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Solution-Processable Zinc Oxide for Printed Photovoltaics:

Progress, Challenges, and Prospect

Yunfei Han, Jingbo Guo, Qun Luo,* and Chang-Qi Ma

Zinc oxide (ZnO) is a promising candidate as the electron-transporting layer of
roll-to-roll printed organic and perovskite solar cells (OSCs and PVSCs) because it
is low cost, nontoxic, earth-abundant, and has multiple solution-processable
routes comparable. It has been widely used in both OSCs and PVSCs for many
years. With the long-time development of the ZnO buffer layer, various synthesis,
fabrication, and modification approaches have been developed. Meanwhile,
several issues including light-soaking issues, defects issues, and agglomeration

silicon solar cells, organic and organic—
inorganic hybrid perovskite solar cells
(OSCs and PVSCs) have the advantages
of lightweight, flexibility, low cost, and
roll-to-roll printing compatibility. In recent
years, both the OSCs and PVSCs achieved
great development; efficiency above
18%1 and 25% has been widely
achieved.

issues have emerged and have been solved. In this review, the synthesis
approaches of solution-processed zinc oxide, the application in the OSCs and the
PVSCs, and the typical challenges of the solution-processed ZnO for use in the
OSCs and PVSCs have been summarized. Finally, an outlook on the development
of solution-processed ZnO for the upscaling of OSCs and PVSCs is given.

1. Introduction

Energy crisis and environmental pollution are two major global
problems in the 21st century. Fossil fuel energy consumption
caused CO, emissions and environmental pollution. A chal-
lenge is to find green and renewable energy to reduce the
extraction and combustion of fossil fuels. Photovoltaic electric-
ity generation is the most promising renewable energy to solve
the energy crisis. Solar cells can meet the rising energy
demand by harvesting electrical energy from unlimited solar
energy.

Conventional silicon solar cells are widely used because of
their high efficiency and high reliability. However, the efficiency
of silicon solar cells is hard to be improved. In addition, the fra-
gility and high weight of the silicon solar cells limited their appli-
cation in wearable electronics, etc. Compared to conventional
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The OSCs and PVSCs have similar sand-
wich device structures, including an anode,
cathode, and photoactive layer inserted
between the anode and cathode. Besides,
electrode buffer layers were used to modify
the anode and cathode. The electrode
buffer layers for OSCs and PVSCs include
organic and inorganic materials. Because
the OSCs and PVSCs can be fabricated
through solution-processable methods. Thus, the solution-
processed buffer layer is urgently needed.

2. Fundamentals ZnO as a Semiconductor

2.1. Crystal Structure/Band Structure

Zinc oxide (ZnO) is a promising candidate as the buffer layer for
roll-to-roll printed OSCs and PVSCs because it is low cost, non-
toxic, earth-abundant, and has multiple solution-processable
routes comparable. ZnO has three kinds of crystal structures:
1) cubic rock salt, 2) cubic zinc blende, and 3) hexagonal wurtzite
structure. The three crystal structures are shown in Figure 1, and
the shaded gray and black spheres represent zinc and oxygen
atoms, respectively. Among them, the wurtzite structure is the
most common and stable structure at ambient conditions. The
cubic zinc blende structure is stabilized by growing ZnO on sub-
strates with a cubic lattice structure. The zinc and oxide centers
are tetrahedral in both the zinc blended and wurtzite structures.
The rocksalt structure is only observed at higher pressures at
about 10 GPa. As the most stable structure, the hexagonal
ZnO has a point group 6 mm or Cé6v, and the space group is
P63mc or C6v4. The lattice constants are a=3.25A and
c=5.2 A; their ratio c/a of 1.6 is lost to the ideal value of the
hexagonal cell (1.633).

2.2. Intrinsic Defects

These various defects are the origin of the photoluminescence of
ZnO. The defect-related photoluminescence of ZnO includes
blue, green, yellow, and red luminescence. According to

© 2023 The Authors. Advanced Energy and Sustainability Research
published by Wiley-VCH GmbH


mailto:qluo2011@sinano.ac.cn
https://doi.org/10.1002/aesr.202200179
http://creativecommons.org/licenses/by/4.0/
http://www.advenergysustres.com

ADVANCED
SCIENCE NEWS

DVANCE
ENERGY & SUSTAINABILITY
RESEARCH

www.advancedsciencenews.com

Rock salt

¢MIIWNMI'

47
Jaar W

lﬂ\ﬂ'lﬂl

www.advenergysustres.com

Wurtzite

Zinc blende

Figure 1. Crystal structure of ZnO: i) rock salt, ii) zinc blende, and iii) wurtzite.
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Figure 2. Possible optical transitions and their energies in ZnO nanostruc-
tures, where FX—free excitons, Zn,—zinc interstitials, Zn"—ionized zinc
interstitials, V,—oxygen vacancies, and V' ,—ionized oxygen vacancies.
Reproduced with permission.’! Copyright 2020, CAS.

Janotti et al.,”) ZnO has several emission peaks centered at the
following positions (Figure 2): 3.3-3.4eV from free exciton
emission, 3.24-3.27 eV from donor bound excitons/or defect,
3.1-3.22 from Zn interstitials, 3.03eV from zinc vacancies,
2.76-2.95eV from ionized Zn interstitials/oxygen vacancies,
2.45-2.6eV from singly ionized O vacancy, and 2.29-2.37 eV
from doubly ionized O vacancies.”

2.3. Energy Level and Conduction

ZnO is one kind of n-type direct wide semiconductor
with a bandgap of 3.3eV and electron mobility of about
107*-1072 scm™2. The electronic property of the n-type semicon-
ductor of ZnO is traditionally ascribed to the intrinsic defects of
oxygen vacancy. ZnO has a large exciton binding energy of
60meV, which indicates efficient excitonic emission in ZnO
can persist at room temperature and higher temperatures.
The large exciton binding energy makes ZnO a promising mate-
rial for optical devices based on excitonic effects. Figure 3 shows
the calculated band structure of ZnO. The energy of the valence-
band maximum (VBM) was set as zero.

Adv. Energy Sustainability Res. 2023, 4, 2200179

2200179 (2 of 43)

Energy (eV)

A L M r A H K r

Figure 3. Band structure of ZnO. Reproduced with permission.[?%"
Copyright 2009, 10P.

3. The Solution-Processable Fabrication Methods
of ZnO Films

The fabrication methods of the ZnO buffer layers include atomic
layer deposition,® chemical vapor deposition, pulsed laser depo-
sition, RF magnetron sputter,’® sol-gel, solution-processed
nanoparticles route, and other solution-processable approaches.
This part will focus on the fundamental and synthesis method of
ZnO films through solution-processable routes.

3.1. Sol-Gel Method

For the solution-processable route, the most widely used method
to fabricate the ZnO buffer layer is the sol-gel route. In this pro-
cess, the ZnO film is obtained through spin coating the zinc ace-
tate dihydrate precursor on the substrates and followed by
thermal annealing. During thermal annealing, the precursor
solution of zinc salts will hydrolyze and transform into ZnO.
The sol—gel ZnO layer was first used as the electron-transporting
layer (ETL) in OSCs by White.l”) Figure 4a shows the mechanical
of the sol-gel transformation process from precursor to ZnO
crystals. Zinc acetate that dissolved in 2-methoxy ethanol was
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Figure 4. a) Schematic representation of the chemical equilibria for the ZnO sol-gel process. b) XPS spectra of the core level of Zn,, and Os; for the
sol-gel ZnO films were annealed at different temperatures. Reproduced with permission.!''! Copyright 2011, Wiley-VCH GmbH. c) The influence of H,0
on the hydrolysis process. Reproduced with permission.l'? Copyright 2011, I1OP.

usually used as the precursor solution, and ethanolamine was
usually utilized as the sol stabilizer. The solution was stirred
at a low temperature to form a stable sol. But this route always
requires high-temperature annealing at around 350 °C to convert
ZnAc precursor to ZnO, and remove the residual organic com-
pounds.'” Later, Heeger et al.'"l investigated the influence of
annealing temperature on the device performance and found
ZnO films could be obtained at a relatively low annealing
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temperature (<200 °C). But their result also indicated reducing
the temperature to 130 or 150 °C, the ZnO precursor was not
fully converted to ZnO films, and consequently, the ZnO films
have low crystal quality. Figure 4b shows the X-ray photoelectron
spectroscopy (XPS) spectra of Zn,, and O, core levels of the sol-
gel ZnO films obtained from annealing at different tempera-
tures. The typical XPS spectra of Zn,, contained Zn 2p;,, peak
at 1022.7eV in the low temperature-annealed ZnO films.
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Increasing the annealing temperature led to the peak shift toward
lower binding energy due to more Zn atoms being bonded to O
atoms. The Oy, peak contained two peaks at 531.4 and 533.0eV,
which correspond to oxygen atoms in lattice and oxygen-defi-
cient. Increasing the annealing temperature led to a decrease
in the relative ratio of oxygen defects. For the sol-gel-based
ZnO films, the conversion from precursor to ZnO is highly sen-
sitive to water content. As shown in Figure 4c, the lower H,O/
[Zn®*] ratio may yield the formation of relatively complicated
reaction precursors, like Zn-oxo-acetate or Zn-hydro-acetate
species.'?!

The conversion temperature from the amine-containing pre-
cursor to ZnO films in the traditional sol-gel ZnO route is above
120 °C, which usually is incompatible with the substrate of flexi-
ble OSCs. Hence, Zhou et al. developed an amine-free recipe
route consisting of zinc acetate dihydrate dissolved in methanol
to prepare ZnO films. The conversion temperature is reduced to
90 °C due to the simpler precursor complex in this amine-free
recipe. The flexible OSCs with the low-temperature ZnO ETL
based on PET/ITO and PET/AgNWs electrodes achieved a
power conversion efficiency (PCE) of 16.71% and 16.19%,
respectively.[*?!

Recently, Hou et al.' found the main precursor took an impor-
tant role in the films-quality of slot-die-coated ZnO films. Three
different kinds of amine precursors, ethanolamine (EA),
n-propylamine (PA), and triethylamine (TEA), were used in the
preparation of ZnO ETLs. The results showed the precursor sig-
nificantly influenced the solution state, the fluidics, and the propor-
tion of polar facets of the ZnO films. Among the three precursors,
the PA-processed precursor solution is favored for the formation of
uniform and smooth films. With these ZnO films, the flexible
OSCs of 1 cm? area gave an outstanding PCE of 16.71%.

3.2. Nanoinks

Another kind of ZnO film widely used in OSCs is fabricated
through a colloidal route, which means the ZnO nanoparticles
were first synthesized and dispersed as inks, and finally depos-
ited on the substrates to form films. Typically, ZnoAc, and KOH
were used as the raw materials to synthesize the ZnO nanopar-
ticles for use in OSCs and PVSCs (as shown in Figure 5a—c).
After 2 h of reaction, the ZnO precipitates could be collected after
several times centrifugation. This synthesis route was first devel-
oped by Anderson et al.,!"*) and modified by several groups later.
Meulenkamp et al. used LiOH to replace KOH as base.®
Pacholski et al. found the shape of the ZnO particles was highly
sensitive to the concentration of precursor. With a zinc precursor
concentration below 0.01 M, the particles were quasispherical,
with a zinc precursor concentration higher than 0.1 M, the par-
ticles were nanorods."”! These ZnO nanoparticles synthesized
through the above methods exhibited a similar size of about
5-8 nm, so can be well dispersed in various solvents, such as ace-
tone, ethanol, and methanol, and kept relatively stable for a long
time. The colloidal-based ZnO nanoparticle has been widely used
as ETLs in the OSCs with an inverted structure.® In addition,
due to the low-temperature-processable, these ZnO nanoinks
have been already used in the roll-to-roll printed OSCs by
Krebs et al.*”!
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Qian et al. synthesized the ZnO nanoparticles using tetrame-
thylammonium hydroxide (TMAH) and ZnOAC, as the raw
materials (as shown in Figure 5d-f). In this case, TMAH
and ZnOAc, were dissolved in DMSO and then reacted at room
temperature for around 1h in the air. The size of the obtained
ZnO nanoparticles was around 3 nm with excellent monodis-
persity in ethanol solvent.?%?! The size of the nanoparticles
was dependent on the synthesis temperature and aging time.
With increasing synthesis temperature from 18 to 90 °C, the
diameter of ZnO nanoparticles increased from 3.2 to 6.0 nm.
As the aging time gradually increased to 60min, the
size increased from about 3.6 to 6.0nm.*? But these
kinds of ZnO nanoparticles were always used in the organic
light-emitting diodes,'*"**! while rarely work reported its usage
in organic photovoltaics.

Wang et al. prepared the ZnO nanoparticles by heating the
zinc acetylacetonate in n-butanol through microwave heating
rote, and diethanolamine and water were used as additives
(Figure 5g-i).”" Using this method, the average diameter of
ZnO nanoparticles could be regulated from ~120 to 20 nm
through regulating the concentration of ethylenediamine
(EDA), and correspondingly the bandgap regulated from 3.31
to 3.55eV. This work found the ZnO nanoparticles with
higher bandgap could increase the open voltage (Voc) of the
bilayer polymer solar cells but gave an identical Voc in the
bulk-heterojunction OSCs.

In addition, ZnO nanoparticles were synthesized in
2-aminoethanol as well (Figure 5j-p). In this synthesis system,
zinc acetate was used as the raw material, and 2-aminoethanol
acted both as a stabilizer and a solvent. Typically, zinc acetate
was added to 2-aminoethanol and heated up to 160°C in an
oil bath, stirred and refluxed for 1 h under isothermal treatment.
The obtained solution was centrifuged to remove the precipitates,
and the supernatant could be dispersed in 2-aminoethanol, and
deposited on the top of the ITO substrate without the need of any
thermal annealing for use in 0SCs.”!

The ZnO film was also fabricated from the [Zn (NHj3),](OH),
precursor solution, which was obtained through the reaction of
Zn(NOs), with NaOH, and followed by dissolving the Zn(OH),
agglomerate in NH; (aq.).*! Similarly, the ZnO nanoinks could
be prepared by simply dissolving ZnO powers in ammonia to
form Zn(NH;),*" solution through ultrasonic and refrigerator.
Using such ZnO nanoink, the ZnO films could be fabricated
through a solution-processable deposition route and annealing
at 150°C for several minutes.””) The commercialized ZnO
powers could be mixed with solvents, and some surfactants, such
as silane®! and methoxyethoxyacetic acid (MEA),**?% and then
treated by high-energy ball milling to form ZnO nanoinks as
well. After grinding, the initially nonuniform particles with a size
of about >250 nm would form stable ZnO nano inks with a size
of ~25 nm.*"! This method is simple, convenient, cheap, facile,
and environmentally friendly. However, the device gave relatively
low-performance using such kind of ZnO ETL, which might be
because the commercialized ZnO powers have large size. So, this
method was not frequently used in the field of organic
photovoltaics.

For the synthesis of ZnO nanoparticles, the size and
morphology were influenced by several factors. Searson
et al.’?! synthesized ZnO nanoparticles using three different
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Figure 5. The schematic diagram of the synthesis process of ZnO nanoparticles inks using different routes. a) sol-gel reaction route with Zn(Ac), and
KOH as the precursors. b) UV-vis absorbance spectra of the ZnO nanoparticle inks, c) XRD patterns of the ZnO nanoparticles. Reproduced with per-
mission."® Copyright 1998, ACS. d) Synthetic route of ZnO nanoparticles with Zn(Ac), and TMAH as the raw materials. e) Transmission electron

microscope (TEM) images and f) XRD patterns of the obtained ZnO nanoparticles. Reproduced with permission.?") Copyright 2011, Springer

Nature. g) ZnO nanoparticles were synthesized with Zn(acac), and DEA as raw materials. h,i) Bandgap of the ZnO nanoparticles synthesized from
different environments. Reproduced with permission.?*! Copyright 2014, ACS. Reproduced with permission. Copyright 2011, Springer Nature.
j) Synthesis route of ZnO nanoparticles with Zn(OAc), as raw materials in 2-aminoethanol. k—0) XPS spectra of O;s of ZnO from different temperatures,
p) J-V characteristics of the OSCs with ZnO ETL annealed at different temperatures. Reproduced with permission.”® Copyright 2014, RSC.
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Figure 6. Time-dependent ZnO size with a) Zn(CH3CO,)2, b) ZnB,, and ) Zn(ClO,), as the zinc salts. Reproduced with permission.?? Copyright 2003,

ACS.

zinc salts, i.e., zinc acetate dihydrate, zinc bromide, and zinc
perchlorate hexahydrate. For the synthesis with Zn(CH;-CO,),
(Figure 6a) and ZnBr, precursors (Figure 6b), the nucleation
and growth rate are fast and followed by diffusion-limited
coarsening. For synthesis from Zn(ClO4), (Figure 6c),
diffusion-limited coarsening was observed within a shorter
time whereas the particle size increased more rapidly during
longer times. The time-dependent size of the ZnO NPs in
these three cases proved such a process. In addition,
Pelicano et al.?>*! demonstrated that nanomorphology of the
ZnO films was controlled by the pH value in the route of
forming ZnO films through oxidation of Zn thin films
(as shown in Figure 7).

Using these ZnO precursors or the nanoparticles inks, the
ZnO films can be fabricated through various solution-
processable methods, including spin coating, spray coating,*
doctor-blade coating,*®! gravure printing,*® and slot-die
printing. B37]

4. The application of Solution-Processable ZnO in
Printable Photovoltaic Cells

4.1. The Application of Solution-Processable ZnO in OSCs as
the Electron Transporting Layer

ZnO has already been used in OSCs as the ETL since 1999 and in
the PVSCs since 2003. From then on, a variety of research was
carried out to solve the problem of ZnO in thin-film photovol-
taics and improve the device performance, including developing
new fabrication methods, the device optimization of OSCs and
PVSCs with ZnO buffer layers, investigation of the influence of
physics-chemical properties of ZnO buffer layer on the device
performance, solving the main problems of ZnO buffer layer
for use in OSCs and PVSCs, and the improving the photoelec-
trical properties through various methods.

As the ZnO colloidal-based films could be fabricated
through spin coating or printing routes without the need for
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Figure 7. Growth mechanism of ZnO structures via pH-controlled H,O oxidation from a) ZnO nanoplatelets to b) ZnO nanoparticles, c) microparticles,
d) columnar nanorods, and e) nanotubes. Reproduced with permission.?*l Copyright 2019, Elsevier.
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high-temperature annealing, this ZnO layer could be deposited
on the top of the active layer as ETL in the conventional structure
OSCs or as an intermediate layer of the tandem solar cells, or as
ETL in the inverted OSCs to modify the bottom electrode (as
shown in Figure 8).

The first work using ZnO in the bulk heterojunction OSCs was
reported by White et al.””) ZnO buffer layer was deposited on the
top of ITO electrode through sol-gel route with precursor solution
that contains zinc acetate, 2-methoxy ethanol, and ethanolamine,
and followed by annealing the films at 300 °C for 5 min. On top of
the ZnO ETL, the P3HT:PCBM blend films were fabricated
through spin coating. Finally, the inverted OSCs with the structure
of ITO/sol-gel ZnO/P3HT: PCBM/Al were fabricated. Figure 9a,b
shows the atomic force microscope (AFM) images of the sol-gel
ZnO films and the energy level of the inverted OSCs. The device
showed the highest performance of 2.97%. More importantly, Jen
et al. found the device with an inverted structure showed a great
advantage in long-term stability. As shown in Figure 10, for the
P3HT:PCBM device with a conventional structure, performance
declined to less than 10% of the initial value within 5 days.
However, the inverted solar cells with ZnO ETL kept 80% of
the initial efficiency after 40 days of storage in the air.'®

The ZnO layer on the top of the active layer could serve as the
space optical layer to regulate the space light distribution,

(a) (b)

Cathode

ZnO

Cathode V

www.advenergysustres.com

enhance light intensity inside the active layer, and finally improve
the device performance.*® But the optical space effect is
collaboratively influenced by the photonic parameters and the
thickness of all the functional layers. Therefore, Vervich
et al.*! simulated the influence of the ZnO optical space layer
on the photocurrent of the solar cells. With a 45 nm-thick active
layer, the addition of a 40 nm-thick ZnO layer would cause a
reduced Jsc. But in the case of an active layer with a thickness
of 5-175 nm, the introduction of ZnO always has increased the
Jsc whatever the thickness of the active layer.

In tandem or multijunction OSCs, the subcells should be
collected together through an intermediate electrode. Such an
intermediate electrode needs to collect electrons and holes from
the different subcells separately, as well as form ohmic contact
with the subcells. A conventional intermediate electrode in tan-
dem OSCs is composed of ZnO/TiO, and PEDOT:PSS.[*** As
both the ZnO and PEDOT:PSS are deposited on the top of the
organic photoactive layer, the ZnO layer used in the tandem cells
is always synthesized through the nanoparticles route rather than
the sol-gel route. Because ZnO could be destroyed by the acidic
PEDOT:PSS, thereby neutralized PEDOT:PSS (n-PEDOT:PSS)
was used in the conventional structure tandem solar cells in
which PEDOT:PSS is deposited on the top of ZnO as the inter-
connection layer. Usually, the intermediate layer combinates a

0.0 - =
00 0204 0608 1.0 12 14
um

Figure 9. a) AFM images of the ZnO surface fabricate from the sol-gel m
permission. Copyright 2006, IOP.
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Figure 10. Device performance of the unencapsulated conventional and inverted solar cells stored for 40 days in air ambient conditions: a) normalized
PCE, b) short-circuit density, c) open-circuit voltage, and d) fill factor. Reproduced with permission."® Copyright 2008, 10P.

30 nm-thick ZnO layer and a 20 nm-thick n-PEDOT:PSS layer.!**!
Similar to the light-soaking effect of ZnO-based inverted OSCs,
the tandem OSCs with ZnO/PEDOT:PSS intermediate layer
showed a light-soaking phenomenon, suggesting the tandem
cells needed to be irradiated under UV light for several
minutes.* Two solution methods include using AZO as the
substitution of ZnO or inserting an extra Ag NWs thin film
between ZnO and PEDOT: PSS.**) Due to the high conducti-
vity of ZnO:Al, the thickness of the intermediate layer
could be as high as 160 nm.!"*®! Because PEDOT:PSS has strong
optical absorption, the insertion of a thick PEDOT:PSS layer in
the tandem solar cells would reduce the short-circuit current.
Therefore, Chou et al. developed the full metal oxide-involved
intermediate layer that contains MoOj;, Al, and Zn0.*
Compared to PEDOT:PSS, the absorption of this intermediate
layer was nearly negligible throughout the visible to NIR spectra
range. In 2011, a PCE of 5.1% was achieved with P3HT:PCBM
and PSBTBT:PCBM as the bottom and top cells, respectively.*®!
In that work, a 3 nm-Al layer was used as the recombination
center for the carrier.

As for use in the flexible OSCs, all the functional layers should
be fabricated at low temperatures, therefore the ZnO buffer
layers used for the flexible cells are mostly fabricated through
the ZnO colloidal route rather than the sol-gel route.***” In
recent years, metal grids®”? and metal nanowirel®?! were
proven as the potential transparent electrodes for large-area flex-
ible solar cells. With these flexible electrodes, ZnO NPs were
deposited on the top of the high-conductive PEDOT:PSS layer
in the inverted solar cells.”"*?
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Table 1, 2, and 3 list the efficiency development of the sol-gel
ZnO, ZnO NP-based single and tandem OSCs. Figure 11 and 12
summarize the efficient development of ZnO-involved
single-junction and tandem OSCs. Figure 13 shows the sum-
mary of the annual highest performance of the single junction
and tandem OSCs. In 2006, White et al. first brought in sol—gel
ZnO as the ETL in the inverted OSCs based on a blend of
poly(3-hexylthiophene) and a fullerene, and a PCE of 2.91%
was achieved.”" In the next year, Gilot et al. fabricated
multiple-junction OSCs through spin coating neutral pH
PEDOT onto the ZnO NPs; the Vo of multiple junction cells
is close to the sum of Vyc of the individual cell with a PCE
0f 1.9%.5% From 2007, the device performance sharply increased
year by year. By comparing the single-junction OSCs with sol-gel
and ZnO NP ETLs, one can find the highest performance of the
single OSCs usually use the sol-gel ZnO as ETLs, which might
be due to more difficulties in controlling the defects of the ZnO
nanoparticles films. However, in the tandem solar cells, the ZnO
NPs were more widely utilized than the sol-gel ZnO. In 2013, a
novel polymer PDTP-DFBT was designed and synthesized by the
Yang group. With the architecture of ITO/ZnO/P3HT:ICBA/
PEDOT:PSS/ZnO/PDTP-DFBT:PCBM/Mo0Os/Ag, a PCE over
10% was certified in tandem OSCs.® In the same year, the
PCE of single-junction cells is inferior to the tandem OSCs.
Liao et al. proposed a low-bandgap polymer PTB7-Th and a
PCE of 9.35% was achieved based on the ZnO:Cqy composite
ETL.>” In 2014, Liu et al, reported the high-performance tandem
solar cells with PCE up to 10.8% by controlling the temperature-
dependent aggregation behaviors of the donor polymers in

© 2023 The Authors. Advanced Energy and Sustainability Research
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Table 1. Performance parameters summary of annual the highest efficiency of the sol-gel ZnO as the ETL in OSCs.

Year Device structure Voc V] Jsc [mAcm™?] FF [%] PCE [%] References
2006 ITO/ZnO/P3HT:PCBM/Ag 0.556 11.22 47.50 2.91 [54]
2008 FTO/ZnO/P3HT:PCBM/MoOs/Ag 0.616 8.858 57.00 3.09 [202]
2010 TO/ZnO/CPCBSD/P3HT:ICBA/PEDOT:PSS/Ag 0.84 12.40 60.00 6.22 [203]
2011 ITO/ZnO/ DTG-TPD:PC7oBM/MoOs/Ag 0.85 12.600 68.00 7.30 [204]
2012 ITO/F16CuPc NWs/ZnO/PTB7:PC,BM/MoOs/Al 0.736 15.83 73.85 8.57 [205]
2013 ITO/Zn0O-Cgo/PTB7-Th:PC7:BM/M0O3/Ag 0.80 15.73 7430 9.35 [206]
2014 ITO/ZnO/PffBT4T-20D:TC7;BM/MoO;/Al 0.77 18.80 75.00 10.80 [58]
2015 ITO/ZnO/PTB7-Th:PC7;BM/MoO5/Al 0.775 19.47 66.90 10.10 [207]
2016 ITO/ZnO/PBDB-T:ITIC/MoO;/Al 0.899 16.81 74.20 11.21 [208]
2016 ITO/ZnO/PBDB-T:IT-M/MoO5/Al 0.94 17.44 73.50 12.05 [229]
2017 ITO/ZnO/PBDB-T-SF:IT-4 F/MoO;/Al 0.88 20.88 71.30 13.10 [209]
2018 ITO/ZnO/PM7:IT-4 F/MoO3 /Al 0.86 21.80 77.00 14.40 [230]
2019 ITO/ZnO/PM6:Y6/M0O5/Ag 0.82 25.20 76.10 15.70 [60]
2021 ITO/Zn0:Zr/PM6:Y6:PC71BM/MoO,/Ag 0.86 25.80 77.40 17.2 [61]
2022 ITO/ZnO/BA/PBDB-TF:HDO-4Cl:BTP-eC9/M0O;/Ag 0.86 26.92 79.49 18.40 [62]

Table 2. Performance parameters summary of annual the highest efficiency of the ZnO NP as the ETL in OSCs.

Year Structure Voc V] Jsc [mAcm ™2 FF [%] PCE [%] References
2007 ITO/PEDOT:PSS/MDMO-PPV:PCBM/ZnO/LiF /Al 0.820 4.90 57.00 23 [237]
2008 ITO/ZnO/Ceo-SAM/P3HT:PCBM/PEDOT:PSS/Ag 0.630 12.60 62.30 4.94 [219]
2012 ITO/ZnO/PDTG-TPD:PC;1BM /MoO;/Ag 0.860 14.10 67.30 8.1 [220]
2013 ITO/PEDOT:PSS/p-DTS(FBTTh,),:PC70BM/ZnO/Al 0.799 15.5 72.40 8.9 [227]
2014 ITO/ZnO/PCBE-OH/PBDT-BT:PC;,BM/MoO3/Ag 0.920 15.40 66.00 9.4 [222]
2015 ITO/ZnO/PBDT-TS1:PC70BM/SWCNT/SAM/MoO;/Al 0.780 20.50 65.10 10.5 [223]
2018 ITO/ZnO/PM7:IT-4 F/MoO5 /Al 0.880 20.90 71.10 13.1 [224]
2019 ITO/ZnO/T1:IT-4 F/MoOs/Al 0.899 21.50 78.00 15.1 [225]
2020 ITO/MoO,/PM6:Y6/ZnO/Al 0.845 27.43 73.80 17.1 [226]

Table 3. Performance parameters summary of annual the highest efficiency of the ZnO as the ETL in tandem OSCs.

Year Structure Voc [V] Jsc [mAcm™? FF [%] PCE [%] References
2007 ITO/PEDOT:PSS/MDMO-PPV:PCBM/ZnO/PEDOT:PSS/P3HT:PCBM/LiF /Al 1.530 3.00 42.00 1.9 [210]
2010 ITO/PEDOT:PSS/PFTBT:PCBM/ZnO/PEDOT/pBBTDPP2:PCBM/LiF /Al 1.580 6.00 52.00 4.9 [217]
2011 ITO/ZnO-d/P3HT:PCsoBM/M0O3/Al/ZnO-d/PSBTBT:PC7;BM/MoO;/Al 1.200 7.84 54.10 5.1 [212]
2012 ITO/ZnO/P3HT:ICBA/PEDOT:PSS/ZnO/PBDTT-DPP:PC;;BM/Mo0;/Ag 1.560 8.26 66.80 8.2 [213]
2013 ITO/ZnO/P3HT:ICBA/PEDOT:PSS/ZnO/PDTP-DFBT:PC;,;BM/MoOs/Ag 1.530 10.10 68.50 10.6 [214]
2014 ITO/ZnO/P3HT:ICBA/PEDOT:PSS/ZnO/PTB:PC;,BM/WO;3/PEDOT:PSS/ZnO/LBG:PC;,BM/WO;/Ag 2.280 7.63 66.40  11.55 [215]
2015 ITO/PEDOT:PSS/PTB7-Th:PC7;BM/ZnO/CPE-Ph-Na/PTB7-Th:PC;,BM/Al 1.540 1.1 66.00 1.3 [216]
2016 ITO/CuSCN/DR3TSBDT:PC7,BM/ZnO/n-PEDOT:PSS/DPPEZnP-TBO:PCqBM/PFN/AI 1.625 12.31 62.70 12.5 [217]
2017 ITO//PEDOT:PSS/PBDB-T:ITCC-M/ZnO/PCP-Na/PBDTTT-ET:IEICO/PFN-Br/Al 1.800 12.00 63.90 13.8 [218]
2018 ITO/ZnO/PFN-Br/PBDB-T:F-M/M-PEDOT:PSS/ZnO/PTB7-Th:06T-4 F:PC7;BM/MoO;/Al 1.642 14.35 73.70  17.36 [59]
2021 ITO/PEDOT:PSS/PM7:TfIF-4Cl/ZnO NPs:PEI/PEI/PEDOT:PSS/PCE10:CO;8DFIC:PC;0BM/PNDIT-F3N/Ag  1.64 14.59 78.00 18.71 [232]
2022 ITO/ZnO/BA/PB2:GS-ISO/MoO3/Ag/ZnO-NPs:PFN-Br/ 2.03 12.98 7416  19.56 [62]

PBDB-TF:HDO-4Cl:BTP-eC9/M0O;/Ag
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Figure 11. The development of ZnO buffer layer-based single-junction OSCs. Reproduced with permission. Copyright 2015, ACS.**! Copyright 2006,
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inverted OSCs with ZnO as the ETL.”® In 2018, Meng et al.
reported the tandem solar cells with an inverted structure of
ITO/ZnO/PFN-Br/PBDB-T:F-M/M-PEDOT:PSS/ZnO/PTb7-
Th:06T-4F:PC;;BM/MoOs/Al with a PCE of 17.36%.°% And just
next year, Yuan et al. developed a new nonfullerene acceptor Y6, a
PCE of 15.7% with the structure of ITO/ZnO/PM6:Y6/MoO3/Ag
was reported.l®” In 2021, Song et al. brought in Zr doping ZnO
ETL and a boosted PCE of 17.2% was exhibited based on a
structure of Zr:ZnO/PM6:Y6:PC;1/MoO,/Ag®Y In 2022,
Hou et al.®” reported a single-junction OSC with PCE of
18.40% based on boric acid (BA)-treated ZnO as the ETL, and
a tandem OSC with PCE of 19.56% employing ZnO NPs as
the interface layer, which are the highest performances till today.

In all, the ZnO ETL used for OSCs should have good electron
mobility to enable interface charge transfer and collection ability,

Adv. Energy Sustainability Res. 2023, 4, 2200179
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otherwise low short-circuit current (Jsc) and fill factor (FF) would
be observed. The electrical properties of ZnO ETL are greatly influ-
enced by surface chemical defects, crystal quality, and film quality.
Though a variety of approaches were used to prepare the ZnO ETL,
the most widely used ZnO ETL for organic photovoltaics was fab-
ricated through the sol-gel method, and the nanoparticles route
through the chemical reaction of KOH and ZrOAGC,.

4.2. The Application of Solution-Processable ZnO in PVSCs as
the Electron Transporting Layer

The ZnO-involved PVSCs have three kinds of device structures,
ie., the n-i—p-type (Figure 14a), p—i-n type planar PVSCs
(Figure 14b), and the mesostructured PVSCs (Figure 14c).

© 2023 The Authors. Advanced Energy and Sustainability Research
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Figure 13. The efficiency development of the single-junction OSCs with

sol-gel ZnO and ZnO NP ETLs, and the tandem OSCs employing ZnO
N Ps [5458-61,202-226]

The ZnO nanoparticles that have been widely used in the OSCs
were also used in the n—i—p-type planar PVSCs. In this synthesis
route, the ZnO nanoparticles were synthesized through the
chemical reaction between KOH and ZnAcO, in methanol.
On the top of this ZnO ETL, the perovskite (PVSK) films were
fabricated using a two-step deposition route, in which the PbI,
film was first spin-coated on the top of the ZnO layer, drying the
film was dipped in the CH3;NH;I solution for a while. The
spiro-OMeTAD hole transporting layer was deposited on top
of the perovskite layer. The obtained device presented an
optimized performance of 15.7%.°*! In comparison with the
TiO, that needs to be thermally annealed at high temperatures,
the ZnO nanoparticle-based ETL is more suitable for low-
temperature and flexible usage. Therefore, the ZnO nanoparticle
ETLs were used to fabricate flexible PVSCs. Hwang et al. fabri-
cated PVSCs through the fully slot-die coating. In the structure of
ZnO/perovskite/PCBM/AL, the ZnO ETL, the perovskite layer,
and the PCBM layer were fabricated using a 3D slot-die printer.
In this work, the ZnO nanoparticles were first synthesized and
formed into electronic inks.[**

In the p—i—n structure solar cells, the ZnO nanoparticle-based
ETL was deposited on the top of the PCBM ETLs to improve the
device performance and stability. The ZnO nanoparticles were
prepared through a general process with KOH and ZnOAc, as
the raw materials./® The obtained ZnO nanoparticles were dis-
persed in a mixed solvent of n-butanol and methanol or etha-
nol.%! It was reported that Al will be oxide by the perovskite

(@) (b)

Zn0O
Cathode

Anode

Cathode

p-type HTL

www.advenergysustres.com

components in the air in the ITO/PEDOT:PSS/perovskite/
PCs;BM/Al devices. However, the insertion of ZnO between
Al and PC4;BM suppressed the chemical reaction between the
metal electrode and perovskite components, thereby increasing
the air stability of the devices.*”’ Figure 15a shows the cross-
sectional scanning electron microscope (SEM) image of the
device. PCsBM showed inhomogeneous coverage on the top
of the perovskite layer and very thin PCgBM capping layers
in some places were observed. An additional homogenous
ZnO layer on the top of PC4;BM layer created a physical buffer
between the metal and the perovskite layer. The best device gave
an efficiency of 14.2% as shown by the J-V characteristics, exter-
nal quantum efficiencies (EQE) spectra, and the histogram of
PCE. The ZnO nanoparticles were also deposited on the top
of the perovskite layer to replace the PCBM layer. In the research
of You et al.®® both NiO, and ZnO were used in the PVSCs as
the hole extraction and electron extraction layer, respectively.
Because the ZnO layer is deposited directly on the top of
PVSK films, the ZnO nanoparticles were dispersed in chloroben-
zene instead of the mixed solution of methanol and butanol. The
device performance reached 16.1%, which was better than the
regular device with PEDOT:PSS and PCBM buffer layer.
Moreover, this device showed significantly improved stability,
with 90% performance remaining after 60 days of testing in
ambient air with 30%-50% humidity. Figure 15d-i shows the
device structure, energy level, photoluminescence spectra of
the films, and the evolution of the device performance during
long-term aging in air.

In the mesostructured PVSCs, various nanostructured ZnO,
such as ZnO nanorod,'**”" nanowire arrays, nanowalls,”?
and Al-doped ZnO nanorods,”® were used as the ETLs. The
ZnO nanostructures layers were fabricated by hydrothermal or
chemical bath process. For the hydrothermal method of nano-
structured ZnO, Zn salt and alkali were dissolved in the solvent
and reacted with each other to form Zn (OH), precipitates. With
the increase of temperature and pressure, the PH value of the
solution increase, while the concentration of Zn®" decreases.
As a consequence, the Zn (OH), precipitates converted to
ZnO. The morphology of the nanorods was regulated by chang-
ing the composition and concentration of the precursors, as well
as the reaction temperature and time.”* Table 4 lists the appli-
cation of ZnO nanowire and nanorods collection in the PVSCs.
The ZnO nanorod usually is fabricated based on a two-step
method. First, ZnO seed layer was prepared by spin coating
the Zn(CH;COO0),-2H,0 solution,”® or electrodeposition, elec-
trospraying,”® sputtering methods. Then ZnO nanorod is grown

99

233 mesoeliictuie 4n0%
Compact ZnO
Cathode

Figure 14. The device structure of ZnO employed PVSCs: a) electron extraction layer in the n-i-p structured PVSCs, b) electron extraction layer in the
p—i—n type planar PVSCs, c) electron extraction layer in the mesostructured type PVSCs.
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Figure 15. a) Cross-sectional SEM images of the PVSCs with PCBM/ZnO ETL, b) J-V characteristics and EQE spectra of the device. c) Evolution of current
density. Reproduced with permission.®”l Copyright 2015, Elsevier. d,e) Device structure and energy level of PVSCs containing low-temperature ZnO ETL
and NiO, HTL. f-i) The evolution of the device performance of ITO/PEDOT:PSS/perovskite/PCBM/AI, and ITO/NiO,/perovskite/ZnO/Al cells.
Reproduced with permission.®® Copyright 2016, Springer Nature.
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Table 4. Summary of the PVSCs based on ZnO nanorods and nanowire electron collection layer.

Device structure Voc V] Jsc [mAcm ™2 FF [%] PCE [%] References
FTO/ZnO seed layer/ZnO nanorods+MAPbI;/spiro-MeOTAD/Au 0.991 20.08 56.00 11.13% [75]
FTO/ZnO seed layer/ZnO nanorods/MAPbI;/spiro-oMeTAD/Ag 0.965 21.50 70.00 16.12% [70]
FTO/ZnO dense layer/ZnO 0.9nanorods+MAPbI;/spiro-oMeTAD/Au 0.900 19.77 60.00 10.07% [233]
FTO/ZnO seed layer/ZnO nanorods+MAPbl;/spiro-oMeTAD/Au 1.023 22.42 71.43 16.08% [234]
ITO/ZnO seed layer/ZnO:l nanorods/MAPbI;/spiro-OMeTAD/Ag 1.130 22.42 71.99 18.24% [235]
ZnO/TiO, core-shell+MAPbI;/ 0.960 19.85 66.00 15.33% [71]
Fiber shape: ZnO seed/ZnO nanorods/MAPbl;/spiro-oMeTAD/CNT sheet 0.800 7.520 43.00 3.80% [236]
ITO/ZnO nanowall/MAPbI;/spiro-oMeTAD/Ag 1.000 18.90 72.10 13.60% (72]

on the ZnO seed layer from the chemical bath or hydrothermal
method, where the ZnO seed layer is immersed in the solution of
Zn(CH;C00),-2H,0 and hexamethylenetetramine.”? The
diameter and length of ZnO nanorod are varied by changing
the solution concentration and the immersion reaction time,
respectively. Finally, the ZnO nanorod films are attained by
high-temperature annealing. Further, the conduction of ZnO
nanorod was improved through nitrogen doping.”” In addition,

(a)

polyelectrolyte polyethyleneimine (PEI) was relied on to reduce
the diameter and promote the aspect ratio of ZnO
nanorod arrays during the hydrothermal growth process
(Figure 16a,b).”” The introduction of PEI formed a PEI-capped
ZnO layer, leading to higher aspect ratio of ZnO arrays.
Compared to the pure N:ZnO array, the PEI-capped N:ZnO
arrays formed between the buffer layer and the perovskite layer
(Figure 16¢—f). A low aspect ratio and dense ZnO:I nanopillar

(b) e
Growth rate in
(001) direction

MAPbI;

LAR ZnO or
N:ZnO nanorods

. <—ZnO Seed layer.

(d)
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5 47
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Figure 16. Schematics of device structure based on a) conventional LAR NR
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HAR ZnO or
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&
o Spiro-OMeTAD

ITO

Rt
E‘.
wn
~

~
|
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arrays and b) HAR NR arrays with additional PEl coating in the inset shows

the schematic representation of PEIl as a capping agent to control nanorod growth). Energetic diagram of the devices based on c) LAR or HAR NRs
without PEI coating and d) LAR or HAR NRs with PEI coating. The conduction band energy of ZnO was lowered by 0.07 eV due to nitrogen doping and by
0.37 eV due to dipole formation by the PEl layer. e) Cross-sectional SEM images of complete cells based on 1070 nm LAR N: ZnO NRs without PEI coating,
and f) HAR N ZnO NRs. Note: LAR, low aspect ratio; HAR, high aspect ratio. Reproduced with permission.”® Copyright 2015, Wiley-VCH GmbH.
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array was reported due to the suppression of crystal growth of
hexagonal single crystal ZnO along the [0001] direction by doping
iodine during the ZnO nanorod growth process, which promoted
the PCE of PVSCs to 18.24%.7% Regarding the growth of ZnO
nanowalls, the ZnO nanowalls usually grew with thin Al as seed
layer through a chemical bath method with a precursor solution
at 80 °C for 6 h. Due to the better interfacial contact and reduced
recombination with the ZnO nanowalls ETL, the PCE of the
PVSK solar cell was improved from 11.3% to 13.6%.

These solution-processable nanostructured ZnO were used as
a replacement of TiO, in the PVSCs, but fabricating high-quality
and uniform perovskite films on the top of this nanostructured
ZnO is more difficult.

4.3. The Application of Solution-Processed ZnO in CIGS/CZTS
Solar Cells

Chalcopyrite-based thin films (In,Ga)(Se,S), (CIGS, GIGSe) solar
cell is regarded as promising alternatives to crystalline silicon
solar cells due to the high absorption coefficient, tunable
bandgap, and flexibility. CIGS and CIGSe solar cells have
reached the highest efficiency up to 23.07%”) and 22.9%.7®!
In the structure of CIGS and CIGSe solar cells, CdS is a
frequently used buffer layer. ZnO is used as the window layer
to reduce the charge recombination between the top electrode
and the active layer. In addition, ZnO, ZnS, and ZnSe are impor-
tant Cd-free alternatives for buffer layers.

In addition, Cu,ZnSnS, (CZTS) also has drawn worldwide
attention due to its earth-abundant, nontoxic element constitu-
tion, and remarkable photovoltaic performance. CZTS is a direct
bandgap energy material that could be tuned from 1.5eV for
CZTS to 1.0eV for CZTSe, In CZTS, the CIGS ternary
chalcopyrite structure is derived by replacing Zn*" with Cu™
and In**/Ga*", while the CZTS quaternary structure is derived
by replacing In**/Ga** with Zn?* and Sn**. The state-of-the-art
PCE of CZTS solar cells has reached above 13%.?) CZTS solar
cell is typically a composite of Mo back-contact layer, CZTS light
absorber, CdS buffer layer, ZnO/AZO/In,03/ZnSnO/ITO
window layer, and metal grid top electrode. Figure 17 shows
the schematic of the structure of CZTS solar cells. In such a
structure, the use of a window layer would reduce charge

(a)

CZTS

www.advenergysustres.com

recombination and improve Voc of the device. It is a challenge
to prepare a highly crystallized ZnO interlayer using low-temper-
ature solution processes because the low-temperature deposited
ZnO layer has a relatively low charge transport property. Even so,
an all-solution-processed CZTS solar cell is a great
research object, Hao et al. reported full-solution-processed
CZTS with ZnO buffer layer and Ag NWs top electrode.’®”!
The ZnO/AgNWs window layer acted as both the window layer
and top electrode. In addition, AZO is also inserted between the
Mo back electrode and CZTS absorber to suppress the MoS, for-
mation. With such a layer on top of Mo, the device efficiency was
improved from 7.13% to 8.44%.1*"]

4.4. The Application of Solution-Processed ZnO in Quantum
Dot Solar Cells

Quantum dot solar cell is also a kind of full-solution-processable
thin film solar cell. Lead chalcogenides, which have uniquely
large dielectric constants and large exciton Bohr radii, were
the photoactive materials in the quantum dot solar cells. The per-
formance of quantum dot solar cells has developed rapidly since
2005, and the highest performance of quantum dot solar cells has
reached higher than 15%.%% The ZnO nanocrystals on the top of
PbS/PbSe quantum dot helped to increase the voltage relative to
the Schottky-junction quantum dot solar cell due to the creation
of a pseudo-p—n junction between the quantum dot and ZnO.
Leschkies et al. first reported the p—n junction structure of
PbS and ZnO.®% Similar to the OSCs with an inverted structure,
ZnO was deposited underneath the PbS/PbSe films when a
high-work function metal was deposited on the top of the
quantum dot layer. Figure 18 is the typical device structure of
PbS/PbSe solar cells with ZnO layers.

4.5. Applications of ZnO and Doped ZnO as Composite
Electrode and Encapsulation Layer

Besides the use of ZnO as ETL in the OSCs and PVSs, the ZnO
nanoparticles also have been used to modify the Ag nanowires
electrodes to form a composite electrode. Han et al. spray-coated
the ZnO nanoparticles on the top of the spray-coated Ag

(b) Ultra-thin ZnO

Ag-nanowire

CZTS

Molybdenum

Mo-coated glass

Figure 17. a) Schematic structure of the common CIGS, CZTS solar cells. b) ZnO/AgNWs as the window layer and top electrode. Reproduced with

permission.B% Copyright 2018, Wiley-VCH GmbH.
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Figure 18. The device structure of quantum dots with inverted and conven-
tional structures. Reproduced with permission.®®®! Copyright 2009, ACS.

nanowire for the semitransparent PVSCs (as shown in
Figure 19).%% To ensure good transmission of the semiconductor
electrode, the thickness of the Ag NWs should be controlled
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within 50 nm, which formed a relatively high sheet resistance
of the electrode. With a thin ZnO layer on the top of the Ag
NWs, the sheet resistance of the Ag NWs/ZnO composite
decreased from 78 to 30 Q[ . In addition, because of the light
scattering effect of ZnO nanoparticles, the light transparency in
the visible light range slightly increased. These improved con-
duction and light transmittance proportions made the perfor-
mance of the semitransparent PVSCs improved from 7.3% to
11.13%, and the performance of 1 cm? semitransparent cells also
reached 8.18%.

In comparison with the Ag NWs transparent bottom electrode,
the combination of Ag NWs and ZnO also gave several improved
performances. Li et al. welded the Ag nanowire networks and
improved the conductivity of the Ag nanowire electrodes through
the capillary force and secondary growth of AZO. With this, the
performance of the flexible OSCs improved from 12.19% to
15.21%, and the PCE of 1cm’® cell also increased to
12.28%.%) Similarly, Chen et al.®® found the tight fill of
ZnO NPs in the Ag NWs networks, together with the strong
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Figure 19. a) SEM images of the Ag NWs and b) Ag NWs/ZnO composite electrode. c) J-V curves of the PVSCs with Ag NW and AgN W/ZnO electrodes.
d) J-V curves of the best device fabricated illuminated from the ITO side and Ag NW electrode, respectively. ) Corresponding EQE characteristics of the
device. f) Histogram of PCE of 16 individual cells with AgNW and AgNW/ZnO composite electrode. Reproduced with permission.®* Copyright 2018, Elsevier.
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binding of the substrate and PSSNa, and the capillary force of the
crossed silver nanowire enabled super mechanical stability of the
flexible OSCs. The energy-dispersive spectroscopy (EDS) of the
Ag NWs/ZnO proved the uniform existence/distribution of zinc
(Zn) element (from ZnO) around AgNWs, which might be due to
the strong interaction and bonding between ZnO and FlexAgNE
layers in the combined FlexAgNE/ZnO structure (as shown in
Figure 20). Similarly, Tang et al. (Figure 21) used the sol-gel
ZnO to parlay the nanostructured Ag NWs electrode. Due to
the broadband light trapping and suppressed charge recombina-
tion loss, the device showed a significant increase in short-circuit
current and efficiency improvement in comparison with the ref-
erence devices.®”) For the PM6:IT-4F device, the device with such
a trapped light structure presented a s of 22.26 mA cm™2, much
higher than the ITO-electrode-based device (19.86mA cm™?).
Kang et al. reported a sol-gel ZnO layer on the top of the Ag nano-
wires electrode could passivate the ion migration and the corro-
sion of the Ag electrode, leading to the enhancement of
performance and long-term stability.®®! Time-of-flight secondary
ion mass spectrometry (ToF-SIMS) results proved the migration
of iodine ions was largely suppressed by the compact sol-gel ZnO
layer. The chemical stability is another main problem of the trans-
parent electrode based on Ag NWs. They found the pure Ag NWs
showed an increase of sheet resistance from 27.2 to 44.2 Qsq ™"
when stored in air for 8 months. With a sol-gel ZnO layer, the
sheet resistance only increased from 28.3 to 31.3Qsq ' We
can see such kind of composite electrode containing Ag NWs
and ZnO NPs shows several advantages: 1) improved conduction
of the flexible electrode due to the welding effect, 2) improved
chemical stability because of the moisture and oxygen resistance,
3) suppression of chemical reaction between Ag and iodine ions,
and 4) good mechanical bending resistance. These feature the
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composite electrode as a good choice both as the bottom and
top electrode for the organic and PVSCs.

In addition, ZnO could also act as an encapsulation layer of the
organic and PVSCs. Jiang et al. used UV resin (400 pm) encap-
sulation with a ZnO buffer layer to enhance the stability of the
device. In this encapsulation structure, ZnO buffer layer is used
to minimize the damage from acetone in UV resin film and the
thermosetting property of UV resin. With such an encapsulation
structure, the PCE degrades by 20.5% after 672 h storage in air
for the inverted OSCs.

5. Optimization of Device Performance and
Stability in the ZnO-Involved Photovoltaic Cells

5.1. Defects in Solution-Processed ZnO and the Impact

Though ZnO is the most widely used metal oxide buffer layer in
OSCs, there are still several issues with the solution-processable
ZnO. For example, because of surface defects, the ZnO-involved
inverted solar cells always suffer from light-soaking problems.
Meanwhile, the surface defects of ZnO always caused inferior
charge transfer and poor device performance. Besides, the ZnO
nanoparticles are not stable as suspension and tend to agglomerate
due to the polymerization reaction of particles. Encouragingly, sev-
eral approaches have shown great potential to solve these problems.

5.1.1. Defects of ZnO Interface Layers and the Influence on the
Device Performance

As the ETL, the photoelectric properties of the ZnO layer largely
affected the device performance of the OSCs and PVSCs. ZnO is

Water Evaporation
(3) Tight an

d complete filling

Figure 20. a) Schematic diagram of the mechanism: 1) the hydrogen bond effect between the PET substrate and the hydrophilic polyelectrolyte (PSSNa);
2) the capillary force effect of crossed AgNWs junction, and 3) tight and complete filling of ZnO in grid-like AgNWs network. b) TEM images for the
crossed AgNWs junction, which is cut from FlexAgNE using a FIB. c) EDS mapping of the sample in Figure 20b. d) TEM images for the crossed AgNW's
junction coated with ZnO (AgNWs/ZnO), which is cut from the FlexAgNE/ZnO stacks using a FIB. ) EDS mapping of the sample. Reproduced with

permission.’ Copyright 2021, Wiley-VCH GmbH.
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Figure 21. Simulated cross-sectional near-field profiles in a flat device structure for TE polarized light at a) 550 nm and b) 800 nm. Near-field profiles in
moth-eye nanopatterned device for TE polarized light at c) 550 nm and d) 800 nm. Reproduced with permission.®”! Copyright 2019, ACS.

a wide bandgap semiconductor with a bandgap of about 3.3 eV.
Under the excitation of UV light, the ZnO would emit a UV-blue
emission, which was ascribed to the band-shift emission.
However, there are several kinds of defects in the solution-
processable fabricated ZnO films, and various defect emissions
would be observed as well. The emission peaks due to the elec-
tron transfer from the defect energy levels to the exciting level of
ZnO include red, yellow, green,[89'9°] and blue,®Y which were
related to the Li" doping, oxygen interstitial, oxygen vacancy,
and zinc interstitial defects, respectively.’” However, as the
ZnO nanoparticles containing different defects were used in
the inverted OSCs, nearly the same performance was obtained,
suggesting the intrinsic defect type does not affect the charge
extraction properties from ZnO to the active layer. For the
P3HT:PC¢;BM, PTB7-Th:PC,;BM, and PBDB-T-SF:IT-4F, the
PCE was researched to 4%, 8%, and 10% respectively.l*’)

5.1.2. Defects-Related Light-Soaking Issues and Solutions in the
ZnO-Involved OSCs

Although the ZnO ETL has the advantages of being low cost, less
toxic, and easy to synthesize, this kind of buffer layer also suffers
the problems of low electron mobility and ease of absorbing oxy-
gen due to the surface ligands. A typical problem of ZnO ETL is
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the well-known “light soaking” issue, which means the ZnO ETL
employed inverted solar cells need to be illuminated under white
or UV light for several minutes to obtain normal J-V character-
istics (as shown in Figure 22a-d). Red, green, or blue light
illumination doesn’t take a positive effect on eliminating the
“S”-shaped J-V curves (as shown in Figure 22b).*Y In fact, light
soaking is also observed in the TiO, ETL-involved inverted solar
cells. However, SnO, is considered a universal “light-soaking”
free electron extraction material for OSCs.”®! The “S”-shaped
J-V curves were always ascribed to the low electron transport effi-
ciency of ZnO or TiO, because of surface absorbed negatively
charged oxygen. The surface-absorbed oxygen would cause a hole
reservoir to accumulate at the interface of the metal oxide and
organic layer. Therefore, UV or white illumination of ZnO or
TiO, film before depositing the organic active layer could partly
solve this problem.’® The detailed mechanism could be
described in Figure 22e. Under the illumination of UV or white
light, positive charge carriers would form in ZnO or TiO,,
leading to the desorption of the absorbed oxygen from the
ZnO surface, and then increasing the electron rnobility.[w] In
addition, as shown by Figure 22f,g, the removal of the surface
absorbed the negatively charged oxygen would cause the rear-
rangement of the Fermi levels and lower the barrier width.
Therefore, the electron accumulation would be eliminated,
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Figure 22. a,b) J-V characteristics of the inverted OSCs under the illumination of different irradiations. c) The evolution of the J-V characteristics of the
ZnO/TiO, employed inverted inorganic solar cells after UV soaking for different time. d) The evolution of the device performance. Reproduced with
permission.®? Copyright 2012, IOP. e) Schematic illustration of the induction of free charge carrier in ZnO nanoparticles by either UV illumination or
injection through electrical contacts and their removal by O,. Reproduced with permission.”! Copyright 2010, RSC. Energy levels of the inverted OSCs
f) before and g) after UV irradiation. Reproduced with permission.® Copyright 2012, 10P.

and the device performance improved as well.® The charge
accumulation in the inverted OSCs during light soaking was
proved by electron paramagnetic resonance (ESR) measurement
both in the TiO,*® and TiO, employed cases.”” Further obser-
vation considered the surface hydroxy group can capture an elec-
tron, strongly suggesting the passivation of the residual -OH
groups is necessary to avoid the light-soaking phenomenon.
Because the light-soaking issue is surface-absorbed oxygen
related, it should be reversible in air, which means the device after
light soaking would recover to an abnormal device performance as
exposing the device to the air again. Wilken et al’®” and Lin
et al"! have found such a reversible phenomenon in the
ZnO and TiO, involved in inverted organics solar cells. A popular
method to eliminate or reduce this problem is generally using
chemical-doped ZnO or TiO,, ie., Al:ZnO,"%? F.Ti0,!"%! and

Sn:Ti0,.'% In addition, Riedl et al." found the “light soaking
issue” is an interface dominant effect between the buffer layer and
the organic photoactive layer. Thus, an extra layer of AZO on top of
TiO, could eliminate the soaking issue. Recently, some research-
ers found the surface modification of ZnO or TiO, nanoparticles
through organic compounds could also solve the light-soaking
problem. As investigated by Kuwabra et al.,*®! the surface -OH
group of metal oxides can capture electron. Therefore, the remov-
ing the surface -OH groups would be a possible strategy to solve
the light-soaking problem. Wei et al. (as showed by Figure 23) used
the 3-aminopropyltrimethoysilane (APTMS)-capped ZnO as the
ETL of the OSCs. Because most of the surrounding —OH groups
have been replaced by the -Si-O- groups, and the absorption of
surface oxygen would be suppressed (Figure 23a), thus the device
presented light-soaking-free J-V characteristics (as shown in
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Figure 23. a) Schematic diagram of the ZnO and ZnO@APTMS nanoparticles. b) J-V characteristics of the inverted OSCs with pristine ZnO and
ZnO@APTMS buffer layers. Reproduced with permission.l"®! Copyright 2018, ACS.
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Figure 23b)."%”! For the PTB7:PC;,BM inverted devices with pris-
tine ZnO ETL, typical “S”-shaped J-V curves were observed. After
5 mints soaking under UV light, the J-V characteristics changed to
be normal. In contrast, with ZnO@APTMS ETL, similar J-V char-
acteristics were observed both in case of w/o and with UV light
soaking. As a consequently, they achieved 9.07% and 7.97% effi-
ciency for the PTB7-Th:PC,;BM and PffBT4T-20D:PC4BM
inverted OSCs without soaking treatment. Wang et al. used UV
pretreatment and bis(2,4-pentanedionate) (TOPD) doping to elim-
inate the light soaking issue for the TiO,-based inverted OSCs and
achieved PCE of 10.5% for the PTB7-Th:PC,;BM cells."* Ma
et all'” found that the use of the doping ZnO nanoparticles
with N, S-doped carbon quantum dot also could eliminate the
light-soaking effect.

5.1.3. The Stability Issue of OSCs in the ZnO-Involved Devices

Recently, some works found the ZnO ETL affected the stability of
0SCs, especially the nonfullerene solar cells. Jin et al.® found
the air stability of the inverted solar cells significantly improved
by treating the ZnO ETL with ethanedithiol (EDT). Typically, the
unencapsulated P3HT:PCg;BM devices remained 60% of the ini-
tial PCE after 30 days of storage in the air. However, after treating
ZnO with EDT, the device performance could maintain at 70% of
the initial value.

The high sensitivity of the nonfullerene OSCs solar cell to the
ZnO ETL was ascribed to the photochemical reaction between
ZnO and the nonfullerene acceptor. Due to the reaction, a
new absorption band from 400 to 500 nm in the absorption spec-
tra of IT-4 F was found when ZnO was deposited underneath the
IT-4 F acceptor (shown in Figure 24a,c). It was ascribed to the
destruction of intramolecular charge transfer between IDTT moi-
ety and the EG-2 F moiety in IT-4 F. Similar photodegradation
was also found in other similar nonfullerene acceptors, like
ITIC and IEICO-4 F molecular. According to the mass spectrom-
etry (MS) results, a possible disruption of the C=C linkage that
links the donor (IDIT) and acceptor (EG-2 F) moieties was posed.
Zhou et al. found that such a reaction was a typical photocatalytic
effect of ZnO under UV spectra.’® In contrast, as shown in
Figure 24c,d, they did not find a reaction between SnO, and non-
fullerene acceptor. Therefore, the nonfullerene OSCs with SnO,
ETL showed improved stability. Liu et al.*® further found that
photodegradation by ZnO still occurred under the irradiation of
white light. In addition, the UV-vis absorption showed these
ZnO films contained different defect absorption bands, which
would be the origin of the different degradation results
(Figure 24e-h). The intensities of -OH groups outsides the
ZnO nanoparticles have resulted in the degradation of the IT-
4 F acceptor. They ascribed this process as the following steps
(as shown in Figure 24i): 1) light absorption of ZnO creates holes
in the valance band and electrons in the conductive band; 2) the
dangling OH is oxidized by the holes and generating reactive
hydroxyl radicals; 3) decomposition of IT-4F molecular by
hydroxyl radicals through decoupling reaction. Further, Han
et al. (Figure 24j) solved this problem by surface-treating the
ZnO films with acid solutions of 2-phenylethylmercaptan
(PET). After acid solutions treatment, the amount of defect oxy-
gen to the lattice oxygen decreased, which was ascribed to the
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removal of surface -OH groups. And consequently, the opera-
tional stability of the PM6:Y6 inverted solar cells significantly
improved to Tgy of 4000h."*” Li et al. found small molecule
self-assembled monolayers could passivate the photocatalytic
activities and improve stability."*!) Besides, Yip et al. used Cgo
self-assembled layer to modify the ZnO buffer layer and achieved
a lifetime of over 20 years for the nonfullerene acceptor-based
0SCs."%

5.1.4. Stability Issue of the PVSCs in the ZnO-Involved Devices

The utilization of ZnO as a replacement for TiO, as low-
temperature ETL has been sustainably studied, and the
application has been expanded to flexible devices and roll-
to-roll compatible fabrication without the limitation of high-
temperature treatment. But there are still some intrinsic issues
with the application of ZnO in PVSCs, especially the MAI-
employed cells. First, chemical instability is a big problem as
ZnO was used in the MAI-based PVSCs. In the ZnO-employed
PVSCs, decomposition of the perovskite film to Pbl, was found
when heating the films at about 100 °C for a while, while such a
phenomenon is not found between TiO, and the perovskite
layer.'**! This could be mainly attributed to the different surface
properties of ZnO and TiO,. The surface of TiO, is slightly acidic
while the surface of ZnO exhibits basic behavior."'* Once perov-
skite contacts with ZnO directly, a deprotonation reaction against
methylammonium cation happens. Besides, the instability of the
ZnO involved in PVSCs also originated from the chemical res-
idues during the synthesis process. The residual hydroxyl groups
and acetate would accelerate the decomposition of the perovskite
layer. It was caused by the photon-transfer reactions of the
ZnO/CH;3NH;PbI; interface because of the basic nature of
the ZnO surface."™ Obviously, the reaction between hydroxide
and MAI would cause decompose of the perovskite under anneal-
ing. Therefore, the thermal instability of the PVSCs with a ZnO
ETL is a major challenge limiting the device performance. The
process could be described as follows

30H~+CH;NH;1; — CH,NH;(OH); + 31- (1)
CH}NH}OH — CH3NH2 T +H20 (heat) (2)

ZnO would decompose the perovskite materials because of the
photocatalysis activity of ZnO and the photochemical reaction
between the surface hydroxyl groups and perovskite.'*! Qin
et al."® replaced the conventional sol-gel precursor, ethanol-
amine with polyethyleneimine (Figure 25a). The XPS spectra
showed the films derived from PEI precursor have fewer
hydroxyl groups than the conventional films. In detail, the con-
ventional ZnO films showed the ratio of lattice oxygen to O in
hydroxide of 1:1, while the ratio of lattice O to hydroxide O
increased to 2:1 for the PEI-based ZnO films. As a consequence,
the MAPDI; on the conventional ZnO films quickly decomposed
to yellow Pbl,. In contrast, the PVSK films were more stable on
top of ZnO films derived from PEI precursors (Figure 25b).
Besides the solution method through precursor regulation,
Yang et al.""”! also demonstrated a dynamic spin coating strategy
could solve this problem. Different from the conventional route,
the dynamic spin coating strategy meant dripping the perovskite
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Figure 24. a) Photographs of the IT-4 F thin film on glass, glass/ZnO, and glass/SnO, substrates under UV illumination. b) The UV-vis absorption
spectra of ZnO and SnO, films, and the AM1.5 spectra. c,d) Evolution of the absorption spectra of the ¢) ZnO/IT-4 F and d) SnO,/IT-4 F films at
the AM1.5 solar irradiation. Reproduced with permission.l'®! Copyright 2019, RSC. e) UV-vis absorption spectra of three different ZnO films.
Reproduced with permission.l" Copyright 2021, Wiley-VCH GmbH. f,g) J-V and (h) EQE spectra of PM6:IT-4 F with different ZnO layers. i) PCE decay
curves of PM6:IT-4 F cells with different ZnO layers under white light illumination. j) PCE decay curves of PM6:IT-4 F cells with ZnO and ZnO/PET ETL.

Reproduced with permission.""® Copyright 2021, ACS.

precursor solution on ZnO during the spin coating process, fol-
lowed by an antisolvent washing treatment.

Similarly, Facchetti et al.''® developed a novel method to pre-
pare ZnO ETL with less organic ligand and hydroxy group remain-
ing through a low-temperature solution-processable route. The
combustion synthesis process of ZnO (C-ZnO) involved mixing
the Zn(NOs),-6H,0, acetylacetone, and 2-methoxyethanol as the
precursor, spin coating, and final thermal annealing. Compared
with the acetate-derived sol-gel ZnO (asg-ZnO) and nitrate-derived
sol-gel ZnO (nsg-ZnO) films, the C-ZnO films have higher crys-
tallinity (X-ray diffraction (XRD) patterns of the films as shown in
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Figure 26). The XPS spectra of these films showed film O 1s spec-
tra have individual two components: M—O-M lattice species and
surface metal hydroxide (M—OH) species. The C-ZnO films
showed a highest M—O-M lattice content of 85.5% than that of
the nsg-ZnO (80.0%) and asg-ZnO films (71.4%), suggesting
the C-ZnO films would have greater chemical purity, reduced
charge traps, and superior electrical properties. Defecting from
the improved crystallinity, the C-ZnO ETL exhibited higher
conductivity ~ (3.03x 107 *Scm™')  than  the  asg-ZnO
(0.97 x 107*Scm™) and nsg-ZnO films (1.39 x 107*Scm™).
They fabricated perovskite films of different compositions, i.e.,
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Figure 25. a) The photographs of the PVSK films on different ZnO films. b) The XPS spectra of the ZnO films derived from different precursors, E-ZnO
and P-ZnO stood films from ethanolamine and polyethylenimine. Reproduced with permission.''® Copyright 2017, ACS.

P1 (MAPbI;), P2 (CsoosFAosiMAg14PbL,ssBr0.4s), and P3
(Cs0.1FA09PbI3) on the top of these ZnO films. Though the perov-
skite films on these different ZnO films exhibited typical crystalline
perovskite morphologies, on top of the C-ZnO films, the grain sizes
significantly increased for these three kinds of perovskite films. In
addition, for the MAPDI; films on the top of nsg-ZnO and asg-ZnO
films, a typical yellow phase ascribed to PbI, was observed from the
XRD patterns, which led to a poor device efficiency with PCE of
1.98% and 7.23%. With the C-ZnO ETL, the MAPbI; devices per-
formed an efficiency of 17.14% with a Voc=100V and
Jsc =23.03 mA cm ™% That was because the elimination of surface
hydroxyl groups and oxygen vacancies in C-ZnO films suppressed
the degradation of the MAPDI; films and improved the quality of
the film. The CS()_OSFAolglMAO.14PbIZ.55Br0_45 and CS()llFA()'ngIg
cells showed an optimized performance of 18.82% and 19.84%,
respectively. Besides, the C-ZnO ETLs involved in PVSCs also
showed significantly promising performance. The use of C-ZnO
ETL improved the air stability of the PVSCs. During thermal
annealing at 85°C with a controlled humidity of 25%, the
Cs1FAoPbI; cells could retain 95% of the initial PCE after
100 h operation, while the nsg-ZnO and asg-ZnO cells remained
about 70% and 30% of the initial PCE.

Overall, the instability was proved to be from the reaction
between ZnO and MALI ions by several groups. For example,
Snaith etal."'” proved the degradation mechanisms at the perov-
skite—ZnO interface utilizing an amine indictor, and they found
the instability could be ascribed to the deprotonation of the meth-
ylammonium cation. Thus, by substituting MAI with formami-
dinium (FAI) and cesium (Cs), the device stability of ZnO-
perovskite interface was comparable to the SnO,-based devices
after high-intensity UV irradiation and 85 °C thermal stressing.
Although there was a stability issue for the utilization of ZnO in
the PVSCs, Bai et al.l'*”! found an interesting advantage of room
temperature crystallization as the perovskite layer is deposited on
the top of ZnO ETLs. TiO,, SnO, ETLs were used for compari-
son. The absorption spectra showed no absorption from the crys-
tallized perovskite was detected without annealing. However, in
the case of ZnO films, two obvious emission peaks at 718 and
780 nm from the intermediate phase and crystalized MAPDI;
perovskite were observed. The different crystallization process
for the ZnO-involved films has been attributed to the
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decrease of activation energy due to the residual acetate ligands
of ZnO.

5.2. Influence of Films Quality of ZnO on the Photovoltaic
Performance

5.2.1. Influence of Morphology of ZnO on Device Performance

Generally speaking, the thickness, surface roughness, surface
composite, and morphology of ZnO ETL all have a great impact
on the inverted and conventional structure OSCs. As we know,
the morphology of the ZnO ETL was decided by the precursor
solution or the nanoinks, and the posttreatment methods. Ma
et al.'*! found that the surface roughness of the sol-gel ZnO
layer greatly influenced the device FF and the overall perfor-
mance. The PCE of the TQ1:PC,,;BM solar cells increased from
2.7% to 3.9% when the root-mean-square roughness of the ZnO
buffer layer decreased from 4.9 to 1.9 nm. For a rough ZnO layer,
high interface trap density should be the main reason for the
poor device performance. Similarly, the roughness of the ZnO
ETL fabricated from ZnO colloidal route also greatly influenced
the device performance because of inferior interface contact
between ZnO and the photoactive layer."*?) On this basis, the
ZnO nanoparticles should have a small size and be well dis-
persed in the solvent. Otherwise, the large size or agglomeration
would cause a rough surface of the ZnO ETLs, and lead to poor
interface contact. Cao et al. showed the ZnO nanoparticle films
from different concentrations have different surface quality
(Figure 27a-f). The device performance was more sensitive to
the surface quality of ZnO and less dependent on the thickness.
The use of thin, dense, and homogenous ZnO films would lead
to enhancement of FF and short-circuit current (Figure 27g,h).
Furthermore, Ji et al. found the surface roughness of the ZnO
ETL impacted the device performance and stability of the
OSCs more greatly for the doctor-blade device than the spin coat-
ing devices, even using the same ZnO ETL. A smoother ZnO
ETL would enable higher device performance and much longer
lifetime for the doctor-blade-coated 0SCs.'**! As shown in
Figure 27i, two kinds of ZnO ETLs, a rough (A-ZnO) and a
smooth film (M-ZnO), were used in the spin-coated and
doctor-bladed solar cells. Figure 27j shows the spin-coated solar
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Figure 26. a) The synthesis process of the solution-processed ZnO ETL and b) composition of the perovskite layers. c—e) XRD, XPS, the conductivity of
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these ZnO films. f-h) J-V characteristics of PVSCs with different ZnO ETLs. j-k) J-V characteristics of the PVSCs through forward and afterward scan.
I-n) Normalized PCE of PVSCs during annealing at 85 °C and 25% humidity. Reproduced with permission.l"'®! Copyright 2019, Wiley-VCH GmbH.
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Figure 27. SEM images of the ZnO films derived from different sol concentrations: a) 0.02, b) 0.05, c) 0.1, d) 0.3, €) 0.6, and f) 1 m. g,h) Device structure
of the P3HT:PCBM/ZnO interface conditions with ZnO layer derived from 0.1 M and 1 M sol. i) The SEM image of the ZnO films fabricated from methanol
and acetone-based ZnO inks. j) The performance histogram of the spin-coated and doctor-blade-coated solar cells with different methanol and acetone-
based ZnO buffer layers. k) The schematic diagram of spin-coated and doctor-blade-coated solar cells with methanol and acetone-based ZnO buffer layer.
Reproduced with permission.'?*#27) Copyright 2012, Wiley-VCH GmbH, and 2019, RSC.
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cells gave better performance than the doctor-bladed solar cells.
In addition, the doctor-bladed solar cells with rough ZnO ETL
showed a much larger performance deviation than the devices
with the smooth buffer layer. This result has been ascribed to
the worse surface contact between the ZnO ETL and the active
layer in the case of doctor-blade coating because of the much
weaker spread force during doctor-blade. The detailed mecha-
nism is shown in Figure 27k.

5.2.2. The Thickness-Related Optical Effect in OSCs

ZnO could be used as ETL in conventional and inverted OSCs,
and the influence of ZnO thickness on the performance is
caused by both electrical and optical factors. On the side of
the electrical factor, most of the attention was paid to the electron
mobility or conductivity properties of the ZnO layer. Although
the pristine ZnO generally has a high electron mobility of about
10 ecm?V~S™!, such conductivity of the pristine ZnO is not
high enough to satisfy long-distance charge transporting.
Therefore, as a thick ZnO layer was used in the inverted organic
solar cell, the device performance, both Jsc and FF, would dra-
matically decrease relative to the thin ZnO devices. For the pris-
tine sol-gel ZnO buffer layer, the thickness should be controlled
below or around 30nm. Otherwise, the device performance
decreased gradually with the increase of ZnO thicknesses.!"**]
The ZnO nanoparticle-based ETL seems to have a higher work-
ing thickness than the sol-gel ZnO layer. However, the thickness
of the ZnO nanoparticles ETL also should be strictly controlled.
Generally, in the P3HT:PC¢BM solar cells, the thickness should
be restricted to 100 nm. But for most of the active layer systems,
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the thickness of the ZnO nanoparticles layer was controlled at
around 30nm. The low working thickness of the ZnO ETLs
mainly originated from a variety of defects. In particular, the
solution-processed ZnO layer contains more defects than the
films fabricated from the vacuum deposition route. Several
works reported increasing the working thickness of ZnO in thin
film photovoltaics through ion doping or organic molecular mod-
ification. lon doping can increase the carrier concentration and
improve charge mobility. Organic molecular modifying the ZnO
layer can effectively decrease defects concentration and increase
charge mobility.

The influence of the ZnO ETLs on the photovoltaic perfor-
mance from the optical factor means the thickness of the
ZnO layer would impact the space optical distribution in the devi-
ces, and consequently influence the device performance. Such an
effect mainly occurred in the OSCs with the conventional struc-
ture, where the ZnO layer was deposited on top of the organic
active layer. It was also reported that the insertion of a ZnO layer
would act as an optical spacer to enhance the light absorption of
the device in the conventional structured OSCs compared with
the device with ZnO ETL.*® Heeger et al. inserted a ZnO nano-
particle optical space layer on the top of a small molecular active
layer in conventional OSCs. The use of ZnO improved the light
harvesting and also served as a hole-blocking layer, which lead to
the increase of Jsc and FF, respectively.’®! Figure 28a shows the
AFM images of the ZnO NPs on the top of the small-molecular
photoactive layer and the device structure. Figure 28b shows the
insertion of ZnO NPs improved the performance. In that work,
the optimized thickness of the ZnO optical space layer is around
25 nm. But the space optical effect of ZnO is highly related to the
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Figure 28. a) AFM image of the ZnO nanoparticles, and the device structure of the conventional structure OSCs with the ZnO optical space layer, b) J-V
characteristics of the OSCs with and w/o the ZnO optical space layer. c) The active layer thicknesses-dependent short circuit current for the OSCs with
different thicknesses of the ZnO layer. Reproduced with permission.”>! Copyright 2007, 10OP.
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thicknesses of other functional layers in the cells. For the P3TH:
PCBM devices with a thin active layer, the photocurrent would
increase by using the ZnO space light layer (Figure 28c). But for
the cells with a thick photoactive layer, the effect of the optical
spacer is less pronounced.”” On the side of the inverted
OSCs, the thickness of the ZnO layer still influenced the device
performance because the introduction of ZnO would change the
optical transmission of the transparent electrode.!”!

6. The Modification of ZnO ETLs for OSCs and
PVSCs

The modification of ZnO ETL is an important research project in
OSCs with the aiming to improve the charge transport
properties, lower the performance-thicknesses dependence,
and improve the water and oxygen sensitivity of the devices.
The modification approach could be divided into the following
three factors: 1) using the stack structured electron buffer layer,
2) using a ZnO-based hybrid electron buffer layer, and 3) using
solvent surface treatment.

6.1. Surface Modification of Solution-Processed ZnO Buffer
Layer for OSCs and PVSCs

A stack-structured ETL composites a ZnO layer and a polymer or
small molecular extra layer. For instance, Polyethylenimine
(PEI), polyethyleneimine ethoxylated (PEIE),"*® alt-(2,7)-(9,9-
dioctyl-” with “alt-2,7-(9,9-dioctyl)-"9 (PFN),"*”) phosphoric acids
self-assembling monolayer (SAM) layer,'*® and atomic layer-
deposited ZnO layer™** have been developed. By inserting an
extra organic layer on top of the ZnO layer, the interface charge
selectivity was enhanced, and thus the device FF increased a lot
in all these cases. Besides, treating the ZnO layer with self-
assembled small organic molecule (e.g., Cgo derivatives!***13!!
and silane)*? is another successful way, which can passivate
the surface defects of ZnO or improve the interface contact
between the buffer layer and the active layer. Bai et al. used etha-
nedithiol (EDT)-treated ZnO layer to improve the surface defects
by forming zinc ethanedithiol. It is noteworthy that by using the
hydrophobic EDT treatment of ZnO, the influence of moisture
was lessened, thereby leading to significantly improved the long-
term stability in air (Figure 29a).°®! Similarly, Fu et al.l'**! cov-
ered an APTMS layer on the top of ZnO. APTMS passivated the
ZnO surface defects and decreased the surface work function of
ZnO. In addition, APTMS can bond to the fullerene derivative,
thereby reducing the interface contact resistance (as shown in
Figure 29b) and improving the PCE from 8.47% and 9.46%
for the PTB7-Th:PCBM heterojunction solar cells. In addition,
self-assembly molecular layers (SAMs) were used to treat the
ZnO films. As shown in Figure 29¢, Kim et al.*** used a series
of benzoic acid derivatives, 4-fluorobenzoic acid (FBA), 4-tertbu-
tylbenzonic acid (BBA), and 4-methoxybenzoic acid (MBA) to
modify the ZnO ETL. The work function of ZnO depended
on the orientation of the dipole moment of the SAM molecules.
Among MBA, BBA, and FBA, the dipole orientation of FBA and
BBA was in exactly opposite directions. In contrast, the dipole
orientation of FB is directed toward ZnO. For the MBA and
BBA, the work function of ZnO/FBA increased from
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4.17 £0.01 eV of the pristine ZnO ETL to 4.31+0.04eV. The
work function of ZnO/BBA and ZnO/MBA dreaded to
3.97+0.01 and 3.94 £0.04eV. Thus, the PCE of the P3HT:
PCBM solar cells using MBA and BBA treated ZnO reached
3.34% and 2.94%. But FBA-treated ZnO ETL gave a relative lower
device performance of 1.81%. Similarly, the work function of the
ZnO ETL was well regulated by phosphonic acid interlayer.
Olson et al.'* reported the work function of ZnO was not
entirely orientation dependent; the dipole strength and mole-
cules direction would impact as well. For instance, for the phos-
phonic acid molecules, PcF3BPA and pFBPA, the orientation of
polarizing fluorine molecule on the benzene ring influenced the
molecular dipole (Figure 29d).

As mentioned above, there is a serious thermal instability
issue in the ZnO-based PVSCs. It has been mainly attributed
to the proton transfer reaction between the perovskite layer
and ZnO, so surface modification of the ZnO ETL is significantly
important. The modification methods include doping of metal
oxides and surface modification with an interlayer. As a typical
example of the former method, Chen et al. used the SAM to mod-
ify the sol-gel ZnO surface with the 3-aminopropanoic acid SAM
layer. The introduction of this layer induced the improvement of
morphology and crystallization of the perovskite layer,!*! and
improved the device performance from 11.96% to 15.67%
(Figure 30a). Recently, a thin layer of MgO and a submonolayer
of protonated ethanolamine (EA) were deposited on the ZnO
layer to enhance the electron transfer and stability of the
ZnO/PVSK interface. Finally, hysteresis-free and stable PVSCs
were achieved.*®! As shown in Figure 30b, the interface
of ZnO and perovskite was mediated by a thin layer of
MgO-EA"(EA" = OCH;CH,NH?"), which played several roles:
1) inhibited the interface charge recombination and enhanced
cell performance because of the introduction of MgO;
2) enhanced electron transport from perovskite to ZnO and
helped to eliminate hysteresis because of the protonate EA;
3) improved the device stability. The EDS images, XRD patterns,
and Fourier-transform infrared spectroscopy spectra of the ZnO-
MgO-EA™" samples proved its formation. With the Mg-EA™*-mod-
ified ZnO ETL, the performance of the PVSCs improved from
15.1% to 18.3%, and no hysteresis was observed. For the average
efficiency of 30 cells, the ZnO-MgO-EA™ device gave average effi-
ciency of 17.2% =+ 1.2% for the reverse scan (RS) and 17.1% =+
1.3% for the forward scan (FS). However, the ZnO-based device
showed a 13.8% +1.2% average efficiency for RS and
12.9 & 1.3% for FS. The modification of ZnO by MgO-EA™ also
improved the stability of the devices, which retained over 60% of
their original efficiency after 4 h. Similarly, An et al. modified the
ZnO layer by a combination of doping and surface modification,
where Li and Cs were used to doping the ZnO, and the PCBA was
deposited on the surface of the ZnO layer."*”! The Al-doped ZnO
(ZnO:Al) showed big potential in improving the device stability
relative to the pristine ZnO-based cells. That was because the use
of ZnO:Al could eliminate the Lewis acid-based chemical reac-
tion between perovskite and ZnO."** The doping of ZnO could
weaken the basic property, diminish the chemical reaction of
perovskite and ZnO, and consequently improve the thermal sta-
bility of devices. Yao et al. grafted the fullerenes onto ZnO nano-
particles by binding catechol on ZnO. Through modifying with
fullerene, ZnO could penetrate the perovskite film to form
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Figure 29. a) EDT-modified ZnO layer for use in OSCs: device structure, J-V characteristics of the P-ZnO- and E-ZnO-based solar cells, EQE spectra of the
devices, the evolution of PCE of the device with P-ZnO and E-ZnO ETLs. Reproduced with permission.*®! Copyright 2015, Wiley-VCH GmbH. b) APTMS-
modified ZnO for use in OSCs: the device structure and the schematic of bonging between ZnO and PCBM. Reproduced with permission.*? Copyright
2017, ACS. c) FBA, BBA, and MBA SAM-modified ZnO ETL for the inverted OSCs. Reproduced with permission.l'**! Copyright 2013, ACS. (d) UPS and
inverse photoemission spectra (IPES) of the bare ZnO films, and the Pcf3-BPA, oF2-BPA modified ZnO films. Reproduced with permission.l"** Copyright

2014, Wiley-VCH GmbH.

heterojunction cells."**) Obviously, no chemical reaction existed
between the fullerene-capped ZnO and perovskite. These works
demonstrated that doping or surface modification played an
effective role in improving the stability of the cell.

Ismail et al.**” developed a kind of 2,3,4,56-pentafluorbenzoyl
chloride (PFBC)-capped ZnO nanoparticles (ZnO@PFBC) through
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two-step synthesis as shown in Figure 31. ZnO@PFBC was used
in the p—i—n planar PVSCs as a modifier of PCBM by spin coating it
on the top of the PCBM layer. A good energy level aligns and good
deposition was found as shown by the energy level and the SEM
image. The device performance improved from 15.33% to 16.93%.
Because of the physical protection of ZnO@PFBC, both the
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Figure 30. a) C3-SAM-modified ZnO for use in the PVSC. Reproduced with permission.??!! Copyright 2017, ACS. b) Schematic of the PVSCs with
ZnO-MgO-EA*, high angle angular dark field-scanning transmission electron microscopy image and elemental mapping of the ZnO-MgO-EA* samples,
XRD patterns of the precursor sample annealed under different temperature. TPD-MS and IR spectra of the ZnO-MgO-EA™ annealed at 450 °C for 39 min.

Reproduced with permission.["**! Copyright 2019, Wiley-VCH GmbH.

migration of halogen and zinc was suppressed, leading to
improved long-term stability under continuous illumination and
thermal annealing. Meanwhile, the surface hydroxyl groups of
ZnO NPs were capped by PFBC, and the chemical reaction
between ZnO and PVSK was successfully suppressed. The device
remained at 75% of the original efficiency after thermal annealing
at 85 °C for 200 h, while both the device w/o the modifier layer and
the one with a ZnO modifying layer degraded quickly and nearly
could not work after 30 hs annealing. During long-term continuous
illumination, the ZnO @ PFBC-involved device kept 60% of the ini-
tial efficiency after 1100 h degradation.

6.2. Hybrid Modification of the ZnO Buffer Layer for OSCs and
PVSCs

ZnO-based hybrid ETL was reported as an effective ETL in OSCs,
which possessed the advantages of easy fabrication, good
film-forming ability, and fewer thin film defects. First, several
polymers could be composted with ZnO to improve the film mor-
phology. Barth et al. reported the use of ZnO:PVP composite in
OSCs. By using this ZnO-PVP nanocomposite ETL, high device
performance was achieved without post-UV illumination,
whereas such a post-UV treatment was necessary for the device
using bare ZnO as the ETL to remove the “S-shape” kink.
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Another example is ZnO—poly(ethylene oxide) (PEO) composite.
By using ZnO-PEO nanocomposite, the charge carrier recombi-
nation rate was decreased in solar cells, and the short-circuit cur-
rent (Jsc) and FF were considerably improved consequently.!"*"]
Xie et al. reported an excellent ZnO-based nanocomposite
incorporating phosphonate-functionalized polyfluorene (PFEP)
for use as the ETL in OSCs. High device performance and less
layer thickness sensitivity were found for ZnO-PFEP-based
solar cells."*? Wu et al. found the use of a ZnO:PFN composite
electron buffer layer could improve device performance and
stability, and lower the thickness sensitivity. No obvious
thickness-dependent performance was found, even when the
thickness of this layer increases to 125 nm.!**) ZnO:PEI compos-
ite electron buffer layer was used for roll-to-roll printed OSCs due
to its low thickness sensitivity, and the low cost of PEI in com-
parison to other conjugated polymer molecules.'*®! Xie et al.
developed several photoconductive small molecular compounds
to modify the ZnO electron buffer layers."***4* These com-
pounds could be mixed with ZnO sol-gel precursor and formed a
composite buffer layer. Within the composite films, charge
transport from these photoconductive molecules to ZnO has sig-
nificantly improved the conductivity and electron mobility and
led to the improvement of device performance.'** In addition,
the working thickness of modified ZnO could increase largely.
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Figure 31. a) The schematic diagram of the PFBC-capped ZnO nanoparticles, b) the device structure of the PVSCs, c) the energy level, and d) the cross-
sectional SEM image of the devices. €) J-V characteristics and f) EQE spectra of the device, g) dark J-V curves. h) Histogram of the performance with
different ETLs. i) Evolution of PCE of the PVSCs with different ETLs during annealing at 85 °C for 200 h in the N,-filled glove box, j) and the evolution of
PCE during continuous illumination in the Ny-filled glove box at around 40 °C. Reproduced with permission."*® Copyright 2020, Wiley-VCH GmbH.

As an example, as the thickness of PBI-Py-modified ZnO
(ZnO@PBI-Py) increased to 300 nm, the device performance
was nearly the same as the device with 30 nm ZnO:PBI-Py, while
the working thickness of pristine ZnO was only around
30nm."** Figure 32a shows the molecular structure of
PBI-Py, the charge transport mechanism between PBI-Py and
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ZnO, J-V and EQE curves of the solar cells with the pristine
ZnO and ZnO:PBI-Py ETLs. As shown in Figure 32b, the excited
electrons of PBI-Py transferred to the excited state of ZnO upon
being excited by UV light, resulting in increased conductivity and
mobility. With FBT-Th,:PC;BM as the active layer, the device
performance with ZnO:PBI-Py ETLs was higher than the device
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Figure 32. a) Chemical structure of PBI-Py. b) Device configuration, schematic illustration of the working mechanism for the photoconductive cathode
interlayer. c) J-V characteristics of OSCs and d) EQE spectra with ZnO and ZnO:PBI-Py buffer layer. Reproduced with permission.l'*l Copyright 2016,

Wiley-VCH GmbH.

with ZnO ETLs. Besides, some small molecules could be used
to replace the surface ligands thereby lessening surface defects.
1,2-Ethanedithiol (EDT)-doped ZnO composite was prepared by
a facile sol-gel method, and the strong interaction between ZnO
and -SH group enables the formation of more homogenous com-
posite films. Because of the strong surface interaction, the sur-
face defects of ZnO were passivated and the electron mobility of
ZnO increased, which lead to enhanced device performance.*®!
For the inverted OSCs, the performance and device stability were
improved by modifying the sol-gel ZnO using cetyltrimethylam-
monium-bromide (CTAB). It was reported that the oxygen vacan-
cies of the ZnO layer could be occupied by bromide ions (Br™),
thereby the incorporation of CTAB regulated the work function
of the ZnO ETL, and dramatically influenced the optical, electri-
cal, and morphologies properties of the ZnO films.!"**! Chen
et al. synthesized polydopamine-modified Al-doped ZnO buffer
layer to reduce the thickness-insensitive of performance. Results
showed the 80 nm-thick buffer layers could yield a PCE of 12.7%
for the nonfullerene 0SCs."*” Zhou et al. found the PEI-Zn
composite films fabricated through the sol-gel route have
improved mechanical robustness and suppressed the chemical
reaction between PEI and the nonfullerene active layer. The
PEI-Zn worked efficiently as the interfacial layer in the flexible
OSCs, giving an efficiency of 12.3% and 15% PCE with PEDOT:
PSS and Ag nanowire as the electrode. In addition, the use of the
PEI-Zn interfacial layer made the flexible OSCs giving excellent
mechanical durability.!>"
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In the inverted OSCs, the electron and hole are collected by the
cathode and anode, respectively. So, enrichment of the acceptor
and donor at the cathode and anode interface in the D:A phase
separation would greatly enable charge collection. To achieve
this, the ZnO buffer layer was modified by some electron
acceptors, such as fullerene. One effective method is depositing
fullerene on the top of the ZnO cathode buffer layer, and another
method is doping ZnO ETL with a fullerene derivative. Fullerene
derivative (PCBE-OH),[5 I bis Cgp, and Cgo-nanofilms were incor-
porated into ZnO to enhance the electron collection by improv-
ing the contacts with the fullerene acceptor on the active layer
surface.>? Besides, fullerene, graphene, and carbon quantum
dots!"** were introduced to modify the ZnO buffer layer through
doping.

In addition, some composite materials based on two kinds of
metal oxides were developed for the organic and PVSCs. Li et al.
designed core-shell ZnO@SnO, nanoparticles through the
solvothermal method. The synthesis diagram of the core—shell
ZnO@SnO; nanoparticle is shown in Figure 33a. These hybrid
materials showed 8.1 nm ZnO and a 3.4 nm-thick SnO,. This
material has combined the advantages of a good energy match
of SnO, with the perovskite layer, and the high electron
mobility of the core ZnO nanoparticles. The perovskite
(CsPbI,Br) solar cells with the structure of FTO/ZnO@ SnO,/
perovskite/spiro-OMeTAD/MoO;/Ag (Figure 33b) showed the
highest PCE of 14.35% with Jsc of 16.45 mA cm ™2, Voc of
1.11V, and FF of 79%. As a comparison, the device with
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Figure 33. a) Synthetic diagram of the core—shell ZnO@SnO, nanoparticles, b) schematic of the device structure of the inorganic PVSCs, c) J-V char-
acteristics of the inorganic PVSCs based on different electron transporting layers, d) PCE distribution e) PL spectra of the CsPbl,Br films based on
different electron transporting layer, f) Nyquist plots of the core-shell ZnO@SnO, nanoparticles and SnO, nanoparticles. g) V-I curves of the elec-
tron-only device with a structure of FTO/ETL/PCBM/Ag. Reproduced with permission.!'** Copyright 2020, ACS.

SnO, ETL only gave a PCE of 11.66% (Figure 33c,d). Most
importantly, the Voc of the SnO, ETL-based solar cells was
0.08V, lower than the ZnO@SnO, ETL-based one. Better
charge transfer properties between the perovskite layer and
ZnO@SnO, were found, which was proved by the PL spectra
(Figure 33e) and the EIS spectra (Figure 33f). The good electron
mobility of ZnO than SnO, pushed the improvement of
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the electron mobility from 0.0279 of the pure SnO, to
0.197 cm*V~'s™! (Figure 33g).">"

6.3. lons Doping of the ZnO Buffer Layer for OSCs and PVSCs

As mentioned above, the mobility of ZnO is not desired, which
was one of the most important reasons for light-soaking.
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Therefore, several routes have been developed to improve the
electron mobility of ZnO through ion doping. Table 5 and 6
are the summary of the ion-doped ZnO for the organic and
PVSCs. As summarized by these two tables, several kinds of
ion-doped ZnO, including AP0 it 1251 Mgt 156

Table 5. Summary of the ion-doped ZnO as buffer layer of the OSCs.

www.advenergysustres.com

Ga?*t, 7 sn** 158 and Cs®+, 1) have been developed to dope
ZnO and used in OSCs and PVSCs. Among them, ion-doped
ZnO films were fabricated through the sol-gel route and nano-
particles methods by adding the metal salts as the raw materials
during the ZnO reaction process.

Doping ions Precursor or nanoparticles

Device structures

Voc [V] Jsc [mAcm ™2 FF [%] PCE [%] References

Al:ZnO Precursor ITO/AZO/P3HT:PCBM/MoO5/Ag 0.590 11.02 5840 3.78 [237]
Al:ZnO Nanoparticles ITO/AZO/P3HT:PCBM/PEDOT:PSS/Ag 0.569 8.36 50.80 242 [238]
Al:ZnO Precursor ITO/AZO/P3HT:PCBM/PEDOT:PSS/Ag 0.580 1.8 35.00 236 [239]
Al:ZnO Precursor ITO/AZO/P3HT:PC¢;BM/MoO;/Ag 0.628 7.21 68.21  3.09 [240]
Al:ZnO - ITO/AZO/PTB7:PC71BM/MoO;/Ag 0.732 15.13 7098  7.86 [240]
Al:ZnO - ITO/AZO/P3HT:PCsoBM/Mo0O,/Ag 0.610 8.7 68.30  3.54 [241]
Al:ZnO - ITO/AZO/PBDTTPD:PC;0BM/MoO,/Ag 0.870 12.5 62.00 6.7 [241]
Li:ZnO Precursor ITO/AZO/PBDTTT-C-T:PC;0BM/MoO,/Ag 0.760 16.0 66.00 7.6 [247]
Li:ZnO - ITO/AZO/PBDTTT-C-T-EFT:PC;0BM/MoO,/Ag 0.800 17.7 70.70  9.94 [247]
Li:ZnO - ITO/AZO/PTB7:PC;0BM/Mo0O,/Ag 0.740 17.1 70.60  8.86 [247]
Li:ZnO - ITO/AZO/PTB7:PC;1BM/M0O,/Ag 0.725 17.04 72.60 8.98 [242]
Li:ZnO - ITO/AZO/P3HT:PCBM/WO3/Ag 0.620 11.12 5400 3.79 [243]
Li:ZnO Precursor ITO/AZO/PTB7-Th:PC7;BM/MoO;/Al 0.780 18.31 66.80  9.54 [244]
Li:ZnO Precursor ITO/PEDOT:PSS/PTB7-Th:PC7,BM/AZO/Al 0.801 16.94 74.80 10.14 [245]
Li:ZnO Precursor ITO/Li-ZnO/P3HT:PC¢;BM/MoO;/Ag 0.620 9.46 67.00 3.9 [170]
Mg:ZnO Nanoparticles ITO/Li-ZnO/PTB7:PC;;BM/Mo0O5/Ag 0.750 16.54 68.00 8.4 [170]
Mg:ZnO Nanoparticles FTO/ZnO:Li/PTB7-Th:PC;;BM/MoO,/Al 0.800 17.94 70.00 10.05 71
Mg:ZnO FTO/ZnO:Li/PTB7-Th:IT-4 F/MoO,/Al 0.830 16.12 67.00 8.71 7
Mg:ZnO Nanoparticles ITO/ZnO:Li/P3HT:PCBM/MoO,/Al 0.610 9.93 68.00 4.07 [246]
Mg:ZnO Precusor ITO/ZnO:Li/PM6:Y6:PC;1BM/M0O,/Ag 0.846 24.02 67.20 13.66 [172]
Mg:ZnO Precursor ITO/MgZnO/P3HT:PCBM/MoOs/Ag 0.577 9.70 56.80 3.17 [247]
Mg:ZnO ITO/MgZnO/P3HT:ICBA/MoO3/Ag 0.828 9.90 67.00 5.48 [247]
Mg:ZnO Precursor ITO/Zn,,Mg,O/PTB7:P7;CBM/MoO;/Ag 0.740 16.78 66.99  8.31 [248]
Mg:ZnO Precursor ITO/ZMO/PTB7-Th:PC7,BM/MoO;/Al 0.800 18.40 63.52  9.39 [249]
Ga:ZnO Precursor ITO/GZO/P3HT:PCBM/MoO3/Au 0.420 1.7 39.70 195 [157]
Ga:ZnO Precursor ITO/GZO/PCDTBT:PC7,BM/MoO;/Al 0.900 10.46 59.03 556 [250]
Ga:ZnO - ITO/GZO/PTB7:PC7;BM/MoO;/Al 0.750 14.96 64.95  7.34 [250]
Ga:ZnO Precursor ITO/Zn0O:Ga/PBDTTT-CFPCBM/MoQO3/Ag 0.764 15.9 63.70 7.74 [257]
Ga:ZnO Precursor ITO/GZO/PffBT4T-20D:PC70BM/MoO,/Al 0.771 18.65 67.68 9.74 [252]
Ga:ZnO Nanoparticles ITO/PEDOT:PSS/PTB7-Th:PC;;BM/GZO/Al 0.770 18.99 67.23  9.83 [253]
Cs:ZnO Precursor ITO/Zn0O:Cs/P3HT:CdSe/MoO;/Ag 0.633 4.7 3840 1.14 [254]
Cs:ZnO Precursor ITO/CZO/P3HT:PCBM/PEDOT:PSS/Ag 0.590 9 66.00 3.46 [255]
Cs:ZnO - ITO/Zn0O:Cs/P3HT:PC¢;BM/MoO;/Ag 0.620 9.53 65.00 3.34 [256]
Cs:ZnO - ITO/ZnO:Cs/P3HT:ICs0BA/Mo0O;/Ag 0.810 11.41 68.00 6.42 [256]
Cs:ZnO Precursor ITO/ZnO:Cs/PTB7:PC7;BM/MoOs/Ag 0.730 14.88 73.00 7.89 [256]
Cs:ZnO - ITO/ZnO:Cs/P3HT:ICBA/PEDOT:PSS/ZnO/PFN/PTB7:PC;;BM/MoO3/Ag 1.520 8.16 69.00 8.56 [256]
Zr:ZnO Precursor ITO/ZNnO:Zr/PM6:Y6:PC;1BM/M0O, /Ag 0.860 25.8 7740 17.2 [257]
La:ZnO Precursor FTO/La-ZnO/P3HT:PCBM/V,05/Ag 0.630 11.65 59.00 4.34 [258]
S:ZnO Precursor FTO/S-ZnO/P3HT:PCBM/V,05/Ag 0.590 11.72 59.37  4.01 [259]
Yb:ZnO Precursor ITO/YZO/PBDB-T:IT-M/MoO3 /Al 0.940 16.58 70.70  11.04 [260]
Cd:ZnO Nanoparticles ITO/CZO/PTB7-Th:PC7;BM/MoO;/Ag 0.780 17.15 69.38  9.28 [261]
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Table 6. Summary of the ion-doped ZnO as buffer layer of the PVSCs.
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Doping ions  Precursor or nanoparticles Device structures Voc V] Jsc [mAcm™®  FF[%] PCE[%] References
Al:ZnO Nanoparticles ITO/AZO/PCBM/Perovskite/Spiro-MeOTAD/MoO, /Al 1.12 20.1 75.00 16.9 [167]
Al:ZnO Nanoparticles ITO/PEDOT:PSS/Perovskite/PCs1BM/AZO/Ag 0.99 22.82 71.68 16.19 [168]
Al:ZnO Nanoparticles ITO/AZO:PDA/Perovskite/Spiro-OMeTAD/Ag 1.107 24.78 77.85 21.36 [169]
Al:ZnO Precursor FTO/ZnO/AZO/Perovskite/Carbon 0.72 16.0 71.00 8.23 [262]
Al:ZnO Precursor ITO/ZnO/AZO/Perovskite/P3HT/Au 0.84 21.93 57.00 10.45 [256]
Li:ZnO Precursor ITO/ZnO:Li/Perovskite/Spiro-OMeTAD /Ag 0.9975 22.22 70.77 16.14 [173]
Li:ZnO Precursor ITO/ZnO-Li/Perovskite/Spiro-OMeTAD/Au 1.10 22.00 73.30 17.8 [174]
Mg:ZnO Nanoparticles ITO/PEDOT:PSS/Perovskite/PCBM/ZnMgO/Al 0.91 22.71 75.00 15.61 [263]
Mg:ZnO Nanoparticles TCO/MgZnO/Perovskite/P3HT/Au 1.271 15.68 77.87 15.52 [264]
Mg:ZnO Precursor TO/ZMO/Perovskite/Spiro-OMeTD/Ag 1.064 18.7 68.30 13.7 [265]
Mg:ZnO Precursor ITO/ZMO/TiO,//Perovskite/Spiro-OMeTD/Ag/Graphene 1.120 23.86 78.91 21.08 [136]
Ni:ZnO Precursor ITO/ZnO:Ni/PCBM/Perovskite/P3HT/Au 0.83 23.73 70.00 13.79 [175]
N:ZnO Precursor FTO/N-ZnO/Perovskite/Spiro-OMeTD-Ag 1.0 21.8 73.00 15.91 [176]
1:ZnO Precursor ITO/ZnO/ZnO:I/Perovskite/Spiro-OMeTAD /Ag 1.13 22.42 71.99 18.24 [76]
K:ZnO Precursor ITO/ZnO-K/Perovskite/Spiro-OMeTAD /Au 1.13 23.00 77.10 19.90 [174]
Na:ZnO Precursor ITO/ZnO-Na/Perovskite/Spiro-OMeTAD/Au 1.1 22.50 75.40 18.9 [174]
Sn:ZnO Nanoparticles ITO/ZSO/Perovskite/ PTAA/Au 1.05 21.60 67.00 15.30 [177]

The Al-doped ZnO (Al:ZnO) is the most widely studied and
used as the substitute of ZnO in OSCs, both for the single!**”!
and tandem cells."*! The Al:ZnO buffer layer could be prepared
through both the sol-gel route and the nanoparticles route.
The sol-gel Al:ZnO buffer layer was fabricated with 2-methoxye-
thanol as the solvent and aluminum acetate (AlAc) or aluminum
nitrate (AINi) as the dopant. Aprilla et al. investigated the influ-
ence of the doping concentration of Al on the device perfor-
mance, and the result indicated that the concentration of Al
majorly influenced the grain size and minorly influenced the
crystallite size.'*%

The Al:ZnO nanoparticles were synthesized through a chemi-
cal reaction of Zn (Ac),-2H,0, Al (NO;);-9H,0, and ethanol-
amine (EA)"®* or isopropyl amine!**" in ethanol or the mixed
solvent of methanol and ethanol at room temperature.
Though the nanoparticles were synthesized at low temperatures,
the Al ions were still successfully doped in the ZnO nanopar-
ticles, which was proved by SEM mapping.!'®" Because the elec-
tron mobility increased through doping AI’*, the working
thicknesses of Al:ZnO is larger than that of ZnO, showing highly
compatible with roll-to-roll printing of OSCs.'®”! Using this
buffer layer, a prominent PCE approaching 9% was achieved
using a 120 nm-thick Al:ZnO buffer layer for the PTB7-Th:
PC;;BM inverted solar cells. Later, Fang et al. replaced EA with
KOH, and the synthesized Al:ZnO nanoparticles could be dis-
solved in TFE solvent and used to deposit on the organic active
layer in the conventional structure OSCs. For the PTB7-Th:
PC;BM solar cells, the highest performance was achieved at
10.14% with a rather high FF of 74.8%.1'%>'%) The commercial
AZO nanoparticles combined with PCBM as the composite ETL
was developed in the PVSCs with a PCE 16.9% of 16.19% by
Franky et al’®”) and Zhang et al,'®® respectively. Chen
et al.'*% fabricated PVSCs with an efficiency of 21.36% based
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on the AZO:PDA ETL. At the same time, the flexible devices
showed a PCE of 18.51%, which is the highest performance
record among ZnO-based flexible PVSCs.

Hao et al. fabricated the Li-ZnO ETL through nanoparticles
method by solving ZnO nanopowders and lithium hydroxide into
the ammonia solution."””” The performance of 8.4% for the PTB-7:
PC7;BM solar cells was achieved, which was higher than the devi-
ces of 7.5% performance with pristine ZnO as the ETL. Li-doped
ZnO ETL was prepared by the sol-gel method via spin coating the
precursor solution of zinc acetate dihydrate and lithium chloride in
ethanolamine and 2-methoxyethanol."”" The maximum perfor-
mance of PTB7-Th:PC;;BM-based fullerene devices improved
from 8.59% to 10.05%, and PTB7-Th:IT-4 F-based nonfullerene
devices showed excellent stability, maintaining higher than 80%
of the initial PCE after 1000 h. After the UV treatment of ZnO,
the conductivity of ZnO would increase, which leads to the
increase of the photoactive layer area. Ma et al.’’? employed
the Li-doped ZnO ETL, which addressed the problem. In the per-
voskite solar cells, the Li-ZnO ETLs were fabricated through spin
coating the bis(trifluoromethane)sulfonimide lithium (Li-TFSI) salt
in acetonitrile solvent over the ZnO film under low-temperature
condition.'””* The device hysteresis phenomena were suppressed
and the efficiency of PVSC was improved. Alkali-metal-doped ZnO
films were reported by dipping ZnO films into various alkali-metal
hydroxide solutions."”*! The efficiency of PVSCs reached 19.90%,
18.90%, and 17.80% for the ZnO-K, ZnO-Na, and ZnO-Li ETL,
respectively, which was superior to the pristine ZnO devices of a
PCE of 16.10%.

Mg-doped ZnO ETL was also frequently used in OSCs and
PVSCs. Zheng et al.’**! developed the Mg-doped ZnO buffer
layer for high-efficiency OSCs. The Mg-doped ZnO films were
fabricated through the sol-gel route with a precursor solution
of mixing zinc acetate dihydrate with magnesium acetate
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tetrahydrate dissolved in a mixture of 2-methoxyethanol and eth-
anolamine. The doping of Mg in the ZnO buffer layer was proved
by the XPS spectra. Using the Mg-doped ZnO (ZnMgO) as the
ETL of the OSCs, the device showed an increased performance of
9.39% with PTB7-Th:PC;BM as the active layer relative to the
ZnO ETL-based devices. Moreover, the ZnMgO ETL-based solar
cells showed significantly improved long-term stability relative to
the control cells. The device kept an efficiency of 8.06%, which
was around 85% of the initial value after 1 year of storage in the
air. Similarly, Zheng et al."**) used ZnMgO as ETL of the PVSCs.
The ZnMgO films were fabricated by spin coating the precursor
solution of magnesium acetate tetrahydrate and ethanolamine in
2-methoxyethanol on the compact ZnO layer. The PVSCs exhib-
ited an efficiency of 21.1% and excellent air stability with the
ZnMgO films as ETL.

Ni-, N-, I-, and Sn-doped ZnO ETLs have been developed in
PVSCs. Yang et al. prepared a Ni-doped ZnO ETL by immersing
the ZnO seed layer into the precursor solution consisting of zinc
sulfate heptahydrate, nickel acetate hydrate, and ammonium
chloride in deionized water at the solution pH of 7, and an effi-
ciency of 13.79% was obtained in PVSCs.!'”*) Mahmood et al.
introduced N-ZnO ETL by electrospraying the precursor of
Zinc acetate dihydrate and ammonium acetate in isopropyl alco-
hol:water solution. The maximum efficiency of PVSCs of 15.91%
was achieved.!'”®! The ZnO:I ETL was prepared in PVSCs by a
two-step hydrothermal process.”® First, the ZnO seed layer
was fabricated by the traditional sol-gel method. Afterward,
the ZnO:I film grew by dipping the ZnO seed layer into the mix-
ture solution of zinc nitrate hexahydrate and shexamethylenetetr-
amine in a neutral solution of iodic acid for 3h at 91.5°C.
Sn-doped ZnO nanoparticles were fabricated via dissolving the
mixture of N,H,-H,0, ZnCl,, and SnCl,-H,O in the water,
and reacting at 90°C for 12h. The flexible PVSCs reached a
steady-state efficiency of 14.85%.'7”)

Another problem of ZnO-involved PVSCs is the serious sur-
face recombination, which was caused by intrinsic defects, like
Zn vacancies, oxygen vacancies, zinc interstitials, oxygen intersti-
tials, zinc antistites, and oxygen antistites.

7. Solution-Processable ZnO in Printed
Photovoltaics

7.1. Ink Engineering

7.1.1. Aggregate of the ZnO Nanoinks and Solution

For the ZnO ETL from the colloidal route, another big problem is
its high trend to agglomerate due to the high surface energy of
the nanoparticles through polycondensation of surface hydroxyl
groups.'?178179 This extensive aggregation leads to the forma-
tion of an unfavorable interface between the buffer layer and the
photoactive layer,*>'*") and results in poor device performance
and performance uniformity, especially for printed photovoltaics.
Thus, the thermodynamic instability of the ZnO ink is a major
barrier to the large-area industrial and commercialization appli-
cation of this material as a buffer layer in organic photoelectronic
devices. To understand the influence of the ZnO NPs stability,
solubility, and aggregation properties, Cao et al.'®” studied the
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impact of pH, reaction time, and growth temperature, and found
growth of ZnO nanocrystals by oriented attachment (OA)
(Figure 34). Figure 34a shows the dislocation of A-B and C-D.
They also reported that the OA process highly depended on
the type of alcohol, water content in the solution, and pressure.
Such a process was better controlled in ethanol compared to
methanol. Reaction time, temperature, and pH also impacted
a lot. In addition, the growth of nanoparticles into nanorods
was controlled by time and temperature. Figure 34c,d shows
the large particles formed by the merging of adjacent particles.
Areas A-B and C-D “aligned” with each other and maintained
their perfect relative crystallographic orientation. Recently, Luo
et al.'®! studied the detailed dependence of ZnO nanoparticles
ink aggregation and attachment process under different solvent
and acid-base pH conditions. First, the dispersibility of ZnO
NPs in different alcohols including methanol (MeOH), ethanol
(EtOH), isopropyl alcohol (IPA), n-butanol (BuOH), and ethylene
glycol monomethyl ether (EGME) was investigated. The aggrega-
tion size of ZnO NPs in different solvents varied due to the rea-
son of interaction force intensity between ZnO NPs surface
charge with solvents. Then, the effect of acid/base pH condition
on the dispersibility of ZnO inks was investigated through add-
ing the MAE and TMAH as the acid and base into the ZnO ink,
respectively. Based on the XPS results, they found the change of
OH peaks due to the addition of TMAH was the main reason for
the more serious aggregation of NPs under the base pH condi-
tion, indicating the strong interaction formation between ZnO
nanoparticles was attributed to the surface hydroxyl groups. In
contrast, the addition of MEA acid could react with surface
hydroxyl groups and break the aggregation process through
the Lewis acid-base reaction. Finally, with the use of MEA acid,
the hydroxyl groups were removed. The ZnO NPs could be dis-
persed in different alcohol solvents and the ZnO inks could keep
long-term stability during storage in a closed and an open vessel.

The distribution properties, as well as the long-term stability of
the nanoinks, were mainly influenced by the surface potential.
The nanoinks were composited of nanoparticles, surfactant,
and solvent. Therefore, the distribution properties were influ-
enced by the interaction of nanoparticles, surfactants, and the
solvent. For the ZnO nanoparticles obtained from the chemical
reaction of KOH and ZnOAGC,, it was found such ZnO nanopar-
ticles could keep stable in the mixed solvent of chloroform and
methanol with a mixing ratio of 1:1. Interestingly, the inks with a
high amount of chloroform or methanol are both cloudy,
implying the formation of ZnO aggregation.'"®¥ To suppress
aggregation, several alternative approaches have been developed,
such as modification with polyyinylpyrrolidone (PVP) surfac-
tant,"®¥ n-propylamine,®* 2-aminoethanol,*® and coupling
agents,["”81% and cosolvent engineering.!"®2'#¢! Fang et al. dem-
onstrated adjusting the solvents ratios (chloroform vs methanol)
(as shown in Figure 35a,b) could control the dispersion and
aggregation properties. Using a mixed solvent of methanol
and chloroform with a ratio of 1:1 could enable stable ZnO inks
and compact ZnO films, which helped to achieve a good device
performance.®

Adding a stabilizer is an effective method to improve the dis-
persion. Yi et al.*®”! and Krebs et al.'*”! found the modification of
ZnO surfaces with 2-(2-methoxyethoxy) acetic acid (MEA) to
stabilize colloidal and prevented aggregation of ZnO particles,
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Figure 34. a) Schematic illustration of ZnO NPs synthesis and growth. b) Dislocations resulted from the oriented attachment (OA) process. c)
Nanoparticles formed layer-by-layer either parallel or perpendicular to the c-axis of ZnO. Reproduced with permission."®% Copyright 2019, Springer Nature.

and they also modified these ZnO nanoparticles with PEI
(as shown in Figure 35c). Kim et al. used titanium diisopropoxide
bis(acetylacetonate) (Ti(acac),) as a stabilizer of ZnO NPs.
With such functionalization, ZnO exhibited improved long-term
stability and maintained stability for months of aging
(Figure 35d-f)."® The photographs showed the ZnO nanoinks
had milky suspension 2 weeks later after synthesis. The ZnO inks
containing (Ti(acac),) with different concentrations (f-ZnO-L, M,
and H were low, mid, and high concentrations of Ti(acac),) and
kept high transparency. It was ascribed to the functionalization
of ZnO by acetylacetonate, which effectively reduced the aggrega-
tions of NPs. Meanwhile, tetravalent Ti atoms in the ZnO lattice
passivated deep-level traps of the NPs and led to significant reduc-
tion of green luminesce (Figure 35f).

In addition, surface ligand modification through chemical
reactions can also improve ink stability. Modification with silane
coupling agents involving a chemical reaction between the
surface hydroxyl groups of the metal oxides and the alkoxy
groups of the coupling agent is a popular approach in the
field of biomaterials for improving the stability of the disper-
sions, %18 and the hydrophily,'”**% modulating the lumines-
cence properties.’®!) Wei et al. synthesized APTMS-capped ZnO
(ZnO@APTMS) inks (Figure 35g) to solve this problem.
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Figure 35h shows the dynamic light scattering of the nanopar-
ticles and the device performance of the solar cells using the inks
that were stored for different time. The ZnO@APMTS showed
quite long-term inks stability, with negligible increase in the aver-
age diameter even after 12 months of storage in air. Specifically,
the diameters of the pristine ZnO NPs grew dramatically from
around 5nm to approximately 250 nm. The diameter of the
ZnO@APTMS NPs only increased slightly from 7nm to
10nm during 12 months of storage in air. Additionally, the
OSCs using the ZnO@APTMS ETLs that were stored for
12 months gave a nearly comparable performance as the device
with ETLs fabricated using fresh inks (Figure 35i).'%! The
working thickness of the roll-to-roll printed ZnO@APTMS could
reach as high as 90 nm.

7.1.2. Low-Temperature Processable ZnO Nanoinks

Besides, a postthermal annealing at a relatively high temperature
(~200°C) is another disadvantage of the sol-gel ZnO buffer
layer, which would limit its application in flexible OSCs and
tandem solar cells. Thus, some works have been conducted to
develop low-temperature thermal-treated sol-gel metal oxides
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Figure 35. a,b) Using methanol and CF cosolvent to achieve stable ZnO inks. Reproduced with permission."®2 Copyright 2014, ACS. c) The schematic
diagram of MEA improving the dispersibility of the ZnO nanoparticles. Reproduced with permission.l"®”) Copyright 2020, Elsevier. Stabilized ZnO NP
solutions after the addition of Ti(acac). d) Photographs of ZnO NP solutions dispersed in MeOH with different concentrations of Tiacac. e) UV-vis
absorption and f) photoluminescence spectra of ZnO NP solutions. Reproduced with permission.'®8 Copyright 2020, Springer Nature. g) Schematic
diagram of silane capped ZnO, and h,i) the long-term stability of the silane capped ZnO and the device performance. Reproduced with permission.['*

Copyright 2018, ACS.

by regulating the precursor solution. As an improvement, the
ZnO films could form at around 125-140 °C through solvent
engineering,'>'%% or through ion doping.'**! In addition, the
precursor also decided the annealing temperature required to
transform the precursor to ZnO for the sol-gel method. The puri-
fied ammine-hydroxy zinc solutions Zn (NHs),(OH), aqueous
precursor solution affords ZnO layers by ammine dissociating
and hydroxide condensation/dehydration reaction at low temper-
atures (<100 °C). Similar precursors include Zns(OH)g(NO;),-
2H,0, and Zns(OH)g(NO;),-2NH;. Cowan et al. replaced the
raw material ZnAc with diethylzinc (deZn), and this precursor
showed a much lower conversion temperature. The annealing
temperature of the deZn precursor film was only 120 °C."*¥
In addition, the ZnO films from deZn precursor have improved
crystallization relative to that of the ZnAc (Figure 36a). Such ZnO
films also contained lower nonstoichiometric oxygen amounts
(the ratio of oxygen coordinated in the ZnO lattice to nonstoichio-
metric oxygen amounts to 1.9 in ZnAc and 1.5 in deZn), suggest-
ing less stoichiometric oxygen present in deZn crystallites
(Figure 36b). It also showed that the long-term stability
(Figure 36c—f) of the poly[N-9'-heptadecanyl-2,7-carbazole-
alt-5,5-(4',7'-di-2thienyl-2’,1’,3’-benzothiadiazole)) PCDTBT:
(6,6)-phenyl C;;-butyric acid methyl ester (PC;BM) cells are sen-
sitive to the Zn precursor that used to fabricate the ZnO buffer
layer as well. The deZn precursor yields devices that are more
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stable in Voc and FF during the continuous illumination for
the devices without nonencapsulation.'® As shown in
Figure 36c¢, the ZnAc device gradually developed substantial cur-
rent leakage in reverse bias and reduce of Vo under continuous
illumination exceeding 600 h. The deZn device showed much
better stability in Voc and Jsc. The evolution of device
performance is shown in Figure 36g-j.

7.2. Printing Fabrication

Because of the environmentally friendly and cost-effective ZnO
inks, ZnO has been used in the roll-to-roll printed OSCs and
PVSCs. Martinez—Ferrero estimated the cost of the printed
OSCs, and the result showed the printed ZnO only cost 0.33
Euro m™2, which is much cheaper than the ITO electrode and
the organic active materials."**! Krebs has used the ethanol or
acetone-dispersed ZnO inks to fabricate the ZnO ETL through
the slot-die coating.**-196-1%8!

Besides slot-die coating, large-area ZnO films have been
fabricated through gravure printing. Zhang et al. carefully opti-
mized the morphology and thickness of the printed ZnO films
through microgravure printing. However, using the printed ZnO
films, the device gave relatively low device performance, which
was due to poor film quality.*® To solve this issue, Wei et al.
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Figure 36. a) XRD patterns of the ZnO films with ZnAc and deZn as the sol-gel precursor, and b) XPS spectra of the films fabricated from different
precursors. c—f) J-V characteristics of the devices during aging with ZnAc, deZn, ZnAc with PA, deZn with PA as ETLs. Average performance characteristic
parameters of devices with ZnAc (red circles), deZn (blue triangles), PA-modified ZnAc (greens quarts), and PA-modified deZn (gray diamonds) electro-
des: g) Voc, h) FF, i) Jsc, and j) PCE, all as a function of time exposed to the degradation solar simulator. Bars indicated one standard deviation of the

mean. Reproduced with permission.'® Copyright 2015, RSC.

replaced the ZnO with ZnO:PEI composite inks. Figure 37
shows the cross-sectional SEM images of the printed ZnO:PEI
films. With the increase of R (R= printing roller speed/web
speed), the thickness of ZnO films increased. When the R
and S were 4.8 and 0.7, the thickness of ZnO was around
90 nm. The results demonstrated the working thickness of the
microgravure printed ZnO:PEI can reach 90 nm with maintained
high performance, demonstrating the great potential of ZnO:PEI
for the roll-to-roll printed OSCs.***! Similarly, the working
thickness of the silane-capped ZnO also reached to around
90 nm fabricated through microgravure printing."*!

For the PVSCs, Dak et al.* reported the fabrication of PVSCs
through the slot-die coating. In that work, besides the perovskite
layer, the ZnO ETL and P3HT HTL were deposited through slot-
die coating as well. A 25 nm-thick ZnO layer was deposited from
ZnO NPs inks.
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8. Summary and Perspective

To conclude, we have overviewed the development of the
solution-processed ZnO buffer layer in OSCs and PVSCs.
We have shown ZnO has been widely used as the buffer layer
in OCSs and PVSCs with different structures, such as conven-
tional, inverted, and tandem OSCs. Besides, the previous works
showed that ZnO has great potential for the large-scale manufac-
ture of OSCs. However, there are still several problems as it was
utilized in both the spin-coated and roll-to-roll (R2R) printed
solar cells that stand for academic research and industrial
manufacturing, respectively. For the application of a small-area
coating, the light-soaking issue and low charge collection effi-
ciency caused by surface defects always occurred. And for the
application of R2R printing, more concerns might be focused
on the reliability of the nanoinks. Long-term stable ZnO nanoink
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Figure 37. The cross-sectional SEM images of the roll-to-roll microgravure printed ZnO:PEI ETL with different R and S. Reproduced with permission.['*%!

Copyright 2019, Elsevier.

with suitable rheological property is a basic for printed
photovoltaics.

Besides, the ZnO electron buffer layer from the sol-gel route
has another issue that should be fabricated under controlled
humidity in both the deposition and annealing process; other-
wise, the nonfully conversion from the zinc precursor to ZnO
occurred and caused poor device performance. The XPS spectra
displayed that as the humidity increased, the intensity of the non-
stoichiometric peaks (Oy;) decreased relative to the stoichiometric
peak (O;). The humidity also influenced the extinction coefficient
of the ZnO film. The films formed under lower humidity exhibit
lower work function and resulted in higher V¢ for the devices. It
was found that the highest performance was achieved with ZnO
ETLs deposited at 13% room humidity (RH) and annealing at 0%
RH, while the poorest device was fabricated with ZnO coated at
75% RH and annealed at 75% RH.”* Such a high sensitivity
of performance to the fabrication humidity would be a big chal-
lenge for high-performance roll-to-roll printed photovoltaic cells.

Third, with the development of high-efficiency nonfullerene
OSCs, the stability issue matters more in the future.
Unfortunately, the use of a solution-processed ZnO buffer layer
seems to be unfavorable to the device long-term stability. But all
these problems of the ZnO buffer layer have been attributed to
the surface defects, and modification of the ZnO surface with
proper approaches could solve these problems. On this basis,
surface chemical control is important for the solution-processed
ZnO buffer layer to promote its future industrial application.
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