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Multifunctional Synthesis Approach of In:CuCrO2 
Nanoparticles for Hole Transport Layer in High-
Performance Perovskite Solar Cells

Boping Yang, Dan Ouyang, Zhanfeng Huang, Xingang Ren, Hong Zhang, 
and Wallace C. H. Choy*

While there are very limited studies of doped ternary metal oxide based hole 
transport materials, a multifunctional synthesis approach of In doped CuCrO2 
nanoparticles (NPs) as efficient hole transport layers (HTLs) including simpli-
fying the synthesis requirements is proposed, enabling doping and achievement 
of treatment-free HTLs. Remarkably, compared with conventional methods for 
synthesizing CuCrO2 NPs, the newly proposed azeotropic promoted approach 
dramatically reduces the reaction time by 90% and the calcination temperature 
by one-third, which not only promotes high throughput production but also 
reduces power consumption and cost in synthesis. Equally important, indium 
is successfully doped into CuCrO2, which is fundamentally difficult in low 
temperature processes. The In doping offers less d–d transition of Cr3+ and 
p-type doping characteristics for improving HTL transmittance and conductivity, 
respectively. Interestingly, In doped CuCrO2 HTL with these improvements can 
be achieved by a simple ambient-condition process and exhibits thermal sta-
bility up to 200 °C, which allows perovskite solar cells (PSCs) to achieve a power 
conversion efficiency of 20.54%. Meanwhile, the devices show good repeat-
ability and photostability. Consequently, the work contributes to establishing a 
simple approach to realize pristine and doped multinary oxides based HTL for 
the development of practical and high performing PSCs.
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and developing perovskite layers, elec-
tron transport layers (ETL), hole transport 
layers (HTL), and their relation.[3–7] As an 
important component of planar PSCs with 
p–i–n structure, HTL located between the 
perovskite and anode serves for effectively 
extracting holes, blocking electron, and 
reducing nonradiative recombination due 
to any unexpected poor contact between 
the perovskite layers and the metal elec-
trode. Additionally, HTLs can contribute 
to protecting perovskite active layer from 
its sensitive species such as oxygen, mois-
ture, and even ultraviolet radiation. These 
all closely influence the realization of high 
performance and stability of PSCs.

With the consideration of the good 
energy level alignment, hole mobility, 
and stability, p-type metal oxides, such as 
binary metal oxide nanoparticles (NPs) of 
NiOx,[8–10] CuOx,[11] and CoO3

[12] have been 
used as HTL in PSCs. Meanwhile, there 
are different approaches to explore ways for 
further improving the electrical properties. 
Recently, ternary metal oxide NPs such 

as CuCrO2,[13,14] CuGaO2,[15] and NiCo2O4
[16,17] NPs have been 

studied for HTL in PSCs due to their advantage of bandgap tun-
ability by changing the metal ratio and their decent conductivity. 
For p–i–n inverted PSC structures, there are concerns on the  
quality of the film formed from NPs such as the packing of 
NPs and the morphology of the film particularly for large size 
NPs such as CuGaO2 NPs, which may influence the quality of 
perovskite film and increase dark current. CuCrO2 NPs show a 
fine size of about 10 nm and can be well-dispersed for forming 
well-pack HTL film in PSCs.[13,14] The common method for syn-
thesizing CuCrO2 NPs is the hydrothermal method and most 
reported process takes very long reaction time of 50–60 h at 
the temperature of 240  °C.[13,14] Furthermore, doping delafos-
site metal oxide is very challenging. On the one hand, a high 
temperature which is needed for the preparation of a pure poly-
crystalline delafossite phase is not suitable for stabilizing of 
doping metal cation in delafossite due to the natural tendency 
of this cation to decompose before forming reaction starts.

[18] 
On the other hand, different decomposition of each metal pre-
cursor and the stepwise growth behavior will favor the forma-
tion of a mixture of the corresponding oxides of each metal 

Perovskite Solar Cells

1. Introduction

Organic lead halide perovskite solar cells (PSCs) with planar 
structure have gained wide attention from their rocket-fast 
improvement of the power conversion efficiency (PCE) from 
less than 4% to above 23%.[1,2] For achieving the high-perfor-
mance PSCs, a lot of work has been done for understanding 
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precursor rather than forming the doped ternary metal oxide.[19] 
In addition, all the reported CuCrO2 NPs require annealing 
of 100–150  °C for 10  min for forming effective HTLs.[13,14] It 
is highly desirable not only to reduce the synthesis time and 
temperature for high throughput and low-cost production but 
also to realize the treatment-free formation of high-quality HTL 
for practical PSC applications. Furthermore, doping in CuCrO2 
NPs for better HTL in PSCs has not been reported so far from 
the best of our knowledge.

In this work, we demonstrate a multifunctional synthesis 
approach of In doped CuCrO2 nanoparticles as efficient hole 
transport layers including simplifying the synthesis require-
ments, enabling doping and achievement of treatment-free 
HTLs. We propose a strategic azeotropic promoted approach 
(APA) in solvothermal synthesis to form pristine and In doped 
CuCrO2 nanoparticles. Particularly, an azeotropic solvent with a 
low boiling point (lower than that of water) is introduced in this 
method to provide high pressure at considerably low tempera-
ture and realize the remarkable reaction time reduction in syn-
thesizing of the NPs. Our results show that the reaction time is 
dramatically shortened by 90% and the annealing temperature 
is reduced by one-third as compared to that of conventional 
solvothermal synthesis. The mechanism of the APA reaction 
is analyzed through different reaction conditions. Interestingly, 
the NPs obtained from APA approach can easily form efficient 
HTLs at simple room ambient condition without any treatment. 
We demonstrate the planar p–i–n PSCs based on this efficient 
HTL with PCE of 20.54%, which is higher than that (18.37%) 
of the control PSCs with pristine CuCrO2 NPs. The high per-
formance can be explained by In doping induced improvement 
of the optical transmittance and hole conductivity of the HTL. 
Additionally, the In doped CuCrO2 based PSCs made from APR 
approach shows good photostability with nearly 90% PCE after 
800 h illumination at AM1.5G (100 mW cm−2). Consequently, 
we demonstrate a simple and robust approach to realize doped 
ternary oxide based HTL which favors the development of scal-
able and flexible high performance PSCs.

2. Results and Discussion

Motivated by the excellent properties of indium doped tin oxide 
(ITO) and CuInO2, we choose indium as the dopant in CuCrO2, 
which has not been reported so far. Moreover, the relative high 
solubility of In(OH)3 (in the water at room temperature (RT))  
is beneficial for the chemical reaction at low-temperature 
hydrothermal treatment.[20] The main synthesis process of In 
doped CuCrO2 NPs is shown in Figure S1 in the Supporting 
Information. For pristine CuCrO2 NPs, the only difference in 
the synthesis was the absence of indium acetate. After all the 
precursor salts were mixed and stirred uniformly in ethanol, 
NaOH was dissolved in water and added into the former solu-
tion. By mixing ethanol and deionized water with the volume 
ratio of ethanol:water = 12:0.4, the azeotropic solvent with a low 
boiling point of 78 °C will form. Importantly, the small amount 
of water is critical for APA reaction system because NaOH 
can be dissolved more effectively and adequately in water than 
other solvents. This benefits enough contact of metal cations 
with OH−, favoring the formation of hydroxides and good 

uniformity of the turbid liquid for further reaction in the auto-
clave. Equally important, we strategically select ethanol to serve 
the nontoxic solvent for realizing a green process for realizing 
the APA synthesis. We find that although other solvents such 
as trichloromethane, carbon tetrachloride, benzol, nitrile, and 
ethyl acetate can be used to replace ethanol to form azeotropic 
solvent with water, they will make the synthesis become toxic 
and not being selected for further studies.

Various methods for synthesizing oxides have been devel-
oped.[21–30] Regarding the hydrothermal method, which is gov-
erned by two factors of thermodynamic and chemical,[31] has 
been widely used. Typically, pressure and temperature domi-
nate the thermodynamic process.[31] To demonstrate the effects 
of pressure in our APA process, reactions under different con-
ditions were carried out and the results are listed in Table S1 in 
the Supporting Information. As the cases of a, b, and c stated 
in Table S1 in the Supporting Information, when the solvent 
is pure water (i.e., the volume ratio of ethanol:water = 0:12.4 
in Table S1, Supporting Information), no NPs are obtained at 
the temperature of 160 °C or less. When the amount of ethanol 
increases with the volume ratio reaching 6.2:6.2, reaction still 
did not occur at the temperature of 160 °C and NPs are obtained 
when temperature increases to 220 °C (cases d and e in Table S1,  
Supporting Information). Interestingly, when the volume ratio 
further changes to 12:0.4, reaction at 160  °C is more efficient 
than that at 220  °C (cases e and f in Table S1, Supporting 
Information). In this case, the adequately high pressure due to 
the low boiling point of the mixed solvent is beneficial to the 
three-step APA process shown in Figure S1 in the Supporting 
Information. In details, the volume ratio of ethanol:water at 
12:0.4 can form an azeotropic solvent with a low boiling point 
of 78  °C, which makes it possible to realize high pressure at 
low temperature and promote the chemical reaction. However, 
when the solvent is pure ethanol, NaOH is not soluble. The sol-
vent cannot synthesize NPs due to no hydroxide formation for 
oxides synthesis (case g in Table S1, Supporting Information). 
The products obtained from the reaction in water only under 
160 °C are hydroxides and/or oxides containing one metal ele-
ment of Cu, Cr, or In (Figure 1a), which are dissolved in hydro-
chloric acid (Figure 1b). Very differently, as shown in Figure 1c, 
the products synthesized in azeotropic solvent do not dissolve 
in hydrochloric acid. They are In doped CuCrO2 NPs confirmed 
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Figure 1.  Digital images of the products gained from a) the water only 
reaction, b) the water only reaction with the addition of hydrochloric acid, 
and c) the ethanol and water reaction with addition of hydrochloric acid.
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by X-ray diffraction (XRD) and X-ray photoelectron spectros-
copy (XPS) as discussed later. Different products gained from 
different reaction conditions demonstrated the efficiency of our 
synthesis strategy.

It is important to point out that we successfully demonstrate 
In doping in CuCrO2 NPs through the azeotropic promoted 
approach, while such doping is fundamentally difficult to realize 
by the solvothermal synthesis using pure water as a solvent due 
to the ultralow solubility of In(OH)3.[20] In a closed system,  
the reaction mixture heating implies a pressure increase as a 
consequence of the vapor confinement, resulting in the change 
of solvent properties. In this work, the azeotropic solvent with 
a lower boiling point (78 °C) than water can decrease polar at 
low temperature, dissolving In(OH)3 to provide In source for 
the realization of doping in CuCrO2, which is not possible to 
occur at the pristine water system.

We summarize a mechanism of the whole process as shown 
in Figure S1 in the Supporting Information. First, by designing 
an azeotropic solvent with a lower boiling point compared to 
generally used water, a higher pressure could be produced at 
relatively low temperature and promote the dissolution of 
metal hydroxides (which can never occur in normal condi-
tions). When the concentration of metal ions get the minimum 
value for nucleation, small particles nucleate. Moreover, high 
pressure could accelerate the movement of metal ions, which 
improves the particle growth. The results above demonstrate 
that the pressure produced (even at a lower temperature) is 
beneficial to the main reaction process of dissolve, nucleation, 
and growth. Consequently, substantial shortened reaction time 
and low temperature are demonstrated for synthesizing the 
pristine and In doped CuCrO2 NPs. The APA approach is ben-
eficial for the production of hole transport materials, which is 
promising for commercial-scale PSC fabrication at a lower cost.

The XRD patterns of pristine and In doped CuCrO2 NPs 
show delafossite structures (as shown in Figure  2a). The pat-
terns demonstrate that the synthesized NPs are free of other 
phases[13,14] such as oxides and/or hydroxide of copper, chro-
mium, or indium. Besides, In doping does not affect the phase 
of CuCrO2 NPs. While it is challenging to obtain the pure 
2H phase of CuCrO2 as reported,[13,32] the XRD patterns of 
In doped CuCrO2 NPs show that no obvious 3R phase exists, 
implying that we have achieved dominantly pure 2H phase in 
the NPs, which corresponds to the peaks of 35.1°, 37.3°, 48.9°, 
62.2°, and 66.1°.[18] Transmission electron microscopy (TEM) 
image (Figure 2b and the inset) shows that the average size of 
In doped NPs is 12 nm, which is slightly larger than the pre-
vious reports with average size (10  nm) of CuCrO2 NPs.[13,14] 
This may have originated from accelerated growth in the syn-
thesis due to the higher solubility of the metal hydroxides 
and the promoted moving speed resulting from the higher 
pressure. Compared to pristine CuCrO2 NPs, there is no 
obvious change in the NP size after doping of In (Figure S2, 
Supporting Information). Meanwhile, as the XPS spectra shows 
in Figure  2c,d–g, Cu 2p, Cr 2p, and O1s peaks were clearly 
observed, which corresponds to Cu1+, Cr3+, and O2−, respec-
tively. The XPS spectrum of In doped NPs show In 3d peaks, 
demonstrating In3+ from the successful doping. The energy 
dispersive X-ray (EDX) spectra in Figure S3 in the Supporting 
Information also confirm the successful doping of In. The 

ratios of Cu:Cr:O in CuCrO2 NPs and In:Cu:Cr:O in In doped 
CuCrO2 NPs are 0.98:1:2 and 0.023:0.98:0.96:2, and illustrate 
that they are both p-type semiconductors due to cation vacan-
cies.[18,33] The total valences of cations and anions in the NPs 
are 3.98:4 and 3.93:4, respectively. This means that In doping 
results in more cation vacancies, acting as p-type doping to 
improve the conductivity. Besides, the ratio of In:Cr in doped 
oxides is 0.95:40, which agrees well with the mole ratio of In 
and Cr salts for synthesis (1:40; shown in the Experimental 
Section). Consequently, the various characterizations confirm 
that high-quality pristine CuCrO2 NPs have been successfully 
synthesized and In doping into the NPs has been realized.

We have also studied HTL film quality (e.g., film coverage, 
morphology, and packing of NPs). Our results show that when 
the HTL thickens, the series resistance increases and the best 
performed PSCs is achieved when the HTL thickness is about 
42  nm as discussed in details later. Meanwhile, the optimum 
doping level is 1:40 of In:Cr (Table S3, Supporting Informa-
tion). It can be observed from Figure  3a that the In doped 
CuCrO2 film is uniform, pinhole-free, and with high coverage 
on the indium tin oxide substrate. As compared to the reported 
method in forming CuCuO2 NPs based HTL in which the film 
is formed from the mixed solvent of water and ethanol and 
air annealing at 150  °C for 10 min is required,[14] the HTL in 
this work is formed from the NPs well-dispersed in methanol 
merely and thus can avoid the risk of any unexpected residual 
water damaging the perovskite layer. Moreover, it does not need 
to do any treatment such as thermal annealing in forming HTL 
from our approach. The simple process benefits the robust 
use in rigid and flexible PSCs. As shown in Figure 3b, the root 
means square roughness value of the In doped CuCrO2 on ITO 
substrate is 6.2 nm. It is very little higher than that of reported 
CuCrO2 HTL (5.2 nm) due to the slightly larger size of NPs in 
this work. Importantly, this difference does not affect film cov-
erage and uniformity. Consequently, well-pack, pin-hole free, 
and smooth HTL is demonstrated from In doped CuCrO2 NPs 
made from APA method.

Good optical transmittance is very important for efficient 
HTL. Figure  3c shows the transmittance of pristine and In 
doped CuCrO2 HTLs with the optimized thickness of 42 nm on 
ITO. The transmittance of In doped CuCrO2 on ITO is >84% in 
the wavelength range from 420 to 800 nm and >70% from 350 
to 420 nm, which is higher than that of the pristine one in the 
whole wavelength range. The higher transmittance of In doped 
NP film can be explained by the lower absorption. Typically, 
Cr3+ cations at oxygen octahedrons of delafossite structure show 
d–d excitations, which cause the low transparency of CuCrO2. 
After In doping, more Cr3+ are replaced by In3+, resulting in 
decreased absorption of d–d and higher transmittance in In 
doped CuCrO2.[18] This high transmittance favors more light 
penetration and thus more carrier photogeneration in the perov-
skite layer. The bandgap of both CuCrO2 and In doped CuCrO2 
NPs are 3.05  eV, which is wider than some reported hole 
transporting oxides such as 2.1–2.4  eV of NiCo2O4,[17] 1.3  eV 
of CuO,[34] 2  eV of V2O5,[35] and 2.15  eV of Ni:CoOx,[36] which 
offer efficient UV radiation blocking capability for reducing 
the decomposition of perovskite. Meanwhile, the bandgap 
of 3.05  eV (as indicated by the absorption peak of 407  nm in 
Figures S4 and S6c, Supporting Information) is narrower than 

Adv. Funct. Mater. 2019, 29, 1902600



www.afm-journal.dewww.advancedsciencenews.com

1902600  (4 of 9) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2019, 29, 1902600

Figure 2.  a) XRD patterns of CuCrO2 and In doped CuCrO2 NPs. The XRD pattern of bulk 2H-CuCrO2 is shown in the bottom in purple color. b) TEM 
image and size distribution histogram (inset) of the In doped CuCrO2 NPs. c) XPS spectra of the NPs. d–g) XPS spectra of Cu 2p, Cr 2p, In 3d, and 
O 1s, respectively.
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the widely studied NiOx of ≈3.7  eV.[36] Consequently, the In 
doped CuCrO2 NP based HTL offers higher transmittance in 
the whole visible region for better light-harvesting but also pro-
tects the perovskite layer from UV radiation.

The current (I)–voltage (V) curves of CuCrO2 and In doped 
CuCrO2 NP film on ITO as shown in Figure 3d show that the 
doped NP film is more conductive than its undoped counter-
part. The HTL film also shows uniform conductivity in different 
regions of the film. The average conductivity values of CuCrO2 
is 0.029 S cm−1 which is comparative with the value of CuCrO2 
synthesized through hydrothermal method.[33] After doping 
of In with the optimized level of 2.5  mol%, the conductivity 
increases by a factor of ≈2.5–0.069 S cm−1 which is resulted 
from the higher hole concentration and mobility (see Figure S5 
in the Supporting Information). Overall, the In doped CuCrO2 
NP film with higher conductivity should be more efficient for 
hole transportation in PSCs.

The work function (WF) of In doped CuCrO2 NPs is 5.12 eV 
(see Figure S6a in the Supporting Information), as same as the 
pristine NPs (not shown in the figure to void confusion). The 
corresponding energy band level is obtained by the ultraviolet 
photoemission spectroscopy (UPS) (see Figure S6b in the Sup-
porting Information) and bandgap as shown in Figure 4a. It offers 
a good band alignment as shown in the energy band diagram 
of the PSCs with the structure of ITO/HTL/perovskite/phenyl-
C61-butyric acid methyl ester (PCBM):C60/zirconium (IV)  

acetylacetonate (ZrAcac)/Ag (see Figure  4a). As shown in 
Figure 4a, the conduction band of In doped CuCrO2 NPs is 1.43 eV 
higher than that of perovskite, resulting in efficient electron 
blocking and less carrier recombination. The large electron injec-
tion barrier of 2.43 eV between ITO and In doped CuCrO2 NPs 
indicates its efficient electron injection blocking.[37–40]

Regarding the performance of PSCs with In doped CuCrO2 
NP as HTL (the typical cross-section scanning electron micros-
copy (SEM) image of PSCs is shown in Figure  4b), current 
density (J)–V curves with low hysteresis of the best PSCs 
based on pristine CuCrO2, and In doped CuCrO2 NPs are 
plotted in Figure  4c. As compared to the undoped CuCrO2, 
there are improvements in Jsc (from 21.52 to 23.75  mA cm−2) 
and fill factor (FF) (from 79.85% to 80.67%) after In doping in 
CuCrO2 NPs. According to the records in Table S3 in the Sup-
porting Information, the Jsc values based on different doping 
level NPs are larger than the undoped counterpart. The higher 
hole extraction capability is demonstrated by the shorter 
photoluminescence (PL) decay time (19.65  ns for doped vs 
31.87  ns for pristine) and better PL quenching of perovskite/
In doped CuCrO2 shown in Figures S7 and S8 in the Sup-
porting Information. This is also demonstrated by the electro-
chemical impedance spectroscopy (EIS) spectra of the devices 
in Figure S9 in the Supporting Information. The series resist-
ances Rs are 33.5 (pristine) and 27.9 Ω (doped), respectively. 
It suggests that the conductivity of In doped CuCrO2 device 
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Figure 3.  a) SEM image of In doped CuCrO2 NPs on ITO glass. b) AFM image of In doped CuCrO2 NPs on ITO glass. c) Visible light transmission of 
CuCrO2 and In doped CuCrO2 NP film with the optimized thickness. d) Example of I–V characteristics for CuCrO2 and In doped CuCrO2 NP film on ITO 
glass. The inset shows that the conductivity of In doped CuCrO2 NP film is ≈2.5 times larger than that of CuCrO2 NP film. All the above characteriza-
tions are based on the films formed in ambient conditions without any treatment.
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is higher, which agrees with the above discussion of the con-
ductivity of the HTL. Charge-transfer resistances (Rct) of the 
charge recombination process are 1032 (pristine) and 1335 Ω 
(doped), illustrating less carrier recombination appears for the 
case of In doped CuCrO2 HTL.[10,17] The stabilized photocurrent 
and PCE at the maximum power point are shown in Figure 4d. 
The stabilized photocurrent and PCE corresponding to CuCrO2 
and In doped CuCrO2 devices are 20.41 mA cm−2, 18.37% and 
22.56 mA cm−2, 20.53%. This is well consistent with the meas-
ured J–V curves in Figure 4c. It should be noted that the PCE 
of p–i–n PSCs based on the pristine CuCrO2 (in this study) is 
comparable with that of the previously reported.[14] Interest-
ingly, In doped CuCrO2 PSCs showed improved performances 
as shown in Figure  4. The performances are among the best 
performed PSCs with oxide based HTL as shown in Table S5 in 
the Supporting Information.[41–58] Additionally, the HTL using 
CuCrO2 and In doped CuCrO2 NPs offer ignorable hysteresis 
(Figure S10, Supporting Information) due to efficient hole 
extraction. The incident photo-to-electron conversion efficiency 
(IPCE) spectra and the integrated Jsc of the two devices are  
shown in Figure S11 in the Supporting Information. The inte-
grated Jsc of the devices are 20.90 and 23.25 mA cm−2, demon-
strating that the values are consistent with the J–V curves (with 
the small mismatch of 2.87% and 2.11%). It should be noted that 
the values of PCE based on the HTL synthesized through our 
method have small fluctuations, suggesting good repeatability 
of the devices (detailed performances are shown in Tables S2  
and S3 in the Supporting Information). Concerning the photo-
stability of the devices, unsealed devices have been tracking in 
a N2 filled glovebox under 1 sun continuous illumination and 
time-dependent variation of the normalized Voc, Jsc, FF, and 

PCE of the PSCs are shown in Figure  5. All the parameters  
are generally stable after 800 h of continuous radiation without 
encapsulation in the glovebox with a remaining PCE value of 
about 90%, illustrating an excellent photostability of the devices.

Furthermore, as shown in Table S4 in the Supporting Infor-
mation, the PSCs maintain high PCE when the In doped 
CuCrO2 HTL was annealed under room temperature to 200 °C 
for 10  min in air, suggesting excellent thermostability. When 
annealing temperature increased to 250 °C and higher, the PCE 
decreases obviously due to lower Jsc and FF. To understand the 
reasons, XPS spectra of the HTL under different annealing tem-
peratures are obtained as shown in Figure 6. When annealing 
temperature is 200 °C or lower, the peaks of 932.1 and 952.1 eV 
with no satellite peaks indicated the only existence of Cu+ 
ions.[19,59] When annealing temperature increased to 250 and 
280  °C, some Cu+ ions were oxidized to Cu2+ ions, indicated 
by the peaks of 934.9 and 955.2 eV and obvious satellite peaks. 
If the annealing temperature reached 300 °C, Cu2+ ions domi-
nated in the HTL and the PCE of PSC decreased by ≈25%. The 
change of Cu+ to Cu2+ means that the HTL is less p-type and 
thus the hole conductivity decreases, resulting in lower Jsc and 
FF. Consequently, the In doped CuCrO2 HTL made from APA 
method shows good thermal stability up to 200 °C for practical 
application in PSCs.

3. Conclusions

In conclusion, we demonstrated the APA approach to synthe-
size pristine and In doped CuCrO2 NPs. This strategy provides 
an efficient way to synthesize (doped) metal oxides in which the 

Adv. Funct. Mater. 2019, 29, 1902600

Figure 4.  a) The energy band diagram of the PSC materials with respect to the vacuum level. b) The cross-section SEM of PSC. c) J–V curves, and  
d) stabilized photocurrent and efficiency of the best PSCs based on CuCrO2 NPs (reference device) and In doped CuCrO2 NPs.
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reaction time is dramatically shortened by 90% and the calcina-
tion temperature is lowered by one-third as compared to previous 
reported hydrothermal method. While the NPs can form effective 
HTL, the HTL exhibits thermal stability up to 200 °C. The optical 
transmission and carrier mobility of the HTL are improved by 
doping In into CuCrO2 NPs, which is beneficial for the harvest of 
solar light and hole transport. Using the NPs as HLT, PSCs with 
high PCE and photostability were fabricated. This work demon-
strates a decent approach to synthesize pristine and doped mul-
tinary oxides for HTL of high-performance PSCs. Furthermore, 
the strategy facilitates the development of large-scale and flexible 
high performance PSCs.

4. Experimental Section
Materials: Cu(NO3)2·3H2O (99% in purity), 

Cr(NO3)3·9H2O (98.5% in purity), In(C2H3O2)3·H2O 
(99.99% in purity), and ZrAcac (98%) were 
purchased from Sigma-Aldrich. Ethanol absolute, 
methanol, chlorobenzene (CB, extra dry, 99.8%), 
hydrochloric acid (37%), dimethylformanmide 
(DMF, extra dry, 99%), dimethyl sulfoxide (DMSO, 
extra dry, 99%), 1,2-dichlorobenzene (DCB, extra 
dry, 98+%), isopropanol (extra dry, 99.8%), and 
ammonium hydroxide solution in water (28%) were 
purchased from Acros Organics. Methylammonium 
iodide and formamidinium iodide were purchased 
from Dyesol. PC61BM and C60 were purchased 
from Solarmer Energy, Inc. All chemicals were used 
without further treatments.

Synthesis of NPs: CuCrO2 and In doped CuCrO2 
NPs were synthesized in azeotropic solvent of 
absolute ethanol and deionized water. The same 
stoichiometric cupric nitrate and chromium nitrate 
were mixed in 12 mL absolute ethanol for CuCrO2 
NPs and a certain amount of indium acetate was 
added for In doped NPs. After stirring for 10 min, 
0.09 g NaOH in 0.4 mL deionized water was added 
in the above solution. After another 10 min stirring, 
the solution was placed into an 18 mL Teflon-lined 
autoclave, which was sealed and kept at 160  °C 

for 6 h. Then, the products were washed with diluted hydrochloric acid 
and absolute alcohol in sequence for several times, and were dried in 
vacuum under room temperature for further use.

Preparation of HTL Films and Fabrication of Devices: HTL films were 
spin-coated on clean ultraviolet ozone-treated ITO glasses and the 
thickness was controlled by spin speed and spin times. The suspension 
for spin coating was prepared by resolving the NPs powder in methanol 
and the concentration was 4 mg mL−1. The optimal thickness of 42 nm 
was spin-coated at 2000 rpm twice. The samples were transferred into the 
nitrogen-filled glovebox without any treatments. As same as the previous 
work, the film of Cs0.05(MA0.15FA0.85)0.95Pb(I0.85Br0.15)3 perovskite was 
formed on top of the NP film and annealed.[60] Then, PC61BM/C60 and 
ZrAcac were spin-coated on the perovskite layer successively. Finally, Ag 
electrode with a thickness of 120 nm was thermally evaporated on the 

top. The details of devices fabrication after NP film 
coating were as same as the report.[17]

Characterization of NPs, Films, and Devices: 
The phase of NPs was detected by X-ray powder 
diffraction with Cu kα radiation under λ of 1.54056 Å  
(XRD, Bruker D2 PHASER). The morphology of 
NPs and film was measured by TEM (Philips Tecnai 
G2 20 S-TWIN), SEM (Hitachi S-4800), and atomic 
force microscopy (AFM, NT-MDT NTEGRA), 
respectively. UPS spectra were gained from a He 
discharged lamp (He I 21.22 eV, Kratos Analytical). 
EDX spectrum was obtained by SEM (Hitachi 
S-4800). XPS and UPS measurements were 
performed with a Kratos Ultra Spectrometer (He 
I 21.22  eV). Work function of HTL was measured 
using a Kelvin probe (KP020, KP Technology). 
Ecopia HMS 5500 Hall system was used to gain the 
hole concentration and mobility. J–V curves were 
measured by a Newport AM1.5G solar simulator 
with the light intensity of 100 mW cm−2. The steady-
state J–V curves were recorded by setting the bias 
voltage at the value of the maximum power point. 
A system containing xenon lamp monochromatic 
shopper and a lock-in amplifier with a calibrated 
silicon photodetector was used to measure the 
IPCE. The electrochemical impedance spectroscopy 

Figure 5.  The time-dependent variation of the Voc, Jsc, FF, and PCE of the best (unencapsulated) 
PSCs under 1 sun continuous illumination.

Figure 6.  High-resolution XPS spectra of Cu 2p of the In doped CuCrO2 films annealed under 
different temperatures for 10 min in air.
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analysis was conducted on a CHI660C electrochemical workstation (CH 
Instrument, Inc.) at V = 0.9 V under a black condition with the frequency 
ranging from 100 000 to 1 Hz.
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from the author.
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