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A B S T R A C T   

The tin oxide (SnO2) electron transport layer (ETL) plays a vital role in the photo-conversion efficiency (PCE) and 
stability of organic-inorganic perovskite solar cells (PSCs). However, SnO2 ETL-induced defects such as hydroxyl 
groups, oxygen vacancies, exposed Sn atoms, and dangling bonds hinder device performance. In this study, 
rubidium chloride (RbCl) has been used to modify the SnO2 ETL. Perovskite film formed on the RbCl-modified 
SnO2 ETL exhibits improved crystallinity with enlarged grain size and reduced grain boundaries and enhanced 
optical absorption. The Hall-effect measurements indicate the improved carrier mobility, and the dark J-V curve 
shows the increment of electrical conductivity for the RbCl-modified SnO2 ETL. X-ray photoelectron spectroscopy 
(XPS) results demonstrate the surface defects passivation of the perovskite layer by modifying the SnO2 ETL. A 
champion PCE of 19.35% has been achieved for the RbCl-modified SnO2 ETL-based devices with improved 
stability, while the control devices with unmodified SnO2ETL show a PCE of 17.18%.   

1. Introduction 

In 2022, the best research cell efficiency for the organic-inorganic 
perovskite solar cells (PSCs) has reached 25.7%, which is not very far 
behind the power conversion efficiency (PCE) of commercially available 
silicon (Si) heterostructure-based solar cells (26.7%) [1]. The rapid 
evolution of PSCs is ascribed to long carrier diffusion length, low exciton 
binding energy, high carrier mobility, tunable bandgap, and high ab
sorption coefficient of the perovskite materials [2,3]. PSCs incorporate 
an active perovskite layer between the electron transport layer (ETL) 
and hole transport layer (HTL). In the typical n-i-p structure, the crystal 
orientation, grain size, and quality of the perovskite layer directly 
depend on the surface chemistry of ETL because the perovskite layer is 
deposited on the n-type ETL. Hence the development and modification 
of ETL have become one of the major research subjects for the PSC 
research community. 

For traditional planar n-i-p PSCs, titanium dioxide (TiO2) was used as 
ETL [4–8]. Recently, tin oxide (SnO2) has evolved as a promising ETL 
because of its unique advantages over TiO2 including high electron 
mobility, deep conduction band, appropriate energy level, low crystal
lization temperature, and good chemical stability [9–14]. However, the 

oxygen vacancies in the SnO2 film are the primary source of bulk and 
surface defects, which could capture charge carriers and reduce carrier 
mobility [15]. Additionally, unsaturated Sn dangling bonds can be 
formed at the SnO2 surface. Those dangling bonds can absorb O2 and 
H2O in the ambient atmosphere, trap electrons, and form potential 
barriers obstructing electron transport [16]. Other significant issues 
with SnO2 thin film as ETL include poor crystallinity and degraded 
conductivity of the low-temperature processed SnO2 film [17]. Since the 
perovskite layer is deposited on top of ETL, the quality of the perovskite 
layer and the properties at the perovskite/ETL interface depend on the 
surface conditions of ETL. Therefore, numerous effective surface modi
fication and interface engineering techniques have been practiced to 
minimize charge carrier recombination and improve interfacial energy 
level alignment, carrier generation, and carrier transfer. For instance, 
Zhang et al. employed the room-temperature synthesized CsPbBr3 
nanocrystals to modify the interface between perovskite and ETL. This 
modification enabled the seed-mediated growth of the perovskite, which 
further passivated the perovskite/ETL interface and reduced defects in 
the perovskite film [18]. Further, interface modification also plays a 
vital role in the morphology control of perovskite film by optimizing the 
film surface or interface and removing trap states [19,20]. 
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With the sole purpose of enhancing the performance of PSCs, several 
methods have been explored to modify SnO2 ETL, including elemental 
doping [21–23], compositing SnO2 with other inorganic and organic 
materials, etc. [24–29]. Defects and grain boundaries within the 
perovskite layer and at the interface between perovskite and transport 
layers can trap charge carriers; hence, high-quality perovskite film with 
large and uniform grains is critical to achieve highly efficient PSCs [30]. 
Wang et al. used KCl as an interlayer between ETL and perovskite to 
observe the passivation effect and improve the crystallinity of the 
perovskite layer [31]. Cations and/or anions from ionic salts can effec
tively passivate surface defects such as hydroxyl groups, oxygen va
cancies, exposed Sn atoms, and dangling bonds. Zhu et al. claimed that 
for the devices using SnO2–KCl composite ETL, K+ can occupy the 
interstitial lattice sites of perovskite to passivate the grain boundaries 
and enlarge the grain size, while Cl− can hinder the formation of 
deep-trap defects at the SnO2/perovskite interface [32]. Furthermore, 
the modification of ETL can enhance charge collection and transport, 
consequently improving the film conductivity and suppressing charge 
recombination. Gong et al. modified SnO2 ETL with ammonium fluoride 
(NH4F) and reported better carrier concentration, mobility, and elec
trical conductivity. They attributed these improvements to the diffusion 
of F− ions into the SnO2, which reduced the band offset between ETL and 
perovskite layer and increased the open-circuit voltage (VOC) [33]. In 
another work, Jung et al. reported the bifunctional surface treatment of 
SnO2 using NH4F and claimed that the ammonium cation reacts with 
hydroxyl defect on SnO2 to heal the defect by forming ammonia gas and 
water vapor [34]. Several other researchers modified SnO2 ETL using 
cost-effective materials to enhance the performance of the perovskite 
solar cells [35,36]. 

Herein, we have successfully synthesized efficient and stable MAPbI3 

PSCs by modifying the SnO2 ETL with RbCl. RbCl crystallites exhibit 
polyhedral structures and lattice parameters similar to those of perov
skite crystallites, which are beneficial for the seed-mediated growth of 
the perovskite film [37]. While preparing this manuscript, Zhao et al. 
reported the improved stability of the perovskite phase by employing 
RbCl to convert excess lead iodide (PbI2) into a passive inactive 
(PbI2)2RbCl [38]. We have prepared the precursor solution for the 
modified SnO2 ETL by mixing RbCl with the SnO2 colloidal solution. On 
RbCl-modified SnO2 ETLs, we obtained MAPbI3 perovskite film with 
improved crystallinity, enlarged grain size, reduced grain boundaries, 
and enhanced optical absorption. Moreover, we have observed the 
surface defects passivation of the perovskite layer by modifying the ETL. 
The RbCl modification to the SnO2 ETL significantly helped the effective 
electron transfer of the ETL towards the FTO, improved carrier mobility 
of the ETL, and increased the electrical conductivity of the ETL. 

2. Experimental section 

2.1. Materials 

Lead iodide (PbI2, 99.999% trace metal basis, perovskite grade), 4- 
tert-butylpyridine (4-TBP, 96%), lithium bis(tri
fluoromethanesulphonyl)imide (Li-TFSI, 99.95%), methylamine solu
tion (MA, 33 wt% in absolute ethanol), 2,2′,7,7′-tetrakis[N,N-di(4- 
methoxyphenyl)amino]-9,9′-spirobifluorene (spiro-OMeTAD, 96%) 
were purchased from Sigma Aldrich. Methylammonium iodide (MAI, 
>99.5%, recrystallized 4 times) was bought from Lumtec. Anhydrous 
acetonitrile (ACN, 99.9%, Acroseal) and chlorobenzene (CB, 99.8%) 
were purchased from ACROS Organics. Tin (IV) oxide (SnO2) colloidal 
precursor (15 wt% in H2O colloidal dispersion) and rubidium chloride 

Fig. 1. Box diagrams of device parameters of PSCs with different RbCl concentrations: (a) PCE, (b) VOC, (c) JSC, and (d) FF. Each box plot includes 9 devices prepared 
under the same conditions. 
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(RbCl, 99% metal basis) were purchased from Alfa Aesar. These chem
ical reagents mentioned above are commercially available and were 
directly used without processing. 

2.2. Perovskite precursor preparation 

The MAPbI3 perovskite precursor solution was prepared in an 
ambient environment, and the one-step spin-coating technique was 
employed to deposit MAPbI3 thin film. First, the precursor solution was 
prepared by mixing 190.8 mg MAI (1.2 mmol) and 553.2 mg PbI2 (1.2 
mmol) in 2 mL ACN. After stirring the mixture for 15 min, a black 
mixture of MAPbI3 and unreacted PbI2 and MAI was formed, which was 
dissolved by passing MA gas through the mixture solution to obtain a 
clear, transparent, and light-yellow precursor solution. The schematic 
illustration of the experimental setup to dissolve the black mixture in 
ACN using MA gas is shown in our previous work [11]. Then, a PTFE 
syringe filter with pore sizes of 0.2 μm was used to filter and remove any 
large particles. 

2.3. PSC device fabrication 

Pre-patterned glass/FTO substrates (Suzhou Solarflex Optoelectronic 
Technology Co., LTD) were cleaned sequentially in detergent water, 

deionized water, acetone, and ethanol for 15 min, respectively, under 
ultra-sonication. Before depositing ETL, the FTO glasses were dried and 
exposed to UV-ozone (Harrick Plasma, PDC-32G) for 15 min. The pre
cursor solution for ETL was prepared for the control device by diluting 
the SnO2 colloidal dispersion solution to 8 wt% by deionized water. For 
the modified device, SnO2–RbCl mixed precursor solution was prepared 
by dissolving different concentrations of RbCl (1 mg/mL, 2 mg/mL, 3 
mg/mL, 4 mg/mL, and 5 mg/mL) in the diluted SnO2 solution. SnO2- 
based ETL was deposited on the FTO substrate by spin-coating 55 μL of 
precursor solution at 4000 rpm for 30 s, then annealing the substrates at 
180 ◦C for 90 min in the air. The substrates were then treated with UV- 
ozone for 10 min before depositing perovskite. 

The MAPbI3 perovskite precursor (55 μL) was spin-coated on the 
ETLs at 2000 rpm for 20 s, and the substrates were annealed in the 
presence of MA gas at 100 ◦C for 5 min. The precursor solution for HTL 
was prepared by dissolving 72.3 mg of spiro-OMeTAD, 28.8 μL of 4-TBP, 
and 17.5 μL of Li-TFSI solution (520 mg of Li-TFSI in 1 mL ACN) in 1 mL 
of CB. The spiro-OMeTAD solution (60 μL) was spin-coated on the 
perovskite film at 4000 rpm for 40 s. Finally, the gold (Au) electrode was 
deposited using an e-beam evaporator to the spiro-OMeTAD layer at a 
10−6torr vacuum pressure. 

Fig. 2. (a, b) AFM images of the control SnO2 and modified SnO2 ETLs. (c) XRD patterns of the perovskite films deposited on control SnO2 and modified SnO2 ETLs. 
(d) XRD patterns for (110) peak of the perovskite films deposited on control and modified SnO2 ETLs. 
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2.4. Characterization 

The morphology of the perovskite film was observed by a field 
emission scanning electron microscope (FE-SEM, JEOL 6330F). Atomic 
force microscopy (AFM) (Veeco Multimode Nanoscope III D) was used to 
determine the surface roughness of the ETL. The XRD profiles of the 
perovskite films were obtained by siemens diffraktometer D5000 with 
Cu Kα radiation (λ = 1.54 Å). The XPS measurements were carried out 
on a Thermo Fisher k-Alpha+, and the spectra were analyzed using 
Thermo Fisher Avantage software. All the spectra were referenced to the 
C1s peak at 284.8 eV. Optical absorption properties were carried out by 
UV–Vis spectrometer (Agilent Cary 5000 UV–Vis–NIR). The steady-state 
photoluminescence (PL) was measured on perovskite/ETL/FTO archi
tecture using the excitation power of 290 μW, excited by a laser diode at 
a wavelength of 532 nm. Hall effect measurements (HMS-5300/ 
AMP55T) were performed with van der Pauw geometry at room tem
perature. The J-V curve of the solar cell was measured using a source 
meter (Keithley 2400) under the AM 1.5G condition from a solar 
simulator (Newport). 

3. Results and discussions 

The typical device structure of the planar n-i-p perovskite solar cells 
is shown in Fig. S1 (see the supplementary information), where SnO2 
film is the ETL, MAPbI3 is the perovskite layer, spiro-OMeTAD is the 
HTL, and Au is the electrode. This study aimed at modifying the SnO2 
ETL by incorporating RbCl and studying the performance of the modi
fied device. The precursor solutions, Figs. S1(b) and (c), were used to 
spin-coat the control and modified ETL. The schematic of the spin- 

coating process of ETL is shown in Fig. S1(d). 
The first step was to optimize the RbCl concentration in SnO2 

colloidal solution. We have fabricated 9 devices for each sample with 
different RbCl concentrations. Fig. 1 shows the box plot, which sum
marizes the photovoltaic parameters of PCE, open-circuit voltage (VOC), 
short-circuit current density (JSC), and fill factor (FF) of the devices 
synthesized with various concentrations (0, 1, 2, 3, 4, and 5 mg/ml) of 
RbCl in SnO2 colloidal solutions. Each box in the plot represents the 
parameter distribution of 9 devices under the same working conditions. 
The box edges represent the 25–75 percentile. The whiskers outside the 
box represent the maximum and minimum observed data sets. The small 
square symbols (■) inside the boxes represent the mean, whereas the 
horizontal lines across the boxes represent the median. The PSCs pre
pared with 4 mg/mL RbCl concentration gave the best performance with 
the highest mean values of VOC, JSC, and FF (Fig. 1(b–d)) among all the 
devices, resulting in the best mean values of PCE as shown in Fig. 1(a). 
The average PCE for the control device is 16.45%, and for the modified 
(PSCs with SnO2 ETL treated with 4 mg/mL RbCl) device is 18.28%. The 
excess of RbCl (5 mg/mL) shows a decrease in the performance of the 
device, which is likely due to charge trapping and de-trapping centers 
induced by the excessive Rb+, as well as potential crystal distortion 
caused by its occupancy of substitution sites [39]. In addition, the low 
device performance can also be attributed to an increased average series 
resistance at higher RbCl concentrations (Fig. S2), resulting in reduced 
charge transport from the perovskite to the SnO2 ETL [32]. Hence, 4 
mg/mL is the optimum concentration of RbCl, and it will be used to 
modify SnO2 ETL in the following texts. 

The effect of ETL modification on the morphology and crystallinity of 
perovskite films is shown in Fig. 2. AFM was used to determine the 

Fig. 3. (a, b) Top view SEM images of the perovskite films deposited on control SnO2 and modified SnO2 ETLs. (c) Box plot for comparing the perovskite grain size 
deposited on control and modified SnO2 ETLs. (d) Cross-sectional SEM image of the PSC device (the different layers were colored to distinguish them). 
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surface roughness of the SnO2 ETL with and without RbCl modification, 
as shown in Fig. 2(a) and (b). The root mean square (RMS) roughness is 
7.73 nm for the pristine SnO2 film, while it is 4.97 nm for the RbCl- 
modified SnO2. The smaller roughness of the modified film suggests 
that the RbCl fills in the gaps between FTO valleys and makes the surface 
flatter [40], which is beneficial for the growth of perovskite. Fig. 2(c) 
shows the XRD patterns of perovskite layers formed on control and 
modified SnO2 films. The XRD patterns on control film reveal the 
strongest diffraction peaks at 2θ angles of 14⁰, 28.3⁰, and 31.8⁰, which 
correspond to the tetragonal phase of MAPbI3 [41]. The XRD spectra for 
the control and modified perovskite film clearly show that no PbI2 phase 
is present, suggesting a complete perovskite conversion of the pre
cursors. In addition, the XRD patterns suggest that the modification does 
not affect the crystallization behavior in terms of preferred growth di
rection. However, we observed the enhanced diffraction peak intensity 
of the (110) and (220) planes for the modified films. For the control film, 
the full width at half maximum (FWHM) of the (110) and (220) peaks 

are 0.098⁰ and 0.117⁰, respectively, whereas, for the modified film, they 
are 0.093⁰ and 0.112⁰. The decrease of FWHM indicates an effective 
improvement of the crystal quality with an enlarged grain size of 
MAPbI3 films formed on RbCl-modified SnO2 ETL. According to the 
Debye-Scherrer equation, FWHM and grain size have an inverse rela
tionship [42]. Further, we observed a subtle deviation of XRD peaks to a 
higher angle in the modified film. Fig. 2(d) shows the deviation of the 
(110) peaks. This difference in the diffraction peak position may be 
attributed to the reduced strain in the perovskite crystal deposited on the 
modified SnO2 ETL, resulting in improved crystal quality of the perov
skite film [43]. 

SEM was employed to obtain the morphology images of the perov
skite film, and ImageJ software was used to measure the grain size. The 
top-view SEM images, Fig. 3(a) and (b), illustrate the smooth and dense 
perovskite films on both control and modified SnO2 films. The average 
grain size reached 333 nm for the modified perovskite, whereas 277 nm 
for the control film, Fig. 3(c). The larger grain size of the perovskite film 
would enhance the device’s performance by reducing the grain bound
aries. Grain boundaries generally contain deep-level bulk defects such as 
ion vacancies and interstitial defects. Reducing the grain boundaries 
helps reduce the bulk defects and the overall nonradiative losses in PSC 
by lowering the number of trapping sites and scattering sources of the 
charge carriers [44,45]. The crystallite size of the perovskite films was 
also calculated using the Debye–Scherrer equation and the XRD data. It 
was found that the crystallite size increased from 141.4 nm for the 
controlled films to 149.1 nm for those fabricated with 4 mg/mL RbCl, 
which is in good agreement with the results from the SEM images. The 
crystallite size appears smaller than the grain size because an individual 

Fig. 4. (a) XPS survey scan of control SnO2 and RbCl modified SnO2 ETLs. High-resolution XPS spectra of (b) Rb 3d, (c) Sn 3d, and (d) O 1s.  

Table 1 
Parameters of deconvoluted O 1s peaks for SnO2 and RbCl modified SnO2 thin 
films.  

O 1s peaks SnO2 RbCl modified SnO2 

FWHM (eV) Area (%) FWHM (eV) Area (%) 

O–Sn4+ 0.67418 86.80 0.67663 88.24 
OH− 0.61982 13.20 0.48959 11.76  
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grain may consist of multiple crystallites. The cross-sectional SEM image 
of the PSC device shown in Fig. 3(d) reveals that the thickness of the 
electron transport layer is 35 nm, the perovskite layer is 400 nm, the 
hole transport layer is 225 nm, and the gold layer is 90 nm. Further, we 
analyzed the composition and element ratio of MAPbI3 film using En
ergy Dispersive Spectroscopy (EDS) and determined the relative element 
ratio of Iodine (I) and lead (Pb) as 2.25 and 2.53 for control and 
modified perovskite films, respectively, which shows a close agreement 
with the stoichiometry of 3 for the modified perovskite film. We also 
observed a slightly lower atomic percentage of Oxygen (O) in the 
modified film. The atomic percentage of different elements is shown in 
Table S1 (for the control film) and Table S2 (for the modified film). 
Furthermore, EDS-mapping (Fig. S3) reveals that the distribution of Pb 
and I is similar across both control and modified films, indicating the 
uniformity of the perovskite film. 

XPS was employed to study the chemical state of control and 
modified SnO2 ETL. The XPS survey spectra are shown in Fig. 4(a). For 
the control ETL, the XPS spectrum is dominated by Sn and O peaks as 
expected for the SnO2 surface [46] and shows a small adventitious 
carbon peak at 284.8 eV. The XPS spectrum for the RbCl-modified SnO2 
ETL sample is similar to the SnO2 control sample but exhibits peaks at 
110.18 eV and 108.76 eV, which correspond to the Rb 3d3/2 and 3d5/2 
states, respectively, as shown in the high-resolution XPS scan, Fig. 4(b) 
[47]. High-resolution scans of the Sn 3d region are shown in Fig. 4(c). 
The Sn 3d3/2 and Sn 3d5/2 peaks appear in the SnO2 control sample at 
486.26 eV and 494.66 eV, respectively, but shift to higher energies by 
~0.20 eV after RbCl modification demonstrating the alteration in the 
chemical environment of Sn. The higher binding energy may indicate an 
increase in electron density around the Sn atom due to Cl− bound to 
SnO2. Fig. 4(d) shows a high-resolution XPS scan of the O 1s region. In 

this figure, the O 1s peak is deconvoluted into two components at 
530.19 eV and 531.91 eV that we assign to the O2− state in SnO2 and 
chemisorbed oxygen atoms or hydroxyl groups on the SnO2 surface, 
respectively [48]. The slight shift in the O 1s peak to higher binding 
energy for the modified ETL suggests the increased stoichiometry of 
SnO2 by forming O–Sn4+ bond. Table 1 depicts the parameters of 
deconvoluted O 1s peaks as O–Sn4+ and OH− for SnO2 and 
RbCl-modified SnO2 thin films. The FWHM values of the peak of O–Sn4+

are almost the same for both control (0.67418 eV) and modified SnO2 
(0.67663 eV), whereas the FWHM values of the peak of OH− decreased 
from 0.61982 eV for the control SnO2 to 0.48959 eV for the RbCl 
modified SnO2. OH− acts as trap states and reduces the effectiveness of 
electron transport. The decrease in FWHM value and area of OH− peak 
suggest the reduction in the oxygen vacancies, attributed to the facili
tation of electron transport by reducing the trap states [35]. Further, 
RbCl can bond to the surface of SnO2 and passivate the oxygen vacancy 
(or uncoordinated Sn) by forming a Lewis adduct of Cl− and uncoordi
nated Sn on the surface of the SnO2 [49]. 

XPS measurements were further used to investigate the binding en
ergy changes of I− and uncoordinated Pb2+ in MAPbI3 film upon 
modification of SnO2 ETL. Fig. 5(a) shows that the Pb 4f7/2 and Pb 4f5/2 
signals at 139.25 eV and 144.10 eV detected for the MAPbI3 perovskite 
film deposited on SnO2 ETL are shifted to lower binding energies by 
0.79 eV for the MAPbI3 perovskite film deposited on RbCl-modified 
SnO2 ETL. The decrease in binding energy suggests the decrease of the 
cationic charge of Pb2+ ions within MAPbI3, which may be due to the 
donation of electron pairs on the Cl atom to the empty 6p orbital of Pb2+

[50]. As depicted in Fig. 5(b), the I 3d peaks of the MAPbI3 film 
deposited on RbCl-modified SnO2 ETL shifted to the lower binding en
ergies compared to those of the MAPbI3 film formed on unmodified SnO2 

Fig. 5. XPS spectra of (a) Pb 4f and (b) I 3d of perovskite layers deposited on control SnO2 and RbCl-modified SnO2 ETLs. Compositional depth profiles generated by 
XPS for the (c) control and (d) modified samples with the structure MAPbI3/SnO2/FTO. 
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ETL, suggesting interactions between iodine and rubidium ions, which 
may passivate I− defects by suppressing the free migration of I− [51]. 
XPS depth profiles on MAPbI3/SnO2/FTO for the control and modified 
sample are shown in Fig. 5(c) and (d), respectively. At the top surface 
layer, before etching has started, the relative ratios of I to Pb are 2.11 
and 2.74 for control and modified samples, respectively. For the stoi
chiometry of MAPbI3, the relative ratio of I to Pb should be 3. The 
relative ratio of I to Pb for the control film is less than that for the 
modified film, which is consistent with the findings from the EDS 
analysis. This is due to the higher relative degradation of the control 
perovskite film, suggesting that the modified sample possesses better 
surface stability than the control sample. Moreover, the perovskite layer 
deposited on the unmodified SnO2 shows the presence of oxygen 
throughout the perovskite layer, whereas the perovskite layer deposited 

on the RbCl-modified SnO2, the oxygen concentration reduces to almost 
zero after a few seconds of etching. This result is attributed to the 
passivation of surface defects in the perovskite layer by modifying the 
SnO2 ETL with RbCl, which prevents oxygen from penetrating deep into 
the perovskite layer [52]. 

The optical transmission spectra of control and RbCl-modified SnO2 
ETLs are shown in Fig. 6(a). Both ETLs exhibit transmittance above 80% 
in the visible wavelength ranging from 380 to 750 nm. Fig. 6(b) shows 
that the absorbance of the perovskite films in the visible wavelength 
range increases after the RbCl surface modification. The enhanced 
absorbance for the perovskite film with RbCl-modified ETL is due to the 
increased grain size and improved crystallinity of the perovskite film, 
consistent with our results from XRD and SEM images. Fig. 6(c) shows 
steady-state PL responses for the perovskite layer deposited on control 
and RbCl-modified SnO2 ETLs. When a PL measurement is taken, an 
excitation source is used to cause electrons within the perovskite layer to 
be excited to a higher energy conduction band and holes to form in a 
lower energy valence band. These electron-hole pairs interact and 
recombine, releasing energy as photons which is detected and measured 
by a PL instrument. The lower PL intensity for a perovskite layer 
deposited on a RbCl-modified ETL compared to one deposited on a 
control SnO2 ETL suggests that the RbCl modification reduces the rate of 
exciton recombination. We further performed Hall effect measurements 
(Table 2) of control and modified ETL. The negative Hall coefficients and 
carrier concentrations (sheet and bulk) represent the n-type conductiv
ity of the SnO2 ETL. There is a slight decrement in sheet concentration 
and bulk concentration of charge carriers for the modified SnO2 ETL 

Fig. 6. (a) Transmittance of control SnO2 and RbCl-modified SnO2 ETLs. (b) Absorption spectra of perovskite films deposited on control and RbCl-modified ETLs. (c) 
PL spectra of perovskite films deposited on control and RbCl-modified ETLs. (d) Dark J–V curves of SnO2films without or with RbCl modification in FTO/ETL/ 
Au structure. 

Table 2 
Electrical parameters obtained from the Hall effect measurements for SnO2 and 
RbCl-modified SnO2 ETLs.  

RbCl 
concentration 
(mg/mL) 

Mobility 
(cm2/Vs) 

Sheet 
concentration 
of carriers 
(/cm2) 

Bulk 
concentration 
of carriers 
(/cm3) 

Hall 
Coefficient 
(cm3/C) 

0 19.51 −2.90 × 1016 −7.26 × 1020 −8.59 ×
10−3 

4 24.82 −2.10 × 1016 −5.26 × 1020 −1.19 ×
10−2  
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film, indicating the intrinsic defect concentration (oxygen vacancy Oi 
and tin interstitial Sni) became lower for the RbCl-modified SnO2 film. 
For the control SnO2 film, those intrinsic defects produce shallow donor 
levels and lead to large carrier concentration and low carrier mobility 
[53]. The Hall mobility of RbCl-modified SnO2 ETL is 24.82 cm2 V−1 s−1, 
which is higher than that of control SnO2 ETL (19.51 cm2 V−1 s−1). The 
increment of carrier mobility of the RbCl-modified SnO2 ETL is attrib
uted to the enhanced crystallinity [54]. In addition, Rb + ions may 
provide additional valence electrons to the SnO2 lattice and increase the 
electron extraction and transfer ability of the SnO2 ETL. Furthermore, as 
shown in Fig. 6(d), the dark J-V curve illustrates that the RbCl-modified 
SnO2 film exhibits a higher conductivity than the control film. The 
electrical conductivity of the SnO2 film shows an enhancement of ~14% 
after the RbCl modification, implying the n-type doping effect of the Cl−

ions. 
The J-V curves of PSCs based on SnO2 and RbCl-modified SnO2 ETLs 

under both reverse and forward scan are shown in Fig. 7(a). The 
photovoltaic parameters of the champion devices are listed in Table 3. 
Under reverse scan direction, the PCE of the PSC based on RbCl- 
modified SnO2 ETL is 19.35%, whereas the PCE of the PSC based on 
the pristine SnO2 ETL is 17.18%. The increased PCE of the PSC based on 
RbCl-modified SnO2 ETL is attributed to the improvement in JSC, VOC, 
and FF. The increased conductivity and improved electron mobility of 
the RbCl-modified SnO2 ETL led to the enhancement of the JSC of the 
PSC. Similarly, the improved FF of the PSC based on RbCl-modified SnO2 
ETL demonstrates better carrier transport due to favorable changes in 
the morphology of the perovskite film and improved conductivity of the 
ETL. The VOC increment for the PSCs with RbCl-modified SnO2 ETL may 
be ascribed to the defects passivation and reduced recombination. 
Moreover, the hysteresis of the modified devices slightly reduced with 
the hysteresis index (HI) decreasing from 0.179 to 0.123. The smaller 
hysteresis is attributed to the good contact between ETL and perovskite 
with enhanced charge transport ability at the ETL/perovskite interface. 
Finally, we have compared the ambient stability of the PSCs based on 
SnO2 and RbCl-modified SnO2 ETLs. As shown in Fig. 7(b), the PSC 
based on a RbCl-modified SnO2 ETL shows better stability, retaining 

75.12% of its initial PCE after 50 days of exposure to the ambient con
ditions (25 ± 5% relative humidity, room temperature). On the other 
hand, the PSC based on unmodified SnO2 ETL maintains 36.10% of its 
initial PCE under the same condition. The enhanced stability for the PSC 
based on RbCl-modified SnO2 ETL is attributed to the reduced grain 
boundaries and defect passivation. 

4. Conclusion 

In summary, the RbCl modification to the SnO2 ETL demonstrated an 
effective approach to enhancing the performance of MAPbI3 planar 
perovskite solar cells. The perovskite film deposited on RbCl-modified 
SnO2 ETL showed enlarged grain size, high crystallinity, and enhanced 
visible range absorbance. In addition, the RbCl modification to SnO2 ETL 
passivates the I− defects of perovskite by suppressing the free migration 
of I−. Moreover, after the modification, Rb + ions may provide addi
tional valence electrons to the SnO2 lattice and increase the electron 
extraction and transfer ability of SnO2 ETL towards the FTO. Further
more, the RbCl-modified SnO2 film exhibits a higher conductivity than 
the unmodified SnO2 film. Consequently, the champion PSC based on 
RbCl-modified SnO2 ETL yields a PCE of 19.35% with improved stabil
ity. This work demonstrates that RbCl is a promising modifier of SnO2 
ETL for the n-i-p planar MAPbI3 PSCs with enhanced performance. 
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Fig. 7. (a) J-V curves of PSCs based on SnO2 and RbCl-modified SnO2 ETLs. (b) Time variation of PCE of unencapsulated devices exposed to conditions with 25 ± 5% 
RH at room temperature. 

Table 3 
Photovoltaic parameters of the champion PSCs based on SnO2 and RbCl- 
modified SnO2 ETLs.  

RbCl 
concentration 
(mg/ml) 

Scan 
direction 

VOC 

(V) 
JSC 

(mA/ 
cm2) 

FF 
(%) 

PCE 
(%) 

HI 

0 Reverse 1.02 23.49 71.48 17.18 0.179 
Forward 1 21.29 66.11 14.10 

4 Reverse 1.05 24.26 76.44 19.35 0.123 
Forward 1.04 23.96 68.78 16.96  
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