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Abstract: Although Metal oxide ZnO is widely used as electron 

transport layers in all-inorganic PSCs due to high electron mobility, 

high transmittance, and simple preparation processing, the surface 

defects of ZnO suppress the quality of perovskite film and inhibit the 

solar cells’ performance. In this work, [6,6]-Phenyl C61 butyric acid 

(PCBA) modified zinc oxide nanorods (ZnO NRs) is employed as 

electron transport layer in perovskite solar cells. The resulting 

perovskite film coated on the zinc oxide nanorods has better 

crystallinity and uniformity, facilitating charge carrier transportation, 

reducing recombination losses, and ultimately improving the cells’ 
performance. The perovskite solar cell with the device configuration 

of ITO/ZnO nanorods/PCBA/CsPbIBr2/Spiro-OMeTAD/Au delivers a 

high short circuit current density of 11.83 mA cm-2 and power 

conversion efficiency of 12.05 %. 

Introduction 

Organic-inorganic perovskite solar cells have experienced 

prosperous development and achieved a certified power 

conversion efficiency of more than 25%.[1] Although a high PCE 

has been achieved, cell stability remains an issue for organic-

inorganic hybrid perovskite solar cells, which will limit their use.[2] 

Replacing the organic cations with suitable inorganic ones would 

be a feasible solution to this question.[3] Therefore, all-inorganic 

perovskite solar cells (I-PSCs) have gained popularity and 

developed rapidly in recent years due to their similar 

optoelectronic properties and promising stability.[4] In 2012, 

CsSnI3 was first employed in I-PSCs through a Schottky junction 

structure.[5] The I-PSC with the conventional device structure was 

initially reported by Kumar, who utilized CsSnI3 to fabricate the 

perovskite layer and delivered a PCE of 2.02%.[6] After this, more 

stable CsPbX3 (X=Cl, Br, I) based PSCs were reported.[7] Cubic 

phase α-CsPbI3 (black phase) has the narrowest bandgap of 1.73 

eV. Unfortunately, it is unsuitable for photovoltaic applications 

since the black phase of CsPbI3 was probably transformed to 

yellow phase δ-CsPbI3 at room temperature.[4b] CsPbI2Br has an 

appropriate bandgap of ~1.90 eV and achieved a record PCE of 

17.8% applied in PSCs recently.[8] Furthermore, CsPbIBr2 has a 

melting point of around 460 °C and a bandgap of about 2.05eV,[7c] 

making it suitable for preparing high voltage PSCs, and achieved 

a PCE of 12% by Liu et al. using a dye molecule VG1-C8 to modify 

the perovskite film.[9] 

In particular, the PSCs usually possess the device structure of 

perovskite film sandwiched between the electron transport layer 

(ETL) and hole transport layer (HTL). In I-PSCs, the ETL mainly 

centers on metal oxides like TiO2. TiO2 is the most widely 

employed ETL in PSCs. However, the high-temperature sintering 

process required to produce high-quality film hinders the 

application of TiO2 on ITO and flexible plastic substrates.[10] 

Several surface and bulk defects on the surfaces of TiO2 could 

affect the performance of PSCs.[11]  

ZnO is another candidate for ETL, which has attracted much 

attention in PSCs as an alternative to the traditional TiO2. 

Compared to TiO2, ZnO has a similar conduction band energy 

level and possesses higher electronic mobility with excellent 

transmittance in the visible spectral region, which could facilitate 

electronic transport, improve the short-circuit current, and reduce 

recombination loss.[12] Furthermore, previous studies have shown 

that nano-structured ETLs could improve the performance of 

PSCs compared to planar structures.[13] ZnO nanorods (ZnO 

NRs) could be more suitable to use as ETL in perovskite solar 

cells.[14] Compared with TiO2, the ZnO NRs as ETL can have a 

better light harvesting efficiency because NRs can work as 

10.1002/chem.202300566

A
c
c
e
p
te

d
 M

a
n
u
s
c
ri
p

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.

li2106
Text Box
Volume 29, Issue 40 July 2023, Article number e202300566DOI:10.1002/chem.202300566

li2106
Text Box
Published by Wiley. This is the Author Accepted Manuscript issued with: Creative Commons Attribution Non-Commercial License (CC:BY:NC 4.0).  The final published version (version of record) is available online at DOI:10.1002/chem.202300566.  Please refer to any applicable publisher terms of use.



RESEARCH ARTICLE    

2 

 

scattering centers; the sunlight reflected by the ZnO NRs results 

in enhanced absorption of the surrounding perovskite.[15] Law et 

al. discovered ZnO nanoarrays have hundreds of times higher 

electron mobility than ZnO nanofilms in DSSC.[16] ZnO nanorods 

as the electron layer can increase the thickness of the light 

absorbing layer, enhance light absorption, and thus improve cell 

performance.[17] However, the perovskite film grown on ZnO 

would decompose due to the existence of hydroxyl groups or 

acetate ligands on the metal oxide surface and the proton transfer 

reactions at the perovskite/ZnO interface.[18] In this case, doping 

and surface modification are two strategies to ameliorate ZnO. 

Wang et al. adopted EDTA to chelate with the organic ligands of 

ZnO, obtained a PCE of 20.38%, and exhibited excellent stability 

after storage for a period.[19] [6,6]-phenyl C61 butyric acid (PCBA), 

a fullerene derivative, is an excellent electron acceptor. Q. An et 

al. adopted PCBA as an interfacial modification layer on the 

surfaces of ZnO nanoparticles to promote perovskite film 

deposition and improve the devices′ PCE.[20] Herein, we 

demonstrated that the performance of PSC is significantly 

improved by employing PCBA-modified ZnO NRs as ETL to 

fabricate PSCs with a novel conventional architecture (ITO/ZnO 

NRs/PCBA/CsPbIBr2/Spiro-OMeTAD/Au). The approach could 

obtain a dense perovskite film with big crystal grains and a fully 

covered ZnO NRs/PCBA interface. Moreover, the modification of 

ZnO NRs with PCBA could also make the ETL has a better 

electron extraction capability than other ETLs with a lower carrier 

recombination rate and finally improve the photovoltaic 

performance of cells.

Results and Discussion 

Figure. 1. (a) The top view SEM images of the ZnO NRs without modification of PCBA and (b) modified with PCBA. (c) FTIR spectrums of ZnO, PCBA, and ZnO-

PCBA mixed powder. (d) Transmittance spectrums of ITO/ZnO NRs and ITO/ZnO NRs/PCBA. (e) I-V characteristics of ITO/ETL/Ag (f) Schematic diagram of PCBA 

deposited on ZnO NRs surfaces. 

 

The SEM images of ZnO NRs and ZnO NRs/PCBA are displayed 

in Figure. 1a, b. By forming chemical bonds between the carboxyl 

group and ZnO, the PCBA could anchor on the ZnO NRs' 

surface.[21] Then, the ZnO NRs are well wrapped up with PCBA, 

and the cross-section of NRs becomes cylindrical instead of the 

original conical shape.[14] This configuration is advantageous for 

charge transport because the NRs could provide a direct pathway 

for electron transportation. Moreover, the transmission distance is 

shorter than that of a planar heterojunction.[22] The enhanced 

charge transport properties could improve the device's 

photovoltaic performance.[23]  

FTIR spectroscopy was selected to study the chemical interaction 

between PCBA and ZnO. (Figure. 1c) PCBA has a characteristic 

carboxylic acid signal peak of ‒O‒C=O at 1691 cm-1, while when 

it is mixed with ZnO, the signal is converted to the stretching 

vibration of carboxylate signals of O-C-O at 1526 cm-1 and 1393 

cm-1. This result indicates that the hydroxyl or organic ligands of 

ZnO surface can chelate with PCBA through carboxyl groups, 

thus optimizing the ZnO surface and then promoting perovskite 

formation.[24] Figure. 1d shows the transmittance spectrums of 

ZnO NRs with and without PCBA modified. Both samples exhibit 

high transmission in the visible region, meaning the perovskite 
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layer can absorb sufficient photons. I-V tests based on the device 

structures of ITO/ZnO NRs/Ag and ITO/ZnO NRs/PCBA/Ag were 

performed to compare the conductive properties of ZnO after 

PCBA modification (Figure. 1e). The equation:  = 𝐼𝐿 𝑉𝐴⁄  can 

be used to figure up the conductivity () of the device.[25] The 

value of A is a constant, but 𝐿 and 𝐼 𝑉⁄  are different for the two 

structures. The PCBA-modified device shows a higher 𝐿  and 

slope of profile, which indicates a higher conductivity than that of 

the control. The schematic diagram of depositing PCBA on ZnO 

NRs surfaces is presented in Figure. 1f.  

Under the premise of the conventional device structure of 

ITO/ETL/CsPbIBr2/Spiro-OMeTAD/Au (Figure. S2a), the effects 

of using ZnO NRs and ZnO NRs/PCBA as ETLs on cell 

performance were investigated. Layered structure with sharp 

interfaces is noted in the cross-section SEM result of PSCs 

(Figure. S2b). It is shown that the thickness of perovskite is 380 

nm, including the infiltration portion in ZnO NRs, and the length of 

ZnO NRs is about 300 nm. This nanostructure would make the 

perovskite layer thicker than other planar structures in previous 

reports.[26] 

Unfortunately, the bare ZnO NRs may have some defects, making 

the perovskite film exist some pinholes or other questions. From 

the Figure. 2a, it is obvious that a few pinholes are scattered on 

perovskite film deposited on bare ZnO NRs, which can attribute 

to the presence of hydroxyl groups or acetate ligands on the 

surfaces of ZnO NRs. Interestingly, a meliorated perovskite film 

surface morphology without any pinholes is obtained by 

incorporating PCBA monolayer on the ZnO NRs (Figure. 2b). 

This indicates that modified ZnO NRs with PCBA can improve the 

penetration of CsPbIBr2. Finally, a dense and no pinholes 

perovskite film can be obtained, which might improve charge 

transport properties. The effect of the introduction of PCBA on the 

crystallization of CsPbIBr2 film can be studied using XRD patterns, 

and the results are displayed in Figure. 2c. The XRD patterns 

display a series of diffraction peaks at 15.30°, 21.54°, and 30.57°, 

which index to (110), (112), and (220) planes of an orthorhombic 

phase of the perovskite, respectively. Furthermore, the result of 

the pristine film has a (004) diffraction peak at 30.11°, 

corresponding to the splitting peak of the (220) reflection.[27] In 

contrast, with the introduction of PCBA, this peak disappears, 

indicating the excellent crystallinity of perovskite film. All XRD 

peaks are intensified in the ZnO NRs/PCBA sample, indicating 

PCBA can promote the crystallinity of perovskite film deposited 

on ZnO NRs. The self-assembled monolayer of PCBA on ZnO 

NRs will improve the affinity of the surface to the solvent of DMSO, 

which can increase the grain size. This result shows agreement 

with the SEM results (Figure. 2b). The full width at half-maximum 

(FWHM) of XRD peak decreases from 0.149º (w/o PCBA) to 

0.119º (w/PCBA) and 0.204º (w/o PCBA) to 0.182º (w/PCBA) at 

the two primary crystallographic planes (110) and (220), 

respectively. These changes indicate the presence of PCBA 

could improve the crystallinity of perovskite film. 

The UV-Visible absorption results of CsPbIBr2 films grown on 

different substrates are displayed in Figure. 2d. Compared to 

bare ZnO NRs, the modified ZnO NRs can load more perovskite 

materials than that based on the bare ZnO NRs, which can 

enhance the adsorption in the visible range. The bandgaps of the 

two samples are obtained by Tauc fitting, and the bandgap 

decreases from 2.098 eV to 2.094 eV after PCBA modification, 

which may be favorable for the top junction of the tandem cells. 

(Figure. S3).[28]

Figure. 2. (a) The top view SEM images of the CsPbIBr2 films on ZnO NRs ETL and (b) ZnO NRs/PCBA ETL. (c) XRD patterns of all-inorganic CsPbIBr2 films on 
ETL with and without modification with PCBA. (d) The absorption spectra of all-inorganic CsPbIBr2 films on ZnO NRs ETL and ZnO NRs/PCBA ETL. 

The steady-state photoluminescence (PL) spectra were 

measured to investigate the influence of PCBA-modified ZnO 

NRs on charge carriers in perovskite films. It shows that the 

perovskite film based on ZnO NRs/PCBA/Glass displays more 
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efficient PL than based on ZnO NRs/Glass, and the enhanced PL 

indicates a reduction of nonradiative recombination on modified 

ZnO NRs, which may be due to the improvement at the interface 

(Figure. 3a),[29] consistent with the results of SEM and XRD 

(Figure. 2b, 2c). The time-resolved PL spectra of the CsPbIBr2 

films deposited on different ETLs are shown in Figure. 3b, each 

result is fitted through a bi-exponential decay function. The slow 

decay corresponds to the radiative recombination of free carriers, 

while the fast one relates to defect capturing.[30] Their average 

value is carrier lifetime (ave),[31] and the ave of 2.9 ns is obtained 

for the pristine CsPbIBr2 film. In comparison, it increases to 3.8 ns 

when the ZnO NRs ETL is employed, and it further increases to 

7.8 ns after being modified with PCBA. This result is consistent 

with the steady-state PL, providing that the ETL modified with 

PCBA can reduce nonradiative recombination. To learn more 

about the charge transfer kinetics of perovskite and electron 

transport layer, we performed the Femtosecond transient 

absorption (fs-TA) test. The samples were excited by a pump 

wavelength of 400 nm and a continuous white light of 450~770nm 

as the probe light. According to Figure. 3c, 3d, which represent 

the pseudo-color TA spectra of perovskite films fabricated on 

various ETLs, both samples show a negative signal of ground 

state bleaching (GSB) at 550~570 nm and a positive signal at 

570~590 nm of excited state absorption (ESA).[32] When a certain 

amount of ground-state electrons are excited to the excited state 

by the pump pulse, the ground state absorption of the probe light 

will be less than that of the non-excited sample, which will produce 

a negative signal. Figure. 3e, 3f display the spectrums without 

and with the modification of PCBA under various delay times.[33] 

At the same delay time, the sample with PCBA modified shows a 

stronger ground state bleaching peak than the control. 

Furthermore, with the increasing delay time, the attenuation of the 

bleach peak of perovskite film with PCBA is faster, which indicates 

a more efficient carrier transport ability.[34] To describe the decay 

of perovskite film, we fitted the evolution of the signal at 563 nm 

as a function of delay time. From the normalized decay kinetic 

curves in Figure. S4, it can be seen that the perovskite film based 

on ZnO NRs/PCBA shows a faster decay than the control. This 

result is consistent with the fitted dynamical parameters. The fitted 

t2 of ZnO NRs used for ETL is 976.1ps, while with the modification 

of PCBA, it decreases to 269.4ps (Table 1). This result 

demonstrates that the deposition of PCBA improves the 

extraction of electrons and consequently promotes cell 

performance. 

Table 1. Fitted dynamical parameters of perovskite films deposited on different 

ETLs at 563nm. 

Sample  t1 t2 

ZnO NRs/Perovskite 3.518 ns 976.1 ps 

ZnO NRs/PCBA/Perovskite 1.651 ns 269.4 ps 

 

 

Figure. 3. (a) Steady-state PL spectrums and (b) normalized transient PL decay profiles of perovskite films deposited on glass, glass/ZnO NRs, glass/ZnO 

NRs/PCBA. The pseudo-color TA spectra of perovskite films grown on (c) ZnO NRs and (d) ZnO NRs/PCBA. TA plots at different delay times for CsPbIBr2 on (e) 

ZnO NRs and (f) PCBA-modified ZnO NRs. 
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In addition, we also assessed the defect density and charge 

transport of these I-PSCs and adopted space-charge-limited 

current (SCLC) tests. The electron-only devices with the structure 

of ITO/ZnO NRs/Perovskite/PCBM/Au and ITO/ZnO 

NRs/PCBA/Perovskite/PCBM/Au were prepared, and the results 

are shown in Figure. 4a. The J-V curves divide into three 

sections: the first named ohmic regime, the second named trap-

filling regime, and the third named trap-free SCLC regime.[35] The 

VTFL of ZnO NRs-based device is 1.694 V, and the value 

decreases to 1.105 V when PCBA-modified ZnO NRs is employed 

as ETL. The trap state densities of the devices are calculated to 

be 1.57×1016 cm-3 and 2.56×1016 cm-3 for the perovskite deposited 

on ZnO NRs/PCBA and ZnO NRs (details are available in 

supporting information). It can be seen from the result that the 

deposition of PCBA can reduce trap density and enhance film 

quality. We also calculate the electron mobility using the equation 𝐽 = 90𝑟𝑉2 8𝐿3⁄ .[36] The mobility values of the device with ZnO 

NRs and ZnO NRs/PCBA are estimated to be 9.84 cm2 V-1 S-1 and 

19.85 cm2 V-1 S-1, respectively. The increased mobility is mainly 

due to the effective charge transport between ZnO NRs/PCBA 

ETL and the perovskite layer in I-PSC.  

The thermal admittance spectrum tests were carried out, 

effectively describing the trap density of states (t-DOS) of PSCs. 

The device structures of ITO/ZnO NRs/CsPbIBr2/Spiro-

OMeTAD/Au and ITO/ZnO NRs/PCBA/CsPbIBr2/Spiro-

OMeTAD/Au were prepared for the t-DOS test (Figure. S5.). The 

region of 0.3-0.4 eV is the shadow-trap state, corresponding to 

defects on the surface of perovskite film, and the region of 0.4-0.5 

eV is the deep-trap state, corresponding to the defects in the grain 

boundary. [37] From the result, we can conclude that the device 

with modified ZnO NRs shows a lower trap state density than the 

control device throughout the region. The reduction of defect 

states indicates that the perovskite deposited on the PCBA-

modified ZnO NRs has good crystallization and reduced grain 

boundary defects, consistent with the SCLC result. 

The dark J–V curves can further confirm the differences in the 

photovoltaic properties of these devices. Compared with ZnO 

NRs ETL-based devices, the device based on ZnO NRs/PCBA 

ETL has a smaller dark current at high bias voltages and smaller 

leakage current at low bias voltages (Figure. 4b). This indicates 

that the perovskite film based on ZnO NRs/PCBA can improve the 

current injection, while at the same time preventing leakage 

current under extremely low voltages.[38]  

To investigate the carrier transport properties in PSCs, transient 

photovoltage (TPV) tests were adopted (Figure. 4c). The device 

with ZnO NRs/PCBA exhibits a slower photovoltage decay than 

with ZnO NRs, indicating an efficiently suppressed recombination 

of carriers after PCBA modified. Meanwhile, the transient 

photocurrent (TPC) measurements were performed, as shown in 

Figure. 4d, compares to the control device, the photocurrent 

attenuation is significantly faster, conveying a more efficient 

carrier extraction and transport.[39] These results indicate that the 

modified ETL will make cells have better carrier dynamic 

properties, which explains the higher performance of PSCs

 

Figure. 4. (a) The SCLC plots of Au/PCBM/perovskite/ETL/ITO devices. (b) Dark J–V curves of devices based on different ETLs plotted on a semilog scale. (c) 

TPV decay curves, (d) TPC decay curves for ZnO NRs- and ZnO NRs/PCBA-based CsPbIBr2 PSCs. 

 

The J-V curves of the devices measured after optimization are 

shown in Figure. 5a. Table 2 provides the detailed performance 

parameters of devices with different ETLs. It is clear from the table 

that the modified device shows higher performance parameters 

than using ZnO NRs as ETL, and the champion device achieves 

a Voc of 1.30 V, a Jsc of 11.83 mA cm-2, a FF of 78.41%, and a 

PCE of 12.05%. The performance parameter statistics of 18 

devices based on different ETLs are shown in Figure. S6. The 

significant PCE increase mainly depends on the improvement in 

Jsc and Voc, which may result from the enhanced light absorption 

capacity and faster charge transport process caused by PCBA-

modified ZnO NRs as ETL. Figure. 5b displays the EQE spectra 

of the champion device based on different fabrications. This 

spectrum shows that the device modified with PCBA exhibits a 
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higher EQE among the wavelength of 300~600nm, demonstrating 

a more efficient light absorption in the visible range. The EQE 

intensity of the PSCs with ZnO NRs/PCBA is used to calculate the 

integrated Jsc, and the result of the champion device is 11.08 mA 

cm-2, which agrees well with the J-V curve. The integrated Jsc 

values obtained from EQE curves are approximations of J–V 

curves, indicating a valid measurement of the latter, which 

delivers a well photoelectric conversion performance. 

For PSCs, it is a crucial feature that converts solar energy into 

electricity to a great extent. For this purpose, the power output of 

the champion devices is evaluated under maximum power-point 

conditions.[40] Optimizing the device made the PCE output stable 

at 11.57% of the PCBA-modified device and 9.05% of the control 

device (Figure. 5c.). The stabilized efficiency obtained for the I-

PSCs can be attributed to the inhibition of ion motion or surface 

charge trapping by PCBA.  

Finally, the PSCs′ long-term stability was further investigated. The 

effect of the addition of PCBA on the device′s stability is evaluated, 

and the results are displayed in Figure. 5d. Unencapsulated cells 

were stored under identical conditions (30 ºC, relative humidity 

around 40-45%) and tested every 50 hours. From the schematic 

diagrams, we can obtain that after 300 hours of storage, the 

device based on modified ZnO NRs might maintain 85% of the 

original efficiency. In contrast, the control device’s efficiency 
gradually decreases and shows about 63% degradation. This 

result coincides with the photographs of perovskite films on 

different ETLs at different times. After storing for 300h, the PCBA-

modified perovskite film shows slower degradation than the 

control. Perovskite is very sensitive to oxygen and water and 

susceptible to degradation. The existence of pinholes in the film 

will provide moisture or oxygen with more sites to contact 

perovskite, which can accelerate the decomposition of perovskite 

devices.[41] Therefore, the modified perovskite forms a continuous 

structure without pinholes, thus improving the stability of the 

device under environmental conditions. 

Table 2. Device photovoltaic performance of perovskite films based on ZnO 

NRs ETL, and ZnO NRs/PCBA ETL.  

ETL Voc (V) Jsc (mA cm-2) FF (%) PCE (%) 

ZnO NRs 1.21 11.23 71.73 9.74 

ZnO NRs/PCBA 1.30 11.83 78.41 12.05 

 

 

Figure. 5. (a) The J–V curves of all-inorganic CsPbIBr2 PSCs on different ETLs. (b) The EQE spectrums and integrated Jsc of the champion device. (c) The time-

dependent stabilized power output of the champion devices grown on ZnO NRs and ZnO NRs/PCBA. (d) Stability tests in ambient conditions. The inset shows the 

photographs of perovskite films on different ETLs at different times. 
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Conclusion 

In summary, our work introduces PBCA to modify ZnO NRs, 

reduce surface defects, optimize perovskite film morphology, and 

enhance charge extraction properties. After modification of PCBA, 

performing a full coverage CsPbIBr2 perovskite film on the ZnO 

NRs substrate is simple. The optimized structure could improve 

optical absorption and enhance the capability of electron 

extraction, which could positively affect the extraction of 

photogenerated carriers in PSC, thereby promoting the 

photovoltaic performance of the device. Generally, the Voc of the 

optimized device increases to 1.30 V, and the champion PCE is 

12.05%. This study provides an interfacial modified method that 

would further improve the efficiency of the PSCs in the future.  

Experimental Section 

Materials: Experimental materials include ITO, ethylene glycol 

monomethyl ether, ethanol amine, NaOH, Zn(NO3)2·6H2O, 

Zn(CH3COO)2·2H2O, CsI, Dimethyl sulfoxide, chlorobenzene, 

acetonitrile, PbBr2, Spiro-OMeTAD, LiTFSI, TBP, PCBA. Detailed 

specifications and sources can be found in the supporting 

information. 

Fabrication of Perovskite Solar Cells: The conventional device 

structures of ITO/ETL/Perovskite/Spiro-OMeTAD/Au were 

prepared, and a PCBA interface layer was added to modify ZnO 

NRs electron transport layer. Details of the preparation process 

are in the supporting information. 

Characterizations: The detailed characterization description can 

be seen in supporting information. 
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[6,6]-Phenyl C61 butyric acid (PBCA) is introduced to modify ZnO nanorods (ZnO NRs) electron transport layer to reduce surface defects, 

ameliorate the morphology of perovskite film, enhance charge extraction properties, and improve the photovoltaic performance of 

CsPbIBr2 perovskite solar cells. 
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