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Abstract 

Perovskite solar cells (PSCs) without charge-carrier-transport-layers (CTLs) are 

theoretically achievable due to the ambipolar charge carrier transfer characteristics 

presenting in perovskites. However, the power conversion efficiency (PCE) of the CTL-

free PSCs needs further improvement. Herein, we provide breakthrough in the 

fabrication of the cost-effective high-performance hole transport layer (HTL) free PSC 

and tri-layer-PSC with device configurations of fluorine doped tin oxide 

(FTO)/SnO2/perovskite/carbon and FTO/perovskite/carbon, respectively. we introduce 



perfluorotetradecanoic acid (PFTeDA) with a carbonyl unit and carbon fluorine bonds 

to suppress the ion migration and reduce the crystal defects in perovskites. The 

modified carbon-based HTL-free-PSC shows a record PCE of 18.9%. Furthermore, the 

PFTeDA molecules are found existing at the grain boundaries between the perovskite 

crystals, resulting in enhanced environmental, thermal, and light stabilities for the 

resultant cost-effective high-performance CTL-free PSCs. 
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Intensive efforts have been made to enhance the sunlight-to-electricity power 

conversion efficiency (PCE) of perovskite solar cells (PSCs), including optimization of 

perovskite precursor composition,1,2 quality improvement of the perovskite film,3,4 and 

development of the functional charge transfer layers5,6. These efforts have led to 

increase in PCE of PSCs from 3.8% to a certified value of above 25%.7-13 The state-of-

the-art PSCs are constructed using a layer-by-layer deposition approach with multiple 

buffering layers. The PSC structure comprises of the perovskite light absorber which is 

sandwiched between electron transport layer (ETL) and hole transport layer (HTL). 

This sandwich structure is further capped by a metal electrode deposited using vacuum-



thermal evaporation. There are several physical and structural requirements in 

designing this complex multi-layer-structure, which demands not only continuous 

material innovation but also manufacturing process development.14-17 Multiple factors 

will raise both transition and scaling challenges for PSC fabrication, including the raw 

material cost for chemicals such as 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-

9,9'-spirobifluorene (spiro-OMeTAD), polytriarylamine (PTAA), and phenyl C61 

butyric acid methyl ester (PCBM), and complex processing of various buffer layers and 

metal electrodes (such as high temperature sintering of TiO2, or thermal evaporation of 

Au, Ag, Al, or C60). To address these challenges, here, we take a radical approach in 

design of PSCs. Can we design an HTL-free structure with low temperature processed 

SnO2 as ETL and carbon as back electrode (fluorine doped tin oxide 

(FTO)/SnO2/perovskite/carbon), to substantially lower the cost? Or even extend further 

to a simplified tri-layer device structure in the form of FTO/perovskite/carbon? Both 

types of PSCs will have transformative impact in the advancement of solar cell 

technology by decreasing the usage of chemicals and reducing manufacturing cost and 

steps. 

 

Previous valuable results have shown that the perovskite materials exhibit excellent 

optoelectrical properties, such as high absorption coefficients,18,19 fast exciton 

dissociation,20,21 ambipolar carrier transport,22,23 and long charge carrier diffusion 

lengths24,25. Due to the low exciton binding energy, the photogenerated excitons in 

perovskite can be spontaneously dissociated into free electrons and holes at room 



temperature (RT) without the assistance of charge-carrier-transport-layers (CTLs). Also, 

perovskite with small effective mass of electrons and hole is a good transport medium 

for electronic charge carriers, high defect-tolerance, good ambipolar charge carrier 

transport, and long charge carrier diffusion length.26,27 Furthermore, interfacial effect 

such as band bending at the perovskite/electrode interface has also been proposed as 

the underlying driving force for the charge extraction in prior reported HTL-free or 

ETL-free PSCs.28-33 

 

Counter electrodes in PSCs are usually deposited by thermal evaporation of metal 

sources (Al, Cu, Ag, and Au) under high vacuum (below 10-5 Torr), which increases the 

fabrication complexity and overall cost.17,34 More importantly, in abovementioned 

HTL-free-PSCs and tri-layer-PSCs, the direct metal/perovskite contact can induce 

severe migration of metal atoms from metal electrodes into underneath layers35,36, 

causing detrimental influence on the performance and long-term stability. Carbon 

materials, on the contrary, have been demonstrated as an easy processable and cost-

effective electrode candidates, bearing a suitable work function of ~ -5.0 eV, which 

matches well with the valance band maximum of methylammonium lead halide 

(MAPbI3).3,5,17,34,37-39 Although the successful fabrication of the HTL-free-PSCs and 

tri-layer-PSCs with low-cost carbon electrodes is a landmark event, PCE values of these 

devices need further improvement. 

 

Herein, we demonstrate the construction of efficient MAPbI3-based HTL-free-PSCs 



(FTO/SnO2/MAPbI3/carbon) and tri-layer-PSCs (FTO/MAPbI3/carbon) by suppressing 

the ion migration and reducing the crystal defects through perfluorotetradecanoic acid 

(PFTeDA) modification. The resultant HTL-free-PSC shows a record PCE of 18.9%. 

These modified devices exhibited minimized PCE variations when measured at 

different scan rates under simulated 1 Sun illumination. The PFTeDA addition is found 

to increase the stability of the perovskite crystals, leading to enhanced environmental, 

thermal, and light stabilities for the resultant PSCs. 

 

MAPbI3 is chosen as light absorber for PSC construction due to its remarkable ion 

migration characteristics and high-reproducibility.32,40-43 The MA+ and I− are 

recognized as the dominant positive and negative mobile ions in the MAPbI3 

system.40,43 The possible migration pathways for MA+ and I− can be Schottky defects, 

grain boundaries, and lattice distortions.40 The densities of MA+/I− ions and the 

migration pathway can be simply tuned by changing the precursor ratio in the MAPbI3 

system. Thus, the PCE variations induced by ion migration within different types of 

MAPbI3 devices can be easily tailored by tuning the ratio of MAI:PbI2 in a small region 

(0.94-1.06, this specific MAI:PbI2 molar ratio value is used here to represent the 

perovskite film deposited with this precursor).  

 

The performance results of the PSCs are presented in Figure 1. First, the full devices 

with a configuration of FTO/SnO2/perovskite/spiro-OMeTAD/Au (briefly referred to 

as full-PSC) were fabricated. Figure 1a shows the photocurrent density voltage (J-V) 



curves of the full-PSCs fabricated using different perovskite light absorbers. 

Measurements were conducted under simulated 1 Sun radiation with a scan rate of 1 V 

s-1. The PCE of the 0.94 based full-PSC was 19.3% with an open-circuit voltage (Voc) 

of 1.13 V, short-circuit current density (Jsc) of 22.95 mA cm-2, and fill factor (FF) of 

0.742. The PCE increased to 20.4% for the 1.00 based full-PSC with an Voc of 1.13 V, 

Jsc of 23.62 mA cm-2, and FF of 0.761. The incident photon-to-electron conversion 

efficiency (IPCE) spectrum of the 1.00 based full-PSC is shown in Figure S1. The 

integrated current value was 23.24 mA cm-2 for this device, which agrees closely with 

the Jsc value extracted from J-V characteristic. The PCE decreased to 18.6% for the 1.06 

based full-PSC with a Voc of 1.10 V, Jsc of 22.73 mA cm-2, and FF of 0.738. The detailed 

photovoltaic parameters for all the five groups of full-PSCs can be found in Table S1. 

These results agree with the PCE statistics for the five groups of full-PSCs, as shown 

in Figure 1b. Figure 1c shows the PCE variations measured at different scan rates (2 V 

s-1, 1 V s-1, 0.5 V s-1, 0.1 V s-1, and 0.05 V s-1) for the five groups of full-PSCs. The 

measured PCEs of 0.94, 1.03, and 1.06 based full-PSCs exhibited a slightly decreasing 

trend as the scan rate decreased from 2 V s-1 to 0.05 V s-1. This trend was not significant 

for the 0.97 and 1.00 based full-PSCs. 

 



Figure 1. Performance evolution of different types of PSCs. Full-PSCs: (a) J-V

characteristics and (b) PCE statistics with scan rate of 1 V s-1, and (c) PCE variations 

at different scan rates. HTL-free-PSCs: (d) J-V characteristics and (e) PCE statistics 

with scan rate of 1 V s-1, and (f) PCE variations at different scan rates. Tri-layer-PSCs: 

(g) J-V characteristics with a scan rate of 1 V s-1 and (h) PCE statistics with scan rate 

of 1 V s-1, and (i) PCE variations at different scan rates. 10 devices for each measured 

group in Figures 1b, 1c, 1e, 1f, 1h, and 1i.

Next, the spiro-OMeTAD layer and Au electrode were replaced by the low-cost carbon 

electrode for realizing the HTL-free-PSC (Table 1). The J-V curves and corresponding 

photovoltaic parameters of these HTL-free-PSCs are presented in Figure 1d and Table 



S2, respectively. The stoichiometric ratio based HTL-free-PSC showed an overall PCE 

of 16.3%, with a Voc of 1.08 V, Jsc of 23.51 mA cm-2, and FF of 0.642. The average 

PCEs of the HTL-free-PSCs exhibited similar evolution as that of the full-PSC, as 

shown in Figure 1e. Unlike the full-PSCs, without the blocking effect of ion migration 

from the HTL layer, the PCEs of all five groups of HTL-free-PSCs showed a noticeable 

downward trend as the scan rate decreased from 2 V s-1 to 0.05 V s-1 (Figure 1f). The 

PCE variation of the 1.00 based HTL-free-PSCs when measured at different scan rates 

was smallest among the five groups, reflecting that the ion migration was reduced 

within the 1.00 film, which is in accordance with recent results that the degree of ion 

migration varies within the MAPbI3 samples fabricated with different precursor 

ratios.40-43 These results are consistent with the forward (FW) and backward (BW) scans 

hysteresis results (Table S2) in the J-V measurements for various PSCs. 

 

Table 1. Cost of fabricating functional layers within PSCs. 

Raw materials Amount Unit Price ($) 

Substrate FTO/glass 1 m2 228.2 

ETL SnO2 1 mL 6.8 

Perovskite 

PbI2 1 g 3.6 

MAI 1 g 7.6 

PFTeDA 1 g 16.0 

HTL Spiro-OMeTAD 1 g 478.1 



4-tert-butylpyridine 1 g 5.6 

Li salt 1 g 6.5 

Back electrode 
Au 1 g 84.0 

Carbon 1 g 0.12 

Note: 1) the solvents for preparing perovskite precursor solution (DMF and DMSO) 

and antisolvent (chlorobenzene, also for HTL solution preparing) have been omitted; 2) 

the thermal evaporation deposition of the Au electrode is expensive due to the 

requirement of high vacuum and melting of Au at high temperature; 3) the spin-coating 

of HTL will increase the cost as well. 

 

Lastly, the SnO2 ETL was removed from the system to fabricate a simplified tri-layer-

PSC. The PCE for the tri-layer-PSC increased from 6.1% of the 0.94 device to 7.7% of 

the 0.96 device and further reached 9.9% of the 1.00 device. The PCE then decreased 

to 8.5% of 1.03 device and further reduced to 6.7% for the 1.06 device, as illustrated in 

Figures 1g, 1h and Table S3. The IPCE spectra of the 0.94, 1.00, and 1.06 based tri-

layer-PSCs are shown in Figure S2. The integrated current values were 22.21, 22.42, 

and 22.03 mA cm-2 for these devices, which agreed closely with the Jsc values extracted 

from J-V curves. As compared Figure 1g with Figures 1a and 1d, the Voc variations of 

tri-layer-PSC was significant, indicating that strong ion migration in 0.94, 0.97, 1.03, 

and 1.06 samples would reduce Voc.42 Without both ETL and HTL, the PCE variations 

among the five groups of tri-layer-PSCs were significantly amplified, as shown in 

Figure 1i. As for the 0.94 based tri-layer-PSCs, the average PCE measured with scan 



rate of 0.05 V s-1 was only 21.5% of the average PCE measured with scan rate of 2 V s-

1. This value was 34.3%, 65.8%, 59.4%, and 40.0% for the 0.97, 1.00, 1.03, and 1.06 

based tri-layer-PSCs, respectively.  

 

To figure out the origin of the PCE variations among the CTL-free-PSCs, X-ray 

diffraction (XRD, Figure S3), optical absorption (Figure S4), and X-ray photoelectron 

spectroscopy (XPS, Figure S5) measurements were performed. These results clearly 

indicated that the remarkable PCE variations within the CTL-free-PSCs (Figures 1d 

and 1g) and measured PCE differences at different scan rates (Figures 1f and 1i) 

originated from the strong ion migration (Note S1).32,42  

 

The ion migration within the MAPbI3 film can be accelerated by applying external 

voltage bias.40,43 Here, a voltage of 3.2 V was applied on the perovskite films for 12 h 

(Figure S6) to accelerate the ion migration within the samples. Multiple 

characterizations were conducted to document the variations in terms of morphology 

(scanning electron microscopy, SEM), optical absorption (optical absorption 

spectroscopy), crystal structural and composition (XRD), and surface potential (Kelvin 

probe force microscopy, KPFM) of these perovskite samples. Figure S7 shows the SEM 

images of the 0.94, 1.00, and 1.06 samples before and after the 12 h of external voltage 

bias. Rougher surfaces could be observed within all three perovskite films after 12 h of 

3.2 V bias, indicating that the accelerated ion migration under external voltage bias 

could even change the surface morphology of the samples. The bright features in the 



0.94 and 1.06 perovskite films (Figures S7d and S7f) indicated that more PbI2 might be 

generated within these films after 12 h of 3.2 V bias as compared to 1.00 sample (Figure 

S7e). The generation of PbI2 within the 0.94 and 1.06 perovskite films was documented 

with optical absorption spectroscopy, as shown in Figures S8a and S8c. However, the 

optical absorption feature of PbI2 within the 1.00 perovskite film was not significant 

(Figure S8b). XRD measurements were performed to check the differences in crystal 

structural before and after the 12 h of 3.2 V bias, as shown in Figures 2a-2c. The XRD 

peak intensity of PbI2 for the 0.94 and 1.06 samples was significantly enhanced as 

compared to the 1.00 sample, so the external voltage bias driven ion migration would 

result in more PbI2 left within the 0.94 and 0.96 films as compared to the 1.00 film. 

KPFM measurements (Note S2) were conducted to check the surface Fermi level 

differences after the 12 h of 3.2 V bias, as shown in Figures 2d-2l. Pristine perovskite 

films showed n-type nature and the estimated Fermi levels were -4.40 eV, -4.42 eV, and 

-4.45 eV for the 0.94, 1.00, and 1.06 samples, respectively (Figures 2j-2l and Table S4). 

After the 12 h of 3.2 V bias, the Fermi levels were lifted up to -4.02 eV, -4.06 eV, and -

3.98 eV for the 0.94, 1.00, and 1.06 eV, respectively (Figures 2j-2l and Table S4), 

reflecting that the surface regions within these perovskite films were more n doped and 

the surface composition of the perovskite samples was dramatically changed (more PbI2 

exposed at the surface) due to the accelerated ion migration under external voltage 

bias.40,44,45 This behavior was noticeable even in the 1.00 sample (Fermi level change 

from -4.42 eV to -4.06 eV), reflecting that the ion migration can be observed in all the 

perovskite films. Since the ion migration in the perovskite films exhibited a strong 



influence on the device performance, so the performance of the HTL-free-PSCs and tri-

layer-PSCs can be further improved by suppressing the ion migration within the 1.00 

sample (referred as control in the following discussion).

Figure 2. Ion migration within different perovskite films. XRD patterns of the (a) 

0.94, (b) 1.00, and (c) 1.06 films before and after12 h of 3.2 V bias. Surface potential 

mapping features measured by KPFM for 0.94 (d, e), 1.00 (f, g), and 1.06 (h, i) films 

before (d, f, h) and after 12 h of 3.2 V bias (e, g, i). Fermi level profiles of the (j) 0.94, 

(k) 1.00, and (l) 1.06 films before and after 12 h of 3.2 V bias.

To further suppress the ion migration within the HTL-free-PSCs and tri-layer-PSC, 

PFTeDA with 27 fluorine atoms and a carbonyl unit was introduced as an additive in 

the system (referred as target in the following text). Organic molecules with carbonyl 



units have been introduced into the MAPbI3 system for efficient ion migration 

suppression and defect passivation since they will locate at surface and grain boundaries 

due to the chelation between noncoordinating lead and carbonyl unit.46,47 The carbon 

fluorine bonds exhibit highly hydrophobic chemical properties which induce kinetic 

barriers that slow the ion migration of MA+/I- and intrusion of O2 and H2O.46,48,49 Thus, 

in this study, the incorporation of PFTeDA is designed for efficiently blocking the ion 

migration, passivating crystal defects, and enhancing overall device stability in the 

MAPbI3-based CTL-free-PSCs. The cross-section SEM image of a HTL-free-PSC can 

be found in Figure 3a, the perovskite film was compactly coated on the FTO/SnO2 

substrate and the carbon electrode was densely deposited on top of the perovskite light 

absorber. The PCE of the HTL-free-PSC increased from 16.3% of the control device to 

18.9% of the target device (with Voc of 1.10 V, Jsc of 23.85 mA cm-2, FF of 0.718), which 

is a record efficiency for the carbon-based HTL-free-PSC (Figure 3b and Table S5). 

Figure 3c exhibits that the average PCE of the target HTL-free-PSCs measured at a scan 

rate of 0.05 V s-1 was similar with that measured at a scan rate of 2 V s-1, indicating that 

the PCE variation of the target HTL-free-PSCs was much reduced as compared to the 

control device. The stability of the HTL-free-PSCs were investigated in ambient air 

conditions for over 1 year. The unencapsulated control devices maintained 78.4% of 

their initial PCE after 366 days of storage under ambient air conditions (~40% relative 

humidity) at RT, while the target device retained 92.4% of their initial PCE during the 

same period under similar conditions, as illustrated in Figure 3d (10 devices for each 

group). These results were in accordance with the water contact angle results, as shown 



in Figure S9, which suggests that the PFTeDA addition increases the water contact 

angle from 40.2 degree of the control sample to 71.2 degree of the target sample.

Furthermore, the incorporation of PFTeDA also enhanced the device performance (PCE 

and various stabilities) of the tri-layer-PSCs, as illustrated in Figures S10-S15, Table 

S5 and Note S3.50,51

Figure 3. HTL-free-PSC performance enhancement with PFTeDA additive. (a) 

Cross-section SEM images for a HTL-free-PSC. (b) J-V characteristics determined 

under simulated 1 Sun illumination with a scan rate of 1 V s-1 for the control and target 

devices. (c) PCE variations measured at different scan rates for the control and target 

HTL-free-PSCs (10 devices for each group). (d) Stability measurements of the 



unencapsulated control and target HTL-free-PSCs under ambient air at RT. 

 

The material property changes after the incorporation of PFTeDA have been 

investigated (Figures S16-S18, Note S4, and Tables S6 and S7). The PFTeDA formed 

an amorphous thin layer between adjacent perovskite crystals. After the incorporation 

of the PFTeDA, the decreased crystal defect density and enhanced charge carrier 

mobility could be obtained in the target sample, leading to the PCE improvement of the 

target CTL-free-PSCs.52,53 To further understand the detailed ion migration suppression 

mechanisms driving the PCE and overall stability enhancements of CTL-free-PSCs 

with the modification of PFTeDA, systematic characterizations were performed on the 

perovskite samples. The crystal structure details of both control and target samples after 

12 h of 3.2 V bias are presented in Figures 4a and 4b. Figure 4a indicates that PbI2 

(Table S8) was formed after the 12 h of external voltage bias, which is accordance with 

the XRD results (Figure 2b). However, the target sample maintained the tetragonal 

nature during the same period under the similar conditions. Similarly, the differences, 

including crystal structure (XRD results in Figure 4c) Fermi level (KPFM results in 

Figures 4d and S19, and Table S4), optical absorption (Figure S20), and morphology 

(SEM images in Figure S21), of the target samples before and after 12 h of 3.2 V bias 

were much smaller than those of the control samples under the same voltage bias 

(Figures 2b, 2f, 2g, 2k, S7b, S7e, and S8b). Thus, the incorporation of PFTeDA within 

the system would block the ion migration thereafter increase the stability of the 

perovskite crystal. 



Figure 4. Suppression of ion migration within perovskite after the incorporation 

of PFTeDA. TEM results of (a) control and (b) target films after 12 h of 3.2 V bias. 

Insets No. 1 and 2 in (a) show the FFT patterns of tetragonal MAPbI3 and PbI2 for the 

green dotted line circled areas 1 and 2, respectively. Insets No. 1 and 2 in (b) show the 



FFT patterns of tetragonal MAPbI3 for the green dotted line circled areas 1 and 2, 

respectively. The orange dotted line circled area of (b) indicates the existence of the 

PFTeDA amorphous thin layer at the perovskite crystal boundaries. Capitals T letters in 

(a and b) are included in front of the planes and directions to denote the tetragonal (T) 

MAPbI3 phase indices. (c) XRD patterns and (d) Fermi level profiles of the target film 

before and after 12 h of 3.2 V bias. Nyquist plots of (e) control and (f) target PSCs 

measured at different applied voltages under dark conditions. Resistance and 

capacitance results of (g) control and (h) target PSCs obtained by describing the EIS 

data measured in (e) and (f). 

 

Electrochemical impedance spectroscopy (EIS) measurements54-56 were conducted to 

quantify the charge transport, recombination dynamics, and ion migration within the 

tri-layer-PSCs. Figures 4e and 4f show the Nyquist plots of both control and target 

devices measured under the ambient air dark conditions with different applied voltages. 

The plots of the real part of the impedances and the real part of the capacitances can be 

found in Figures S22 and S23, respectively. These parameters are summarized in 

Figures 4g and 4h. The values of the real part of impedances (low f, related to 

recombination resistance) of the target device were larger than that of the control device, 

which means that the defect passivation through PFTeDA modification can successfully 

suppress the non-radiative charge carrier recombination. The high f capacitance is the 

classical electrostatic capacitance produced by the electrical field between two plates. 

In contrast, the low f capacitance reflects the capability of a system to accept or release 



additional carriers due to a change in their chemical potential. The corresponding low f 

capacitances were gradually increased for both control and target devices as the applied 

voltage increase, but the low f capacitances of the target device were always smaller 

than that of the control device at 0 V (1.25 × 10-7 F vs. 1.47× 10-7 F), 0.2 V (3.78 × 10-

7 F vs. 3.99× 10-7 F), and 0.4 V (6.89 × 10-7 F vs. 1.12× 10-6 F), indicating that more 

free carriers were collected within the PFTeDA modified device. The time constants 

extracted from EIS data for both control and target devices are plotted in Figure S24 as 

a function of the applied voltage. According to recently reported results,55,57 the low f 

time constants-bias voltage relation provides the information on ion migration. A 

smaller low f time constants variation was calculated for the target device (12.1 ms at 0 

V to 30.4 ms at 0.4 V) as compared to the control sample (12.0 ms at 0 V to 39.4 ms at 

0.4 V), indicating that the ion migration within the target device was suppressed after 

the incorporation of PFTeDA. These results are consistent with the temperature-

dependent dark conductivity measurements that the extracted activation energy of the 

PFTeDA modified sample is larger than that of the control sample, as shown in Figure 

S25.58,59 

 

Results reported here demonstrate the facile construction of efficient CTL-free-PSCs 

by suppressing ion migration and passivating crystal defects through the PFTeDA 

additive. Detailed systematic analysis conducted on perovskite material and various 

device configurations indicate that the ion migration in control sample led to 

remarkable PCE variations when the CTL-free-PSCs were measured at different scan 



rates. After the incorporation of the PFTeDA, ion migration and crystal defects were 

significantly reduced within the target film. The PFTeDA modified CTL-free-PSCs 

exhibited much improved PCE and decreased PCE variation when they were measured 

at different scan rates. The incorporation of PFTeDA further increased the stability of 

the perovskite crystals, resulting in enhanced environmental, thermal, and light 

stabilities for the CTL-free-PSCs. These results provide a transformative solution for 

the realization of highly efficient, stable, and low-cost CTL-free solar cell. 
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