemical Society. (b) Calculated
Goldschmidt tolerance factors of all perovskite structures. Copyright 2014 Springer Nature Publishing AG. (c) AHk of alkali cation incorporation
at an A site (being constant for concentration from 0.5 to 6%) and at an interstitial site. Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. (d) The d-spacing of various alkali cation containing perovskites was plotted from the peaks of (110) and (200). Copyright 2019 Elsevier
B.V. (e) XRD pattern of various alkali cation containing perovskites. M denotes the mixed perovskite of MAg 15FAg gsPb(lg g5Bro 15)3 while Li*, Na*,
K*, Rb* and Cs* represent 5% molar alkali cation doped perovskites, respectively. (f) DFT Optimized structures of the 2D K,Pbl, perovskite (upper)
and 2D/3D K,Pbl4/MAPbIs interface (below). Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

rather than a non-photoactive phase (open circle). In particular,
all cations should be stable up to Rb* and K" using this stan-
dard.®® The size of the Rb" cation is very close to this limit,
making it a candidate for partially replacing the A-site in the
perovskite lattice. However, it was considered that Li*, Na*, and
K" were clearly outside the range of tolerance factors. Empiri-
cally, only CsPbl; turned black after annealing, RbPbI;
remained yellow which does not have a photoactive black
phase. However, Rb" is particularly attractive due to its inherent
oxidative stability. Whether the alkali metal can enter the
perovskite crystal lattice is still controversial. On the one hand,
some studies showed that Rb* can occupy the A-position of the
perovskite crystal lattice, but Li*, Na” and K" occupy the inter-
stitials. Gritzel et al.® first incorporated rubidium cations (Rb")
in 2016 with a PCE of 21.6%, maintaining 95% of its initial
performance at 85 °C for 500 hours. The amount of cationic
substitution also affected the occupancy. Recently, smaller
alkali cations such as K" and Na" have been introduced into
MAPDI; or MAFAPDI;. Jung et al. indicated that the lattice
interplanar spacing grew larger after K™ doping and the steric
radius of K was much smaller than that of CH;NH;" (K" =
0.138 nm and CH3;NH;" = 0.203 nm).® Rb" can be located at the
A-site due its similar ion radius, while Li*, Na', and K" mainly
exist as interstitials, which can be seen from the change of the
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lattice. Although the crystal lattice is expanded instead of Rb*-
containing perovskites, the interstitial atoms block the ion
migration and thereby inhibit the mutual reaction of halides.
Zhao et al.”® investigated the incorporation of extrinsic alkali
cations (Rb', K', Na’, and Li") into perovskites by density
functional theory (DFT), and the size-dependent interstitial
occupancy of these cations in the perovskite lattice is demon-
strated in Fig. 1(c). Interestingly, the calculations predict that
occupation by extrinsic alkali cations in perovskite lattice
interstitials can suppress the ion migration, which has been
widely recognized as the main reason for the anomalous
hysteresis behavior of PSCs.”*” It was further demonstrated
that the incorporation of alkali cations (Rb*, K, Na*, or Li*) into
Cs/MA/FA perovskites induced lattice expansion, and extrinsic
alkali cations indeed occupied the interstitials more favorably
than A site substitution. The smaller alkali cation showed
a higher tendency of interstitial occupancy. Accordingly, Rb*
partially occupies the A-site while Li*, Na', and K occupy
mainly interstitials as evidenced by the lattice variation as
shown in Fig. 1(d). Noticeably, the interstitial occupancy is
favourable for increasing ion migration barriers in the lattice
and thus suppresses ion migration by interacting with halides
although the lattice is expanded. Fig. 1(e) shows the X-ray
diffraction (XRD) patterns of the perovskite films doped with

This journal is © The Royal Society of Chemistry 2019
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various alkali metal cations by Segawaa et al.”* Notable peak
shifts can be observed in all diffraction directions of alkali
cationic perovskites except for Rb* and Cs'. The lattice
constants of perovskites with Li*, Na* or K" were larger than
those of pristine perovskites, and among which the one with
Na' showed the largest lattice constants. Perovskites doped with
Rb" or Cs' showed similar lattice constants to undoped perov-
skites. Park et al. also suggested that K" is more energetic in the
interstitial site by theoretical studies,”” thus preventing the
formation of Frenkel defects which is the origin of the hyster-
esis of PSCs. A more detailed discussion of the hysteresis
behavior by potassium ion passivation will be presented in the
following part. On the other hand, some research questioned
the actual position of alkali metal ions. For example, Docampo
et al. studied the actual position of Cs" and Rb". As the Cs" ion
concentration increases, the XRD peak of the original perov-
skite moves toward a larger diffraction angle, implying
a shrinkage of the perovskite crystal lattice. In contrast, as the
doping concentration of Rb" ions increases, the peak shifts to
a low angle, indicating the expansion of the perovskite crystal
lattice. Their experiments demonstrated that Rb* can cause
a deficiency of Br in the mixed halide perovskite structure by
forming Br-rich side phases.”® Gratzel et al. confirmed that Rb*
and K" were not incorporated into the A-site of the perovskite
crystal lattice.”” The separated Rb-rich phase can be used as
a potential material for the perovskite passivation layer. In their
another report, they highlighted that there is no evidence that
potassium is incorporated into the perovskite lattice using *°K
MAS NMR at 21.1 T. The analysis showed that the system
formed a commixture of a potassium-rich phase and unreacted
KIL.”® Sun et al. reported the incorporation of potassium cations
(K" into lead halide perovskites through both experiments and
theoretical simulations. In order to further explore whether two-
dimensional K,Pbl, is stable in the three-dimensional perov-
skite, a two-dimensional/three-dimensional perovskite inter-
face model was established and optimized by DFT simulation in
Fig. 1(f). A potassium-rich phase was found on the grain
boundaries of the K doped perovskite. It was confirmed that
the presence of K' (in the 2D K,Pbl, state) on the surface of 3D
perovskites is thermodynamically stable, effectively passivating
the grain boundaries of the 3D crystal and decreasing the trap
state.” The potassium-rich phase grew in the three-dimensional
perovskite grain boundary, which can effectively passivate the
grain boundary and reduce the trap state. Similar to Rb", the
incorporation of K can also increase the grain size and crys-
tallinity due to a decrease in crystallization activation energy,
resulting in fewer defects, longer carrier lifetime, and better
conductivity.>*7>808t

3. Electronic properties

The addition of a small amount of alkali metal ions (Na*, K,
and Rb") to the perovskite can inhibit ion migration which is
considered to be a major factor affecting the hysteresis behavior
of PSCs.** Son et al.” developed a general method to eliminate
the hysteresis in PSCs by introducing trace amounts of alkali
metal ions (~10 umol) into the perovskite layers. As shown in
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Fig. 2(a)(ii)—(iv), it was found that Na*, K", and Rb" inhibited J-V
hysteresis. When the ionic radius of the alkali metal ion
increases from Li" to K', the hysteresis tends to decrease and
disappear at K, and it reappears when the ionic radius is
further increased from K' to Cs'. By studying the defect density
and lattice parameters, it was believed that the addition of K"
occupies the octahedral interstitial site (Oy), thus suppressing
the formation of halide Frenkel defects and reducing the defect
density and migration of halide ions. Huang et al.>* found that
the diffusion of sodium ions (Na') into perovskite can passivate
the defects in the perovskite layer, thus improving device
performance. Small amounts of alkali metal ions (Na*, K, and
Rb") were found to be able to act as a suppressor of ion
migration in perovskite materials. It is worth noting that the
disappearance of hysteresis has nothing to do with the electron
transport layer and interface modification. Park et al. believed
that the atomic origin of hysteresis is the formation of iodine
Frankel defects rather than the migration of iodine vacancies.”
Among all the alkali metals, K" could constrain the formation of
Frenkel defects since K' represents a more qualified interstitial
than other elements due to its suitable ion radius. Hao et al.*
recently showed that several different types of ion defects can be
simultaneously passivated by simple inorganic binary basic
halide salts. The effective defect passivation significantly
improves the open-circuit voltage (V,.), improves the steady-
state efficiency response, and eliminates the hysteresis
phenomenon. In order to accurately locate the positions of K*
and Cl', they conducted transmission electron microscope-
energy dispersive spectroscopy (TEM-EDS) and secondary ion
mass spectroscopy (SIMS) studies, which strongly proved that
KCl existed in the interface functional layer. Segawa et al.>* also
found that the addition of K" to the perovskite layer can elim-
inate the hysteresis in the -V curve of PSCs. An increased V.
and fill factor (FF) up to 81.9% were observed in the devices with
K" doping. Zhong et al® also reported the elimination of
hysteresis in planar PSCs with K" incorporation. Zhao et al.”
also concluded that K* doping could maintain high efficiency
while effectively reducing hysteresis. The hysteresis behavior is
generally recognized to be caused by defects and carrier trap-
ping, as well as the capacitive effect.”>** Capacitances measured
under short-circuit conditions without bias under one sun
illumination were reported by Park et al (Fig. 2(b)).” The
intermediate frequency capacitance is related to the dipole
polarization or chemical capacitance in the perovskite layer,
which is caused by the electron polarization. The low frequency
capacitance is related to the electrode polarization caused by
the interfacial phenomenon such as interfacial electric or ionic
charge accumulation.’*® The frequency-dependent capaci-
tance of the device with K" incorporation was significantly lower
than that of the control device without K'. In the region of 10-
100 Hz, the device with KI showed little variation of capacitance
with frequency, in accordance with the absence of hysteresis in
the J-V curve. Furthermore, the incorporation of K increases
charge conductivity and reduces defects. As shown in Fig. 2(c)
and (d), the KCSFAMA perovskite film showed a higher
conductivity than that of CSFAMA and FAMA films, indicating
the faster transport of carriers in the K-containing perovskite
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1.5G one sun illumination (100 mW cm™2). Copyright 2018 American

Chemical Society. (b) Capacitance—frequency plots of FTO/TiO,/(FAPbIs)g.g75(CsPbBr3)g 125/spiro-MeOTAD/Au. Copyright 2018 American
Chemical Society. (c) Dark J-V characteristics of the FAMA, CsFAMA and KCsFAMA perovskite films. (d) Dark J-V characteristics of electron only
devices based on FAMA, CsFAMA and KCsFAMA perovskite films. Copyright 2017 the Royal Society of Chemistry.

film. Fig. 2(d) shows the typical dark j-V characteristics of
electron-only devices with different perovskites using space-
charge-limited-current (SCLC) techniques to estimate the trap
density.” A reduction in trap density was observed in the K*
devices, which was ascribed to the high quality of perovskite
films after potassium passivation.**

The assessment of the carrier lifetime and the defect density
by Segaw et al.”* revealed that K' doping introduced the least
number of defects, followed by Rb’, Cs’, and Na' doping,
respectively. In addition to the perovskite/TiO, interface, the
defects in perovskite films also played a critical role in the
hysteresis behavior in the J-V curves. Consequently, the devices
with K" doping showed the highest efficiency up to 20% with
negligible hysteresis. Boschloo et al. also reported a longer
fluorescence lifetime with K™ doping.*

The incorporation of alkali cations can also regulate the
electronic properties of perovskite films. Jung et al.®® reported
that a significant increase of crystallinity, a red shift of the
photoluminescence spectrum and a decrease of surface poten-
tial in the perovskite film with K lead to a remarkable
improvement of carrier separation and suppression of the
charge recombination. More importantly, the addition of K"
ions prolonged the carrier lifetime of PSCs. The results of
charge transfer efficiency (CTE) calculation showed that with
the increase of K* content, the capacity of electron injection and
hole extraction changed significantly. When the K' content is
0.2, the perovskite film exhibits excellent ability to separate
photogenerated electrons and holes, optimizing the conversion

24154 | J. Mater. Chem. A, 2019, 7, 24150-24163

efficiency to 19.3%.°* Liu et al.*® reported that the addition of
small alkali metal ions (Na" and K") significantly improved the
quality of perovskite films by increasing the grain size,
decreasing the defect state density, passivating the grain
boundary and increasing the built-in potential (V,;). However,
Chen et al.** showed that Na" cation doping can change the
conductivity of MAPbI; from n-type to p-type. Compared with
the original MAPDI; perovskite, the hole concentration with Nal
doping increased by an order of magnitude and the mobility
significantly decreased, indicating that Na' doping can affect
the carrier migration characteristics in the perovskite film. Up
to now, PSCs have been found to benefit from a variety of alkali
metal ion incorporation, as shown in Table 1. Alkali metal
cations induced different changes of perovskite films, depend-
ing on their concentration and distributions in the perovskite.
In Table 1, the device structure was deliberately mentioned due
to the differences in energy level alignment and carrier recom-
bination dynamics in conventional and inverted planar devices.
Especially, Br -containing perovskites are widely used in K"
incorporation systems. Excess halides are immobilized by
complexing with potassium to form benign compounds at grain
boundaries and surfaces to inhibition migration.

4. Film morphology

The quality of the microscopic morphology of the perovskite
film is an important factor affecting the photovoltaic perfor-
mance. A high-quality perovskite film should have large,

This journal is © The Royal Society of Chemistry 2019
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Table 1 Effect of alkali metal cation doping on the photovoltaic properties of PSCs

PCE/control PCE/champion J.

Perovskite (additive) Property (%) (%) (mAem™?) Vo (V) FF (%) Ref.
bMAPDI, (LiD) Enhancing perovskite crystallinity 14.1 18.1 22.8 1.08 73.5 2017 (%)
“MAPDI; (LiI) Enlarging grain size 17.60 18.16 21.16 1.10 78 2017 (°
“MAPDI; (LiTFSI) Enlarging grain size 11.3 15.6 23.14 1.07 63 2017 (%)
“MAPbI; (Lil) 11.3 17.01 23.36 1.10 66 2017 (*°)
bMAPbI, (NaCl) Improving the crystallinity and 11.40 12.77 17.59 0.96 75.62 2016 (°°)
morphology
PMAPbI, (NaI) Improving the charge carrier lifetime 13.7 14.54 20.26 0.93 78 2016 ()
PMAPbI; (NaI) Enlarging perovskite grain 10.2 14.2 19.2 0.96 77 2016 (*9)
PMAPbI; (NaI) Prolonging carrier lifetime 18.8 20.2 24.4 1.06 78.0 2017 (*?)
“MAPbDI; (Nal) Reducing the trap states 15.56 18.16 21.16 1.10 78 2017 ()
“MAPbI; (NaSCN) 12.73 15.63 20.90 1.030  72.62 2018 (*%)
PMAPbDI; (KI) Improving the charge carrier lifetime 13.7 15.31 20.95 0.94 79 2016 (¥)
bMAPDI, (KC) Improving the crystallinity 11.40 15.08 19.42 1.04 74.67 2016 (°9)
“MAPbDI; (KI) Improving the grain size 15.56 17.81 20.88 1.10 78 2017 ()
“FAo.8sMAo.15 Minimizing the electron transfer barrier ~ 18.45 20.32 22.99 1.167 76 2017 ()
PbBrg 451555 (KI)
“MAPDI; (KI) Improving carrier separation properties ~ 17.30 19.27 23.33 1111 74 2017 (%)
“CsPbI,Br (KI) Facilitating photoexcited charge carrier 8.2 10.0 11.6 1.18 73 2017 (*9)
formation and transportation
“(FAo.85MAg 15)0.95 Reduced carrier recombination 18.94 20.56 22.95 1132 79 2017 (*Y)
Pb(IO_85Br0,15)3 (KI)
%Csg.11MAg 15FA¢ 74 Suppressing ion migration 17.3 21.5 23.2 1.17 79 2018 (*%)
Pbl; (KI)
“FAy ssMA 15PbBrg 45 Decreasing defects 17.60 20.55 22.92 1.154  77.7 2018 (")
L.ss (KI)
“(C80.06MA¢.15FA¢ 76) Potassium passivation 18.2 21.6 23.06 1.18 79 2018 (*%)
Pb(Io.55Br0.15)3 (KI)
“FAg.gsMA 15PbBrg 45 Preventing Frenkel defect formation 17.14 17.55 21.47 1.128  72.5 2018 (%)
L.55 (KI)
“MAPbI;_,Cl, (KCI) Active passivation 18.12 19.44 21.82 1.124  79.3 2018 (%)
“MAPbI; (KSCN) 12.73 16.59 20.45 1.065  76.20 2018 (°%)
“FA¢ g3MAg 17Pb Passivating the grain boundaries 17.1 20.4 23.5 1.15 75 2019 (7°)
(To.83Bro.17)3 (KI)
“MA, 5FA, sPbl; (RbI) Increases phase stability 17.30 21.8 22.8 1.180 81 2016 (%)
9(CsMAFA)Pb(IBr); (RbI) Decreasing hysteresis 19.5 21.1 22.9 1.16 78 2017 (*°1)
“(Cs0.06MAg 15FAg 70) Rubidium passivation 18.1 20.6 23.11 1.14 78 2018 (*°)
Pb(I, g5Bro.15)3 (RbI)
“FAPbI; (RbI) Enhancing moisture stability 13.56 17.16 23.93 1.07 67 2017 (**)

“ Conventional planar structure. ? Inverted planar structure.

uniform and regular crystals and complete coverage on the
bottom layer with few pinholes. The large, regular crystal
boundary is conducive to the carrier transport while few
pinholes reduce non-radiative recombination and leakage
current. Alkali metal doping has been widely adopted to adjust
the recrystallization process of the perovskite film. Durstock
et al.* first showed that the addition of Na" into the precursors
of perovskite can significantly improve the grain structure and
the overall morphology of the film. The device incorporating
2 mol% of Na" into the perovskite film showed a high efficiency
of 14.2% under AM 1.5G 100 mW c¢cm > conditions. The average
grain size of the solvent-annealed perovskite film exhibited
a strong dependence on the amount of Na' added to the
precursor solution. Perovskite films without horizontal grain
boundaries are widely recognized to be beneficial to carrier
diffusion and photovoltaic performance. However, Segawa
et al’ reported smaller grains and more cracks in the

This journal is © The Royal Society of Chemistry 2019

perovskites containing Li" or Na' by using a scanning electron
microscope (SEM). From the cross-sectional SEM in Fig. 3(a)-(f),
it can be observed that the thickness of the perovskite film
basically remains the same. Small particles are deposited
vertically and along distinct boundaries of the perovskite con-
taining Li" or Na'. Interestingly, in K* doped perovskite, the
vertical grain boundary is almost negligible (Fig. 3(d)). Mean-
while, the grain boundary of the perovskite containing Rb" is
smaller than that of the perovskite containing double cations
and Cs' (Fig. 3(f)). Due to the vertical migration of the carrier in
the perovskite absorber, a high carrier collection efficiency is
expected in the perovskite films with fewer grain boundaries.
Liu et al.*® compared the variations in film flatness and grain
size of perovskite films doped with alkali metal cations (Na" and
K"). For a clear comparison, an average grain size of =140 nm
was observed in the pristine perovskite film, which has been
increased to =220 and 230 nm for films with Na' and K"
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Fig.3 SEM images of the PSCs. (a)-(f) Surface and cross-sectional SEM images of perovskite absorbers with different alkali cations (a) M; (b) Li*;
(c) Na*; (d) K*; (e) Rb*; and (f) Cs™, respectively. Copyright 2018 Elsevier B.V. The atom force topology of perovskite films, (g) without or with (h)
Nal and (i) KI doping. Copyright 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (j) high-angle annular dark field (HAADF) STEM cross-
sectional image of the perovskite thin film passivated with K (x = 0.10) and Non-negative Matrix Factorization (NMF) decomposition of the K-
passivated sample showing the KBr phase. (k) HAADF STEM cross-sectional image of the perovskite thin film passivated with Rb (x = 0.10) and
NMF decomposition of the Rb-passivated sample showing the Rb—I-Br phase. Copyright 2018 American Chemical Society.

doping, respectively. Meanwhile, lower surface roughness of
perovskite films with alkali metal cations (R, = 8.99 nm (Na"
doped) and 7.94 nm (K" doped)) was observed compared with
the control sample (Rq = 9.91 nm) by using an atomic force
microscope (AFM) as shown in Fig. 3(g)-(i). Passivation of grain
boundary defects is further reported to mitigate the ion
migration in perovskite films. Huang et al.> revealed that
sodium ions (Na') diffused from the indium tin oxide (ITO)
glass substrate to GBs in the process of film preparation and
storage, which was expected to promote the improvement of
PCE by passivation. Segawa et al.** further found that the grains
become compact and the sizes grow larger with the addition of
K', and also the horizontal grain boundary is sensitive to the
presence of K" in the perovskite layer. Stranks et al.** demon-
strated that by modifying the perovskite film and interface with
a passivated potassium halide layer, non-radiation loss and
photoinduced ion migration can be significantly reduced. They
also used scanning transmission electron microscopy and
energy dispersive X-ray spectroscopy (STEM-EDX) measure-
ments to study the morphological composition and the local
chemical composition of K and Rb" passivated perovskite
films.*® As shown in Fig. 3(j)-(k), it was found that the K-rich
phase consists mostly of K and Br and is located at the grain

24156 | J. Mater. Chem. A, 2019, 7, 24150-24163

boundary (GB) and interface of the perovskite film in the K-
passivated perovskite films. However, in the Rb-passivated
perovskite film, Rb is contained in large micron-sized crystals.
Sun et al.” reported that a potassium-rich phase can efficiently
passivate the grain boundaries on 3D crystal surface and inhibit
trap states, which grows in the 3D perovskite crystal grain
boundary through both experiments and theoretical simula-
tions. Therefore, understanding of the incorporation position
of alkali metal ions will help the control of the perovskite
morphology. In doping engineering, Na*, K', and Rb" played key
roles in the formation of uniform large-grain perovskite films.

5. Energy level alignments

The barrier at the interface of perovskite/ETL or perovskite/HTL
will retard the carrier collection rate, thus resulting in the
accumulation of electrons or holes at the interfaces. An attrac-
tive property of perovskite absorbers is that they can be easily
tailored by changing the elemental composition. Therefore, the
addition of alkali metal cations is an interesting way to handle
the energy level alignment. An efficient PSC requires a long
lifetime of photocarriers'® and a low optical bandgap to ensure
broad light absorption.'**°® In this case, the PCE can be

This journal is © The Royal Society of Chemistry 2019
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improved by the standard Shockley-Queisser analysis,
including reduction of the optical band gap to 1.3-1.4 eV.'””
Giustino et al.®® showed that there was a large but slowly varying
red shift of 0.8-1.1 eV in the family of Pbl;-based perovskites as
a function of apical and equatorial metal-halide-metal bond
angles as seen in Fig. 4(a). Meanwhile, by properly selecting
cations, the band gap can be fine-tuned almost continuously
over a very large photon energy range. For example, the band
gap of Cs’, Rb*, K, Na*, and Li"-doped perovskites increased in
turn as shown in Fig. 4(d).*® Segawa et al.”* calculated that the
perovskite band gap containing Li*, Na" and K' was 1.613 eV,
1.607 eV and 1.609 eV respectively as shown in Fig. 4(b),
However, the Rb" (1.627 eV) and Cs" (1.623 eV) incorporation
gave rise to an extension of the band gap. The Li*, Na" and K*
doping lead to a rise of valence band maximum (VBM) and
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conduction band minimum (CBM) while the incorporation of
Cs' caused opposite displacement of VBM and CBM. Ion
migration has been reported to enable self-doping of perovskite
materials and interfacial ions, effectively establishing a built-in
field to promote charge transport.'®*"* It has also been recog-
nized that the ion accumulation at the interface can adjust the
band bending near the interface to form an ohmic contact for
charge injection.''2*** As shown in Fig. 4(c), positive ions (MA"
and Li") accumulated at the perovskite/[6,6]-phenyl-Cg;-butyric
acid methyl ester (PCBM) interface, while perovskite/NiO,
interfaces aggregated negative ions (I"). Therefore, the ion
built-in field direction was constructed from n pointing to p.
This built-in field facilitates the e /h* separation and delivers
them to the n and p sides, respectively.® The Li'/I” induced
band bending and n/p doping in MAPbI; are expected to
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Fig. 4 (a)Two-dimensional map of the DFT band gap of the Platonic model of Pbls-based perovskites as a function of apical and equatorial
metal—halide—metal bond angles. Copyright 2014 Macmillan Publishers. (b) Band alignment at the interface of TiO, and perovskite. Copyright
2018 Elsevier B.V. (c) The scheme of the PSC working mechanism with Li* and |~ accumulation. Copyright 2017 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. (d) Calculated band gaps (in eV) of all the Pblz-based perovskites. The band gaps were obtained after full structural optimization
within scalar relativistic DFT. Copyright 2014 Springer Nature Publishing AG.
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improve the charge extraction and reduce the interface energy
loss. It is reported that Li* can enter the lattice and also
concentrate in the surface region, as an n-type donor to generate
free electrons to fill the traps, thereby increasing the surface
potential and electron injection driving force.*

6. Carrier recombination dynamics

Studies have shown that doping of alkali metal cations in
perovskite films significantly increases the grain size and lowers
the trap state density, which is essential for efficient carrier
transport and collection. Abdi-Jalebi et al.*® used K doping to
suppress the halide migration. It was observed that perovskite
films with K" had a high and stable photoluminescence
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quantum efficiency (PLQE) value under continuous illumina-
tion, whereas that of pristine films increased slowly with time
due to photoinduced halide migration. The added K' is
proposed to fix the excess halides by forming compounds at the
grain boundaries, while excess iodide originated from the
potassium iodide to make up for the vacancies of halide.
Therefore, halide migration and light-induced ion segregation
were suppressed. Fig. 5(a)-(d) show the confocal photo-
luminescence intensity maps of perovskite films with various K
doping (x = 0-0.4). The absolute emission intensity increased
continuously with increasing content of K*. Fig. 5(e)-(h) further
confirm the red shift of microscale photoluminescence (PL)
after addition of potassium, consistent with absorption and
electroluminescence data. Fig. 5(i) shows the relevant PL decay
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Fig. 5 Confocal photoluminescence maps of passivated (Cs,FA,MA)Pb(lg g5Bro1s)s films. (a)—(d) Confocal photoluminescence intensity maps
with 405 nm excitation measured in an ambient atmosphere for (CsFAMA)Pb(lg g5Brg 15)3s perovskite thin films with x = 0.0 (a), x = 0.10 (b), x =
0.20 (c) and x = 0.40 (d). Centre-of-mass photoluminescence wavelength of the films with x = 0.0 (e), x = 0.10 (f), x = 0.20 (g) and x = 0.40 (h). (i)
PL decay curves of various alkali metal cation doped perovskite films. Copyright 2018 Elsevier B.V. (j) Nyquist plots of perovskite solar cells with
and without salt additives under AM1.5G 1 sun illumination with a bias of 0.8 V. Copyright 2016 the Royal Society of Chemistry.
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curves reported by Segawa et al”* The results show that the
addition of alkali metal cations increases the carrier lifetime
except for lithium ions. Meanwhile, the K'-containing perov-
skite presented the longest carrier lifetime, followed by perov-
skites containing Rb", Cs" and Na®. Electrochemical impedance
spectroscopy (EIS) can further demonstrate the transport
process of charge carriers in perovskite devices. In Fig. 5(j), the
Nyquist plot of the perovskite with and without alkali cation
doping under AM1.5G 1 sun illumination and with an applied
voltage approaching the device V,. is shown.”® Defects in the
perovskite film are reduced by the addition of KCl and NacCl,
resulting in less recombination and better device performance.
It was also indicated that the carrier movement within the
perovskite film is smoother in the K" and Na" doped devices,
resulting in reduced trap and resistance losses. In contrast,
devices with LiCl exhibited severe resistance. Liu et al. further
reported that alkali metal cation doping can lengthen the
carrier lifetime. The result of steady-state PL and dark J-V curves
of the hole-only device indicated that the addition of alkali
metal cations reduced the trap states of the perovskite film. The
average carrier lifetime of the control sample was found to be
16.58 ns, while the average carrier lifetime of Na" and K" doped
perovskite films increased to 259.72 ns and 135.16 ns, respec-
tively. These results showed that the alkaline cations can
significantly suppress the internal recombination of the
perovskite due to the long carrier lifetime.*

7. Stability

Device performance and long-term stability are two mainstream
topics for the current PSC research. Generally, mixed-cation
perovskites with small amounts of alkali metal ions show
excellent stability. Park et al. first reported a perovskite light
absorber with organic-inorganic hybrid cations to enhance the
photostability and moisture stability. When Cs" is substituted
for 10% HC(NH,),", the photostability and water stability of the
perovskite film are significantly improved."** With the addition
of inorganic Cs', the resulting tri-cationic perovskite composi-
tion has higher thermal stability and fewer phase impurities,
and is less sensitive to processing conditions.® As aforemen-
tioned, RbPbI; is outside the tolerance factor range because its
ionic radius is less than that of Cs". Gritze et al. added Rb to
(CSFAMA)PDb(I/Br); to achieve a stable efficiency of 21.6% and
95% initial performance was maintained for 500 hours under
a nitrogen atmosphere at 85 °C.? Besides the thermal stress, it
has also been demonstrated that the Rbg (sFAq.9sPbI; film
exhibits excellent stability under high humidity (85%) condi-
tions, while the complete device exhibits 1000 hours of high
performance long-term stability in absence of encapsulation.'
Ko et al. incorporated Rb" in FAPbI; to tune the tolerance factor
and promote the phase transition from hexagonal yellow to
trigonal black FAPbI;. Gosh et al. investigated the local struc-
tures and dynamics of mixed A-cation compositions. An
increase in hydrogen bond strength was observed when smaller
Rb" was doped into FAPbI;. This bonding effect locked the
octahedral rotation and hindered the movement or tumbling of
organic cations in the cages. The results indicate that the

This journal is © The Royal Society of Chemistry 2019
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incorporation of Rb" causes a significant decrease in lattice
dynamics, a decrease in electronic disorder and an increase in
phase stability." Negami et al. concluded that even in the case
of Pbl,-rich, Rb can inhibit the presence of Pbl,, and reducing
the proportion of Br in the perovskite absorption layer can
prevent unnecessary formation of Rb-Br accumulation.''® At 85
°C/85% RH for a stress test, the PCE of the optimized device was
more than 20%, and it maintained 92% of the initial PCE after
1000 hours. The discovery of Rb* prompted us to investigate the
impact of K* on PSCs. Specifically, Feng et al. found that the
incorporation of Rb" and K" at a certain ratio would make the
CsPbI,Br perovskite quite stable, and the synergy between Rb*/
K, I” and Br~ played a key role.'”” More related fundamental
studies in this regard are needed. Park et al. reported a compo-
sitional engineering approach for cesium lead halide perov-
skites with K" doping.*® A Csg.0,5K0.075PbI,Br planar PSC
achieves a maximum PCE of over 10%, exceeding the reference
CsPbI,Br device with an average PCE of 8.2%. The stability has
also been improved compared to the reference CsPbI,Br
devices. The incorporation of potassium was proved to be
beneficial to the formation and transportation of photoexcited
charge carriers. A contraction of the volume of PbXs octahedron
was observed with K', thus increasing the bond strength and
improving the phase stability. The results of energy dispersive
spectroscopy (EDS) exhibited a shift of the peak position to
higher binding energy in Csg 9,5K.075PbI,Br for Pb 4f and Br 3d
orbitals, which might be due to more positive potassium ions in
the perovskite because of the contraction of perovskite cubic
volume associated with the difference between the ionic radius
of cesium (1.67 A) and potassium (1.38 A). Currently, the
research on the stability of PSCs with alkali metals is mainly
focused on Cs", along with a few studies on Rb" and K", but the
in-depth mechanism has not yet been explored. Research in this
area is highly urgent. For example, the mechanism of the phase
stability with K" incorporation and the interaction of Rb* and K*
with halide anions are urgently needed to be discovered.

8. Conclusion and prospects

Tremendous progress has been made over the past few years in
metal halide perovskite optoelectronic devices. Interface and
defect engineering will be critical to address the current
bottleneck and further improve the photovoltaic performance
of PSCs. In this review, we summarized important research
progress on understanding alkali metal (Li*, Na*, K" and Rb")
incorporation in metal halide perovskite materials from the
aspect of electronic properties, film morphology, energy level
alignment, and carrier recombination dynamics. Various
approaches from theoretical to experimental characterization
have identified and quantified the beneficial effect of alkali
metal doping in perovskite films. By doping alkali metals into
perovskite precursor solution, the electronic properties of the
resultant perovskite film can be improved, the energy level can
be adjusted, and the defect density can be reduced. Further-
more, doping alkali metals in perovskite films is indeed an
effective defect passivation method to improve the carrier
mobility and to reduce the ion migration. In terms of stability,
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the alkali metal cation Cs® with similar radius to CH;NH;"
significantly improves the thermal stability, photostability and
environmental stability. Moreover, the incorporation of positive
potassium ions causes shrinkage of the PbXg octahedral
volume, thereby improving the phase stability of the perovskite
film. In summary, Rb*, K*, and Na* have been shown to reduce
ion migration and accumulation and thus reduce J-V hysteresis
and PL aging effects. Moreover, alkali metal doping has an
important influence on the long-term operation of perovskite
optoelectronic devices.

The tremendous role of alkali metal doping in perovskite is
undeniable. However, an in-depth understanding of the struc-
ture and photophysical properties of alkali metal cation-doped
perovskites is still lacking in this field. The underlying mecha-
nism of doping of alkali metals to improve the efficiency of PSCs
has not been explicitly explained, although improved devices
have fewer defects, reduced ion migration, increased carrier
lifetime, etc. This is most likely due to the complexity of the
alkaline additives, and the limited experimental and charac-
terization techniques. For example, more detailed work about
the form of potassium ions in perovskites is still needed. The
incorporation of Li* (0.076 nm), Na* (0.102 nm), and K" (0.138
nm) resulted in an increase in the lattice constant; however, the
locations of these small cations remained unclear. Also, the in-
depth mechanism of the phase stability with K" incorporation
and interactions of Rb" and K" with halide anions are urgently
needed to be explored.

Looking forward, alkali metal doping in perovskite has great
development space in the related optoelectronic device. Simple
and inexpensive inorganic alkali metal ions provide a facile
platform to improve the stability of perovskite-based materials
and the performance of the corresponding photovoltaic devices.
We expected that this strategy can be implemented in other
deposition technologies based on high-flux solution techniques
like inkjet-printing, slot-die coating, or aerosol-jet printing. In
addition, it is expected that alkali metal doping can be extended
from single elements to multiple elements. It is believed that
perovskite layers doped with alkali metal ions can be widely
used in the fabrication of perovskite-based optoelectronic
devices, such as field-effect transistors, photodetectors, and
light-emitting diodes on flexible polymer substrates. Existing
optoelectronic devices can be improved to further reduce
performance loss and instability issues, realizing the true
industrial application potential of metal halide perovskite
optoelectronic devices.
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