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Recent success in achieving highly stable Rb-containing organolead halide perovskites has 

indicated the possibility of incorporating small monovalent cations, which cannot fit in the lead-

halide cage with an appropriate tolerance factor, into the perovskite lattice while maintaining a 

pure stable “black” phase. In this study, through a combined experimental and theoretical 

investigation by density functional theory (DFT) calculations on the incorporation of extrinsic 

alkali cations (Rb+, K+, Na+, and Li+) in perovskite materials, we unambiguously reveal the size-

dependent interstitial occupancy of these cations in the perovskite lattice. Interestingly, DFT 

calculations predict increased ion migration barriers in the lattice after the interstitial occupancy. 
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To verify this prediction, we characterized ion migration behaviour through hysteresis analysis of 

solar cells, electrical poling, temperature-dependent conductivity, and time-dependent 

photoluminescence measurements. The results collectively point to the suppression of ion 

migration after lattice interstitial occupancy by extrinsic alkali cations. The findings of this study 

provide new material design principles to manipulate the structural and ionic properties of 

multication perovskite materials. 

 

Organometal halide perovskite solar cells (PSCs) have attracted tremendous attention in recent 

years because of their rapidly rising efficiency from 3.8%[1] to over 20%[2] and the extraordinary 

optoelectronic properties of the perovskite active layer. The general chemical formula of 

perovskite materials is ABX3, where A is a monovalent organic (methylammonium, MA+ or 

formamidinium, FA+) or inorganic (Cs+) cation, or a mixture of both; B is Pb2+ or Sn2+, or a mixture 

of both; and X is a halide anion (I-, Br- or Cl- or their mixture). Tuning the ABX3 composition has 

been widely reported to not only affect the efficiency of the PSCs but also greatly impact on the 

stability of the perovskite layer. Accordingly, compositional effects have become a critical area 

for both fundamental research and device optimization.[3-8] 

          Among the various perovskite analogs, MAPbI3 and FAPbI3 are the first two material 

systems that have demonstrated high photovoltaic efficiency,[9-18] and have also been studied 

extensively in terms of stability. It was found that FAPbI3 has a better thermal stability than 

MAPbI3,[17-22] however, it lacks structural stability at room temperature because of weak 

interactions between the FA cation and the inorganic framework, and an undesirable yellow δ-

phase is usually formed in the FAPbI3 film.[19,20] Recently, the limitations of pure MAPbI3 and 

FAPbI3 systems have been addressed by using mixed A cations. Pellet et al. developed MA/FA 
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mixed perovskites and found that the yellow δ-phase of FAPbI3 could be suppressed.[3] 

Additionally, Lee et al. discovered that partially substituting FA+ with Cs+ not only induced a 

preferable crystallization of FA perovskite into a photoactive phase but also enhanced the 

moisture-stability and thermal stability of FAPbI3.[4] Furthermore, McMeekin et al. observed that 

the phase instability issue of wide-bandgap (1.75 eV) Br-I mixed halide FA perovskites could be 

resolved through incorporating Cs, making it a promising perovskite absorber for tandem solar 

cells.[5] The improved structural stability was explained by Yi et al., elucidating that Cs assists the 

crystallization of the black phase in FA perovskites due to entropic stabilization.[6] Saliba et al. 

developed a more complex Cs/MA/FA triple cation perovskite with improved stability, efficiency 

and reproducibility of the PSCs.[7] The same researchers later reported that incorporating a small 

amount of Rb+ cations in the perovskite further improved the efficiency and photo-stability of the 

Cs/MA/FA PSCs.[8] More recently, smaller alkali cations, such as K+ and Na+, were introduced 

into MAPbI3 or MA/FA mixed perovskite precursor solution to tune the perovskite thin film 

morphology [23-25] and electronic properties.[26-30] It is argued that the incorporation of these small 

alkali cations can  improve charge injection property or reduce trap density, thus eliminating 

current-voltage (I-V) hysteresis and promoting the efficiency and stability of the PSCs.[26,28] 

During the preparation of this manuscript, we became aware of an experimental work[31] 

investigating the influence of different alkali cations (Cs+, Rb+, K+, Na+ and Li+) on the structural 

and electronic properties of MA/FA perovskite thin films, and the authors observed perovskite 

lattice expansion after incorporation of K+, Na+ or Li+ and the corresponding bandgap variation. 

Interestingly, Rb+, K+ and Na+ and Li+ have a small ionic radius with unfavorable Goldschmidt 

tolerance factor for occupying the A site of the Pb-I network.[22] This observation indicates that 

the incorporation of extrinsic alkali cations may occur through different mechanisms, which could 
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add another dimension for tuning the lattice structure of perovskite materials. How these extrinsic 

cations occupy in the perovskite lattice hasn’t been investigated so far.  

         Besides thermal decomposition and lattice distortion, ion migration (resulting from the 

diffusion of native defects) is another thermodynamic process often associated with instability, 

such as photo-induced phase segregation in wide-bandgap perovskite materials[32,33] and ion 

migration-induced degradation of perovskites in the presence of oxygen and light.[34,35] Ion 

migration also accounts for anomalous device behaviours such as I-V hysteresis in PSCs[36-42] and 

a switchable photovoltaic effect.[43] Experimental and theoretical studies by Walsh et al.[38] 

asserted that the prevalent ion migration process in perovskites is vacancy-mediated anion (i. e., 

I− or Br-) diffusion. The diffusion of the anions was predicted to be affected by their local chemical 

environment,[44-47] including the orientation of the organic cations[45] and the formation energy of 

the defects.[36,46,47] Experimentally, the ionic transport properties can be varied through material 

fabrication processes or ambient conditions, which essentially modify the composition, 

morphology, or defect concentration of the perovskite films. Suppressing ion migration is not a 

trivial task. Methods such as increasing crystal size and controlling grain boundary defects have 

been proposed.[13,47] Since both the presence of defects and their migration is intrinsic to 

perovskites,[44-49] the development of strategies to eliminate or suppress ion migration in the bulk 

is essential.  

          In this study, we explore a new mechanism to suppress ion migration in bulk perovskites 

through the interstitial incorporation of small alkali cations in the lattice of state-of-the-art 

Cs/MA/FA triple cation perovskites. First, we demonstrate that incorporating extrinsic alkali 

cations (i.e., Rb+, K+, Na+, or Li+) into Cs/MA/FA perovskite introduces lattice expansion, which 

is typically associated with interstitial occupancy of ions. Through density functional theory (DFT) 
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calculations of the thermodynamic and kinetic properties of the possible ion incorporation patterns, 

we discovered that interstitial occupancy by extrinsic alkali cations is indeed energetically more 

favorable than A site substitution. Interestingly, the DFT calculations also predict increased ion 

migration barriers in the lattice after the interstitial occupancy. To verify this theoretical prediction, 

we characterized the ion migration behavior via hysteresis analysis of solar cells, electrical poling, 

temperature-dependent conductivity, and time-dependent photoluminescence (PL) measurements. 

The results collectively point to the suppression of ion migration after the lattice interstitial 

occupancy by extrinsic alkali cations.  

          Thin films of Cs0.11MA0.15FA0.74Pb(Br0.17I0.83)3 (abbreviated as Cs/MA/FA for convenience) 

perovskite were used as the control sample and fabricated by depositing the precursor solution on 

a SnO2-coated fluorine doped tin oxide (FTO) substrate according to a previously reported spin-

coating process[50] (described in detail in the Experimental section). To introduce the extrinsic 

alkali cations (Rb+, K+, Na+, or Li+) into the perovskite films, their corresponding iodide salt (RbI, 

KI, NaI, or LiI) was added to the Cs/MA/FA perovskite precursor solution with varying molar 

concentrations from 0.5% to 8%. The percentage was referred as the molar concentration of the 

alkali cations in the perovskite precursor solution. After formation of the perovskite films, we first 

investigated the effect of the extrinsic alkali cations on the perovskite crystal structure and film 

morphology. The X-ray diffraction (XRD) patterns in Figure 1a and the scanning electron 

microscopy (SEM) images in Figure 1e to Figure 1i collectively demonstrate that incorporating 2% 

extrinsic alkali cations does not change the crystallinity or morphology of the Cs/MA/FA 

perovskite films. However, when zooming in to the main peak corresponding to the (310) crystal 

planes of the perovskite (Figure 1b), a clear peak shift toward lower angles is observed. Generally, 

substitution of perovskite A cations (i.e., FA+, MA+, or Cs+) with smaller cations results in lattice 
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contraction, and thus a shift of the main XRD peak to a higher angle.[3-5] Indeed, when we added 

an additional 2% Cs+ to the Cs/MA/FA perovskite, we observed a slight shift of the XRD peak 

toward a higher angle, corresponding to a lattice contraction due to the smaller size of Cs+ as 

compared to FA+ and MA+ (Figure S1a, b). Therefore, the opposite shift of the XRD peak to a 

lower angle may correspond to lattice expansion, which could occur through interstitial occupancy 

by the alkali cations or the reduction of bromide anion in the lattice. In order to determine which 

of the above is the dominant mechanism, we further incorporated RbI, KI, NaI or LiI into the pure 

iodide precursors of Cs0.11MA0.15FA0.74PbI3. As shown in Figure S2, for the pure iodide 

perovskites, the main XRD peaks also shifted to a lower angle, suggesting that the perovskite 

lattice expansion should mainly result from the interstitial occupancy of alkali cations. The 

theoretical validation of such interstitial occupancy will be described in the next section. We also 

noted that no new phase was formed in the K+- or Na+-doped perovskites when the doping 

concentration was increased from 0.5% to 8% (Figure 1c and Figure S1e), whereas > 2% Rb+ or 

Li+ doping readily resulted in precipitation of a secondary phase δ-RbPbI3
[8,51-53] (Figure 1f and 

Figure S1c) or δ-CsPbI3 (Figure S1g) phases in the perovskites, manifesting a size-dependent 

dopant concentration tolerance. 
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Figure 1. Phase and morphology characterizations of Cs/MA/FA perovskite with and without 

alkali cation doping. (a) XRD patterns and (b) zoom-in to the (310) peak of the XRD patterns of 

2% Cs+, Rb+, K+, Na+, or Li+ embedded Cs/MA/FA perovskite. (c)XRD patterns and (d) zoom-in 

to the (310) peak of the XRD patterns of K+-doped Cs/MA/FA perovskite with various K+ 

concentrations. SEM images of (e) Cs/MA/FA perovskite, (f) 2% Rb+-doped Cs/MA/FA perovskite, 

(g) 2% K+-doped Cs/MA/FA perovskite, (h) 2% Na+-doped Cs/MA/FA perovskite, and (i) 2% Li+-

doped Cs/MA/FA perovskite films. 

          To verify the hypothesis of alkali ion occupancy at the interstitial site of the perovskite lattice, 

we subsequently investigated the energetics and the alkali cation incorporation mechanisms by 

using DFT calculations. We calculated and compared the formation energies (ΔH0K) at zero 

temperature (0 K) of pure FAPbI3 perovskite and FAPbI3 with alkali cations (Cs+, Rb+, K+, Na+, 

and Li+) incorporated at an A site or interstitial site (i.e., the site between two A sites, as shown in 

Figure 2b, d). Detailed descriptions of the reactions, the model choices and the methodology can 

be found in the Computational Methods section. The results of thermodynamics of pure 

perovskites without alkali cations are also provided in Table S1. 
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Figure 2. Thermodynamic and kinetic properties of alkali cation incorporation (Cs+, Rb+, K+, 

Na+, and Li+). (a) Illustration of the possible locations of alkali cations in FAPbI3: (b) at the A 

site and (d) at the interstitial site. (c) ΔH0K of alkali cation incorporation at an A site (being 

constant for concentration from 0.5% to 6%) and at an interstitial site. Values are estimated 

based on Table S2 and Figure S3. (d) Illustration of the I- diffusion pathways, using FAPbI3 

perovskite with K+ at an interstitial site as an example. (e) Comparison of the I- diffusion barriers 

in FAPbI3 with and without interstitial K+. The lines are guides to the eye. 

          We investigated alkali cation substitution at an A site or occupancy at an interstitial site in 

FAPbI3, MAPbI3, FAPbBr3, MAPbBr3 perovskite lattices. Because FA+ as a cation and I- as an 

anion are the most abundant species in the experimentally studied FAxMA1-xPb(IyBr1-y)3 system,  

the ΔH0K of alkali cation (Cs+, Rb+, K+, Na+ and Li+) incorporation with several concentrations in 

FAPbI3 (Figure 2c, Table S2 and Figure S3) perovskites are mainly analyzed (results for other 

material systems are also provided in Figure S4). In general, we observe that incorporating alkali 
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cations at either an A site or an interstitial site yields a more positive ΔH0K than the pure perovskite 

host because of lattice volume shrinkage (in the case of A site substitution) or lattice volume 

expansion (in the case of interstitial site occupancy). Specifically, the variation of ΔH0K exhibits 

the following trends (Figure 2c): 

(1) The ΔH0K of the interstitial occupancy increases linearly with increasing alkali cation 

concentration; In contrast, the change in ΔH0K for A-site substitution as a function of alkali 

cation concentration is minor and almost reaches zero for low alkali cation concentrations 

(< 12.5%).  

(2) The increase in ΔH0K is cation size-dependent:  (a) For A site substitution, the larger the 

alkali ions, the smaller the increase in ΔH0K; the difference in ΔH0K between the largest 

(Cs+) and smallest (Li+) ion substitution is large (i.e., 0.07 eV). (b) For interstitial 

occupancy, the opposite holds; the difference in ΔH0K between the interstitial occupancy 

of the largest (Cs+) and smallest (Li+) cations is small (i.e., 0.01–0.02 eV). 

         The combination of these trends leads to the following conclusions: (1) Both types of 

occupancy are thermodynamically possible when the percentage of alkali cations is small (≤ 6%). 

(2) When the concentration of alkali cations decreases, the interstitial occupancy starts to be 

favorable; and the smaller the alkali cation, the higher the concentration below which it tends to 

prefer the interstitial sites. (3) Even at very low concentration (0.5%), the interstitial occupancy of 

the largest alkali cations (Cs+) is still less favorable than A site occupancy. In addition, we also 

explored the possibility of incorporating alkali cations (Cs+, Rb+, K+, Na+, and Li+) at the B site 

(Pb) of FAPbI3 perovskite. As Table S3 shows, the formation energies of B site substitution are 

significantly higher than both A site substitution and interstitial site occupancy for all alkali cations 

regardless of their ionic radius (Cs+, Rb+, K+ are larger and Na+ and Li+ are smaller than Pb2+).  
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Further evidence for the favorable energetics of interstitial occupancy for extrinsic alkali cations 

is provided by analysis of the diffusion barrier of alkali cations reported in Figure S5.  

          To illustrate the theoretical findings, we propose a lattice model schematically depicted in 

Figure 3. Figure 3a, b and c show a side view of the lattice structure of the Cs/MA/FA 

perovskite lattice without (a) and with small amounts of Rb+ (b) and K+ (c) incorporated in the 

lattice. Being a large cation, Cs+ is demonstrated both experimentally (our work and previous 

works[3-5]) and theoretically to occupy the A sites. Rb+ has an intermediate size. Therefore, Rb+ 

can be incorporated at both types of sites and can easily diffuse between these types of sites 

(Figure S5). Finally, the small K+ tends to occupy the interstitial sites, evidenced by the 

favorable thermodynamics and sizable diffusion barriers to the A sites (Figure S5).   

 

Figure 3. Schematics of the doping mechanism of Cs/MA/FA perovskite doped with Cs+, Rb+, 

and K+. (a) Side view of the original Cs/MA/FA perovskite lattice structure. (b) Side view of the 

lattice structure of Cs/MA/FA perovskite doped with Rb+. (c) Side view of the lattice structure of 

Cs/MA/FA perovskite doped with K+. 

          We further extended the theoretical investigation to the question how the interstitial ions 

affect the migration of ionic native defects (i. e., iodide or bromine vacancy), a prevailing 

process in organolead halide perovskites that is often associated with I-V hysteresis in PSCs[39-

42,44-48] and photo-induced phase separation.[32,33] We calculated vacancy-mediated I- diffusion 

with and without alkali cation K+ interstitial occupancy in FAPbI3. As shown in Figure 2d, we 
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investigated several diffusion pathways (ab, ac, and ad) to distinguish the influence of the local 

environment on individual diffusion paths. The environmental effect of each path can be 

identified based on the distance to the interstitial alkali cations (ab vs ad), the orientation of the 

FA cations (ab vs ac), or the direction of the diffusion paths (ab vs ba). The calculated I- 

diffusion barriers are found to range from 0.16 eV to 0.49 eV. This energy range is comparable 

to several DFT results for FAPbI3,[47,54] MAPbI3, which range from 0.08 to 0.65 eV using 

different approximation schemes, different DFT codes, and taking into account several local 

environments.[36,42,44-47]  

          As shown in Figure 2e, the incorporation of interstitial K+ leads to sizable increases in the 

diffusion barriers for all diffusion paths (from 0.11 to 0.59 eV). Through careful analysis of the 

trends in the diffusion barriers and their associated atomic arrangement, we determined three main 

roles of the interstitial K+ in increasing diffusion barriers. First, the K+ suppresses the I- diffusion 

through partially blocking of the diffusion pathways. Second, more energy is required to create an 

iodide vacancy when K+ cations are present than when they are not, as evidenced by the increased 

formation energies in Table S4. Third, the incorporation of K+ cations alters the orientation of the 

FA+ cations, by pulling these cations from their original (111) orientation to (110) orientation 

(Figure S6), in order to maximize their interaction with the surrounding FA cations. The result of 

this reorientation is also a change of the dipole direction, pointing more in the direction of the K+, 

and consequently alters the I- diffusion barriers. The dipole orientation-induced diffusion barriers 

was also found in MAPbI3,[45] although with a much larger range of activation barriers (0.06 eV to 

0.65 eV). This large range of activation barriers is probably due to the larger dipole moment of the 

MA cation as compared to the FA cation.[38] 
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          The DFT calculation results predict increased ion migration barriers through K+ interstitial 

occupancy. To verify this prediction, we characterized the ion migration behavior through I–V 

hysteresis analysis of the PSCs, electrical poling, temperature-dependent conductivity, and time-

dependent PL measurements of the perovskite materials. 

          We first studied the I–V hysteresis of the PSCs based on the Cs/MA/FA perovskite films. 

The perovskite films with various alkali cation species and doping concentrations were 

incorporated into the device with the structure FTO/SnO2/perovskite/spiro-MeOTAD/Au (Figure 

4a). The current density–voltage (J-V) curves of the corresponding PSCs are presented in Figure 

S7. We extracted the PCE (from the reverse scan) and the hysteresis index, HI[53] (𝐇𝐈 =
𝐏𝐂𝐄𝐫𝐞𝐯𝐞𝐫𝐬𝐞−𝐏𝐂𝐄𝐟𝐨𝐫𝐰𝐚𝐫𝐝𝐏𝐂𝐄𝐫𝐞𝐯𝐞𝐫𝐬𝐞 ), from the J-V curves (Figure S7) and summarized them in Table S5 to analyze 

the variation of the PCE and J-V hysteresis as a function of doping concentration. We also noted 

that the J-V hysteresis of the PSCs is highly related to the preconditioning treatment of the devices, 

such as exposure to the applied bias, light illumination or dark and varied scan rates.[41,55-57] In 

order to fairly compare the hysteresis behavior of the PSCs with and without doping, we adopted 

the commonly used J-V measurement for all the devices without any intended preconditioning 

treatment, i.e., no bias, no pre-illumination and with a scan rate of 0.1 V/s. We analyzed the 

variation of the PCE and J-V hysteresis as a function of doping concentration. We found that 

additional Cs+ or Li+ incorporation had no positive effect on the hysteresis of the Cs/MA/FA PSCs; 

by contrast, Rb+, K+, and Na+ doping at appropriate concentrations dramatically reduced hysteresis. 

This result agrees well with the DFT prediction of suppressed I- migration, whereas the large 

hysteresis observed in Li+-doped PSCs could be attributed to the small size and high mobility of 

Li+ cations,[58] which were not considered in the DFT calculations. It was also noted that increasing 

the Rb+ concentration to over 2% in the perovskite deteriorated the device performance, whereas 
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increasing the Li+ or Na+ concentration to over 4% adversely increased the hysteresis. The 

decreased PCE of the PSCs with a high Rb concentration resulted from the formation of 

photoinactive δ-RbPbI3 impurities in the perovskite film, and the increased hysteresis of the PSCs 

with a high Na+ concentration resulted from additional Na+ migration in the perovskites.[58]  

 

Figure 4. Impact of interstitial doping on PSC performance. (a) Cross-sectional SEM image of the 

PSC structure. (b) Comparison of the PCE (extracted from the reverse scans of the J-V curves) of 

the PSCs without doping and with 1% K+ doping. (c) Comparison of the hysteresis index of the 

PSCs without doping and with 1% K+ doping. The statistics of the PCE and hysteresis index in (b) 

and (c) are based on 22 devices for each condition. The tiny box within the large box indicates 

mean value. The upper and lower bars represent standard deviation from the mean value, and the 

middle line in each box represents the median value. Upper and lower borderlines of the box 

represent the third quartile (Q3) and first quartile (Q1), respectively, and box thickness represents 

interquartile range Q3–Q1. (d) J-V curves from the reverse and forward scans of the PSCs without 

doping and with 1% K+ doping. (e) Steady-state current density and PCE of the PSCs without 
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doping and with 1% K+ doping (the device without doping was biased at 0.93 V and the device 

with 1% K+ doping was biased at 0.96 V). 

         By comparing all PSC devices, we conclude that K+ incorporation yields the widest doping 

concentration window for effectively reducing hysteresis while maintaining high photovoltaic 

efficiency, coinciding with the results of a very recent work reporting that incorporating K into the 

Cs/MA/FA perovskite reduced the hysteresis of PSCs.[59] Figure 4b to Figure 4e display the PCE 

statistics, HI statistics, J–V curves, and stabilized power output of the PSCs with 1% K+ doping 

and without doping, respectively. The PSCs with 1% K+ doping demonstrated improved stabilized 

PCE from 18% to 19% (Figure 4e), which, according to Figure 4c, is associated with reduced 

hysteresis. We also embedded K+ into MA/FA perovskites, and again observed the lattice 

expansion and reduced hysteresis of PSCs, as shown in Figure S8 and Table S6, demonstrating the 

universality of interstitial doping in the mixed-cation perovskite materials. We note that the I-V 

hysteresis is a combination effect of ion migration and charge trapping (or trapping induced charge 

recombination);[40,41,60] thus, the hysteresis phenomenon could be alleviated by either suppressing 

ion migration or reducing charge trapping at the perovskite/charge transport layer interface. In our 

experiment, the alkali cations were incorporated into the perovskite film through modification of 

precursor solution, and we have confirmed with XPS depth profiling that the alkali cations 

distribute uniformly throughout the perovskite film (data not shown); therefore, the interface 

passivation effect by the alkali cations is quite unlikely, and the observed hysteresis reduction 

should originate from suppressed ion migration. 

         To confirm that the reduced hysteresis was not caused by an interface modification effect in 

the PSCs, we examined the ion migration behavior through electrical poling[43,61] experiments in a 

lateral conductor device structure (Figure 5a). In such experiments, a constant bias is applied 
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between two parallel electrodes with 100-μm spacing, generating an electric field that induce a 

drift of the charged ions or defects. Accordingly, regions with p-type doping by negatively charged 

ions / vacancies and n-type doping by positively charged ions / vacancies are created next to the 

positive and negative electrodes, respectively,[62-64] resulting in a reversible p–i–n structure in the 

perovskite layer.[43] Upon illumination, the poled device generates an open-circuit voltage (Voc), 

the magnitude of which is determined by the built-in potential (Vbi) of the p–i–n structure. Voc is 

essentially determined by the doping concentration on the p and n sides. Specifically, the more 

ions piled up at the electrodes, the higher the Voc. As shown in Figure 5b, the nonpoled triple cation 

(Cs/MA/FA) perovskite device yielded zero Voc because of the symmetry of the electrode structure; 

after poling the device at 100 V for 30 s, a photovoltaic effect under 1-sun illumination was 

observed, with a Voc of 0.38 V. By contrast, the perovskite with 1% K+ doping exhibited a nearly 

halved Voc of 0.2 V after the same poling process, clearly indicating reduced ion migration. Similar 

results were obtained for perovskite devices with Rb+ or Na+ doping (Figure 5b) and with various 

poling electric fields (Figure S9).  
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Figure 5. Optical and electrical characterizations of the ion migration behaviors of the perovskite 

films. (a) Device structure for electrical poling of the perovskite films. (b) I–V curves of the 

devices with various dopants before and after poling at 1 V/μm for 30 s. (c) Extraction of the 

activation energy from the temperature-dependent conductivity measurement of Cs/MA/FA 

perovskite and 1% K+-doped Cs/MA/FA perovskite. Normalized PL spectra measured after 0–6 

min of light exposure of the (d) Cs0.11MA0.15FA0.74PbBr1.2I1.8 and (e) 1% K+-doped 

Cs0.11MA0.15FA0.74PbBr1.2I1.8 thin films. 

      Using the conductor structure, we further characterized the activation energy (Ea) of ion 

migration in the pure and K+-doped Cs/MA/FA perovskite materials through temperature-

dependent conductivity measurement. The conductivity values under various temperatures were 

extracted from the J-V curves under dark condition, which were then used to calculate activation 

energy through Nernst-Einstein relation[65]: σ(T)=(σ0/T)exp(-Ea/kT), where k is Boltzmann’s 

constant, σ0 a constant and T the temperature. As shown in Figure 5c, two slopes are identified 

from each dataset, likely corresponding to two conduction mechanisms: electronic conduction and 

ionic conduction. In the low-temperature region (200-260 K), the ion motion is frozen or largely 

suppressed and the conductivity is determined by electronic conduction; when the temperature 

exceeds 260 K, ionic conduction begins to contribute to the electric current. The transition 

temperature from electronic to ionic conduction identified here is also in good agreement with the 

results of a recent work.[65] The conductivity increase with increasing temperature reflects the role 

of thermal activation in ion migration. The Ea of the ionic conduction was fitted to be 0.06 eV and 

0.10 eV for pure and K+-doped Cs/MA/FA perovskite, respectively, indicating increased Ea of the 

perovskite material by K+ doping, which agrees well with the increased ion migration barriers 

predicted by the DFT calculations in Figure 2e.  
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          Photo-induced phase segregation has been a key issue limiting the Voc of wide-bandgap 

perovskite solar cells. The process is believed to occur through ion migration. Therefore, we 

extended the interstitial doping treatment to wide-bandgap perovskite materials in which I- is 

partially replaced by Br-. The Br- to I- ratio was increased from 1:5 to 2:3 while maintaining the 

same composition of A-site cations in the perovskite precursor solution. The Tauc plot in Figure 

S10 suggests that the bandgap of the Cs0.11MA0.15FA0.74PbBr1.2I1.8 film is 1.78 eV. We performed 

time-dependent PL measurements on Cs0.11MA0.15FA0.74PbBr1.2I1.8 and 1% K+-doped 

Cs0.11MA0.15FA0.74PbBr1.2I1.8 thin films by using an excitation source with a power density of 38 

mW/cm2 and a wavelength of 405 nm. The perovskite film without doping exhibited a rapidly 

rising PL peak that is red-shifted from the original one, which is a typical indication of phase 

segregation. By contrast, the K+-doped perovskite film revealed highly suppressed phase 

segregation, as shown in Figure 5d and Figure 5e. We also considered doping with other extrinsic 

alkali cations (Figure S11). We found that Rb+- and Na+-doped perovskites exhibited suppressed 

PL peak red-shifts, whereas the Li+-incorporated perovskite exhibited a strong time-dependent red 

shift of the PL peak, which may again be related to the high mobility of Li+ in the perovskite. The 

interstitial cation-enhanced photostability of wide-bandgap perovskites may be particularly useful 

for achieving high-efficiency tandem solar cells.  

          Although this study has mainly focused on K+-doped FA/MA/Cs perovskite films, we also 

verified (1) the interstitial occupancy of Rb+, Na+, and Li+ and (2) the ion migration suppression 

effects of Rb+ and Na+. A key difference among these alkali cations is the size-dependent doping 

concentration effect. The related major observations are summarized as follows. First, the large 

alkali cation Cs+ prefers to occupy the A sites of the perovskite lattice, and incorporation of a small 

amount of excess Cs+ in Cs/MA/FA perovskite has negligible effects on the lattice structure and 
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hysteresis of the PSCs. Second, doping with extrinsic alkali cations of a moderate size, such as 

Rb+, K+, or Na+, remarkably reduces the hysteresis of the PSCs. Of those cations, the large Rb+ 

cations have a stronger tendency to segregate from the Pb–I cages to form a yellow phase; therefore, 

they can only be used at very low concentrations. The small Na+ cations can be incorporated into 

the perovskite lattice at higher concentrations, but are less effective in blocking ion migration than 

Rb+ and K+ cations. Third, Li+ cations may participate in, instead of suppress, ion migration due to 

their small size and high mobility, even though these cations can still occupy interstitial sites.  

          Taking together, the following principles should be considered when applying interstitial 

cations to modulate ion migration in perovskite materials. Firstly, the “optimal size” of the 

interstitial cation is defined by the basic framework of the perovskite lattice (or more specifically, 

the size of the interstitial sites). In this study we identified K+ as the optimal interstitial cation for 

FAPbI3, but the conclusion may vary in other perovskite systems with significantly different lattice 

constant. Secondly, the size variation of interstitial cation always induces combined effects: on 

one hand, increasing the cation size will result in a higher energy barrier for ion migration; on the 

other hand, it will narrow down the concentration window where interstitial occupancy is 

energetically favored over A site occupancy. From fabrication point of view, the latter effect may 

not be ideal for achieving high reproducibility.   

          In conclusion, we successfully incorporated extrinsic alkali cations (Rb+, K+, Na+, and Li+) 

into Cs/MA/FA perovskite films, and experimentally as well as theoretically, based on DFT 

calculations, demonstrated that these alkali cations can occupy the interstitial sites of the 

perovskite lattice. The DFT calculations further reveal that the occupancy selection between the A 

site and interstitial site is cation size-dependent. The DFT calculations also predict that the 

interstitial ions raise the migration energy barrier for native halide defects. We experimentally 
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verified this prediction through characterizing the defect migration-related material or device 

behaviors upon light or electrical excitation. Our experiments indicate that the incorporation of 

properly sized alkali cations, such as K+, results in reduced I–V hysteresis of PSCs, weakened 

poling effects, and improved photostability of wide-bandgap mixed-halide perovskites, all 

pointing to suppressed ion migration. This study not only highlights the possibility of the 

incorporation of interstitial cations in the perovskite lattice but also suggests a simple bottom-up 

approach to manipulate the local structural and ionic properties of perovskite films without altering 

the film morphology and crystallinity.   

Experimental Section 

Perovskite precursor solution 

MA/FA perovskite: 1.1 M PbI2 (Sigma-Aldrich), 0.22 M PbBr2 (Sigma-Aldrich), 1 M FAI 

(Dyesol) and 0.2 M MABr (Dyesol) were dissolved in a mixture of anhydrous DMF/DMSO with 

a volume ratio of 4:1. 

MA/FA/Cs perovskite: 1.5 M stock solution of CsI in DMSO was added to a MA/FA mixed 

perovskite solution with a volume ratio of 10: 90. 

MA/FA/K perovskite: Different amounts of 1.5 M stock solution of KI in DMSO/DMF (a volume 

ratio of 1: 4) was added to a MA/FA mixed perovskite solution. 

MA/FA/Cs/Rb, MA/FA/Cs/K, MA/FA/Cs/Na or MA/FA/Cs/Li perovskite: Different amounts of 

1.5 M stock solution of RbI, KI, NaI or LiI in DMSO/DMF (a volume ratio of 1: 4) was added to 

a MA/FA/Cs mixed perovskite solution. Because NaI and LiI are badly solvable in DMF or 

DMSO, the NaI and LiI solutions were kept under 70 ℃ when preparing the Na or Li doped 

MA/FA/Cs perovskite precursor solution. 
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MA/FA/Cs perovskite with wide bandgap: 0.77 M PbI2, 0.55 M PbBr2, 0.7 M FAI and 0.5 M 

MABr were dissolved in a mixture of anhydrous DMF/DMSO with a volume ratio of 4:1. 1.5 M 

stock solution of CsI in DMSO was successively added to the MA/FA mixed perovskite solution 

with a volume ratio of 10: 90. 

Solar cell fabrication: FTO (DHS-FTO22–15N, HeptaChroma) substrates were subsequently 

cleaned with detergent, deionized water, acetone, and 2-propanol, followed by an UV-ozone (PSD-

UV8, NOVASCAN) treatment for 15 min. The SnO2 electron transport layer was spin-coated onto 

the FTO substrate by a modified process reported in the previous work.[66] The spin-coating rate 

was set at 3000 r/min for 30s, followed by a gradient heating and baking at 180 ℃ for 1 hour on a 

hotplate. After cooling to room temperature, all SnO2 layers were treated by an UV-ozone machine 

for 15 min. Then, all SnO2 coated FTO substrates were transferred to the glovebox for the 

fabrication of the perovskite layer and spiro-MeOTAD hole transport layer. All perovskite layers 

were deposited through a consecutive two-step spin-coating process (1000 r/min for 5 s and 6000 

r/min for 30 s), and 12 s before the end of the second step, 160 μl chlorobenzene as anti-solvent 

was dripped on the perovskite, followed by annealing at 100℃  for 1 hour. The spiro-MeOTAD 

hole transport layer was prepared by spin-coating a precursor solution consisting of 72.3 mg spiro-

MeOTAD, 28.8 μl 4-tert-butylpyridine and 17.5 μl lithium-bis(trifluoromethanesulfonyl)imide 

(Li-TFSI) solution (520 mg Li-TFSI in 1 ml acetonitrile) in 1 ml chlorobenzene onto the perovskite 

layer at 4000 r/min for 30 s. Finally, a 80 nm thick gold electrode was deposited via thermal 

evaporation with a mask area of 0.05 cm2. 

Measurement and characterization: The crystal phases of the perovskite films were identified by 

an X-ray diffraction system with a Rigaku ru-300 diffractometer using CuKα1 irradiation (λ = 

1.5406 Å). Pictures of the film morphologies and the cross-section of the device structure were 
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made by HR-FESEM (FEI, Quanta 400). The current–voltage (I–V) curves were measured with a 

scan rate of 0.1 V/s (Keithley Instruments, 2612 Series SourceMeter) under simulated AM 1.5 

sunlight (100 mW/cm2) generated by a 94011A-ES Sol series Solar Simulator. Photoluminescence 

(PL) measurements were taken by a continuous-wave (CW) laser source with a wavelength of 405 

nm and a power density of 38 mW/cm2 at room temperature. The electrical poling of the device 

was conducted by applying different biases on the electrodes with 100 μm spacing for 30 s in the 

dark, and the current-voltage (I-V) curves were measured under simulated AM 1.5 sunlight (100 

mW/cm2) by a Keithley 2612 source meter. 

Computational methods: DFT calculations were performed at the level of GGA in the Perdew–

Burke–Ernzerhof (PBE) [67] parameterization as implemented in the Vienna ab-initio simulation 

package (VASP). [68-70] For hybrid halide perovskites containing MA and FA, long-range van der 

Waals interactions have been taken into account via the TS (Tkatchenko and Scheffler) scheme.[68] 

The predicted trends for the formation energies of all hybrid perovskites (MA/FAPbI/Br) using 

the PBE parameterization with and without van der Waals corrections are the same (see Table S1). 

However, like most of the dispersion correction schemes, the TS correction scheme performs 

differently for all inorganic and hybrid systems.[71] Therefore, for the sake of consistency, the PBE 

parameterization without van der Waals correction was adopted when investigating the 

thermodynamics of the alkali ion incorporation in FA perovskites. The outermost s, p, and d (in 

the case of Pb) electrons are treated as valence electrons of which the interactions with the 

remaining ions is modeled by pseudopotentials generated within the projector-augmented wave 

(PAW) method.[72] The diffusion barriers were calculated using the nudged elastic band (NEB) 

method in conjunction with the climbing image method.[73-75]Unless specified otherwise, 2×2×2 

supercells of pseudo-cubic structures were modelled and allowed to fully relax (cell shape, volume, 
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and ion positions) during the structural optimization. An energy cutoff of 500 eV and 3×3×3 k-

point meshes are used to achieve energy and force convergence of 0.1 meV and 2 meV/Å, 

respectively.  

The formation of pure FAPbI3, and FAPbI3 with alkali metal incorporated in A, B and interstitial 

sites can be described by the following reactions, respectively: 

FAI + PbI2 = FAPbI3                                                                                                                                  (1)  

FAI + PbI2 + XAI = AXFAPbI3 + 1/2XI2                                                                                                                                                          (2) 

FAI + PbI2 + XAI = AXFA1-XPbI3                                                                                                              (3)   

FAI+ (1-X)PbI2+2XAI=FAPb(1-X)AXI3+XA                                                                                               (4) 

Where X is the concentration of the A (alkali) ions incorporated in the perovskite lattice. A positive 

value of ΔH0K indicates that the formation of the compound is thermodynamically not favorable.   
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