
Flexible and Printed Electronics
            

PAPER

Monodispersed ZnO nanoink and ultra-smooth
large-area ZnO films for high performance and
stable organic solar cells
To cite this article: Jingbo Guo et al 2022 Flex. Print. Electron. 7 025013

 

View the article online for updates and enhancements.

You may also like
Heterojunction Solar Cells Fabricated with
a Cu2o:Mn Thin Film Grown Epitaxially on
p-Type Cu2o:Na Sheets By
Electrochemical Deposition
Kyosuke Watanabe, Ryousuke Uozaki,
Jouji Yamazaki et al.

-

Silk protein as a new optically transparent
adhesion layer for an ultra-smooth sub-10
nm gold layer
Kyungtaek Min, Muhammad Umar,
Shinyoung Ryu et al.

-

Atomistic model of ultra-smooth
amorphous thin film growth by low-energy
ion-assisted physical vapour deposition
R Alvarez, L Vazquez, R Gago et al.

-

This content was downloaded from IP address 124.16.220.163 on 12/12/2022 at 04:12

https://doi.org/10.1088/2058-8585/ac6fa3
/article/10.1149/MA2016-02/15/1420
/article/10.1149/MA2016-02/15/1420
/article/10.1149/MA2016-02/15/1420
/article/10.1149/MA2016-02/15/1420
/article/10.1149/MA2016-02/15/1420
/article/10.1149/MA2016-02/15/1420
/article/10.1088/1361-6528/aa5aaa
/article/10.1088/1361-6528/aa5aaa
/article/10.1088/1361-6528/aa5aaa
/article/10.1088/0022-3727/46/39/395303
/article/10.1088/0022-3727/46/39/395303
/article/10.1088/0022-3727/46/39/395303
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjssahl8gJ5SRRfCOLk5sv98w51nwdHkILDqr-J4Ll3La7dMW7XuCHUSsV_f6nDTsLE9kVSjQvbjKXfO4mRKsbuPeYXOQHUV6_3TAymaQp5h4ZdKkhjs9Tt3CD_bMpqunhN6xm07ozOkPmIHQUgcP2zf4uwQHxcLePG3Yendlwk89VU5pg6PwD3S0xpdyjYn6rrK3aOLRAfMAAZYvISiQ8DdnZBwsusLPYA_P1i0SrNhwnzR_MZT64GanTwRhtFM765Rsxqle3eo3x1BhR6RVwL8DkosN5Z2UOKzkJyeC7FOLZA&sai=AMfl-YQu40K6KeV8mejR-lZ1P56ewMG8AwwJYT3zc_4sy5n17KpTc5I3DBP1aoaP4c84Y_SrvWgj9MeQdUIluQdaXw&sig=Cg0ArKJSzB7DvvXNrkBg&fbs_aeid=[gw_fbsaeid]&adurl=https://ecs.confex.com/ecs/243/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3D243AbstractExtended


Flex. Print. Electron. 7 (2022) 025013 https://doi.org/10.1088/2058-8585/ac6fa3

Flexible and Printed Electronics

RECEIVED

5 February 2022

REVISED

6 May 2022

ACCEPTED FOR PUBLICATION

13 May 2022

PUBLISHED

26 May 2022

PAPER

Monodispersed ZnO nanoink and ultra-smooth large-area ZnO
films for high performance and stable organic solar cells
JingboGuo1,2, YunfeiHan2, ZihanXu2,WusongZha2, Jin Fang2, QunLuo2,∗, Liqi Liu1,∗ andChang-QiMa2
1 School of Materials Science and Engineering, Shanghai University, Shanghai 201900, People’s Republic of China
2 i-Lab & Printable Electronics Research Center, Suzhou Institute of Nano-Tech and Nano-Bionics, Chinese Academy of Sciences (CAS),
Suzhou 215123, People’s Republic of China

∗ Authors to whom any correspondence should be addressed.

E-mail: qluo2011@sinano.ac.cn and llq@shu.edu.cn

Keywords:monodispersed ZnO, nanoink stability, ZnO electron transporting layer, slot-die coating, organic solar cells

Supplementary material for this article is available online

Abstract
In the organic solar cells (OSCs), zinc oxide nanoparticles (ZnO NPs) have been widely used to
fabricate electron transporting layer (ETL). However, spontaneous aggregation of NPs and film
surface defects are two issues that limit the application of ZnO NPs in the printed photovoltaics. To
simultaneously solve the two problems, the ZnO nanoinks were modified with a
2-(2-methoxyethoxy) acetic acid (MEA) solution, in which a monodispersed nanoink was
obtained, and no aggregation occurred after 18 months of storage at room temperature.
Meanwhile, the ZnO:MEA ETL had fewer surface hydroxyl groups defects because of Lewis
acid-base interactions. The monodispersibility and passivated surface defects ensured an
ultra-smooth ZnO film, leading to an improved device performance, longer lifetime, and higher
thickness tolerance. As a result, an efficiency of 15.84% was achieved for the 1 cm2 PM6:Y6
ZnO:MEA ETL-based OSCs, and the T80 lifetime was also increased to 6600 h. The thickness of
ZnO:MEA ETL could be increased to 225 nm with less performance degradation. ZnO:MEA NPs
were dispersed well in alcohols with high boiling points, which ensured a high-quality slot-die
coated film. The ZnO:MEA ETL also has a unique advantage in flexible organic OSCs, with
enhanced bending resistance during 10000 times bending. These properties demonstrated the great
potential of ZnO:MEA nanoinks in the printed electronics.

1. Introduction

Organic solar cells (OSCs) are regarded as poten-
tial energy harvesting devices for various portable
and wearable electronics because of their lightweight,
flexible, roll-to-roll (R2R) printing compatibility,
and high absorption coefficient under the illumina-
tion of indoor light-emitting diode lamps. The power
conversion efficiency (PCE) of OSCs has been sig-
nificantly improved because of the development of
materials, phase separation morphology control, and
interface optimization. Thus far, the maximum effi-
ciency of OSCs has reached 19% [1–5], showing great
potential for commercialization and industrializa-
tion. The inverted structure of OSCs were considered
to be more stable than the conventional devices since
the no acidic poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) hole transporting layer was

used and the oxidation of low-work-function metal
electrodes could be avoided [6].

Zinc oxide (ZnO) is commonly used as elec-
tron transporting layer (ETL) in the inverted OSCs
because of its non-toxic, earth-abundant, low-cost,
and multiple solution-processable routes. For the
conventional low-temperature processed ZnO nan-
oparticles (ZnO NPs) synthesized through chem-
ical reaction of zinc salt and hydroxide [7], the sur-
face of ZnO NPs is naturally surrounded by hydroxy
surface ligands [8]. These hydroxy groups outside
ZnO NPs would cause severe aggregation, which
makes the ink unstable. In addition, films fabric-
ated from aggregated nanoparticles are always rough,
which would generate high charge transport res-
istance between ETL and the active layer [9, 10],
consequently influencing device performance. In par-
ticular, the smaller spread force during printing than
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in spin-coating would result in worse interface con-
tact [11–13]. Several approaches have been developed
to address this problem, such as titanium diisop-
ropoxide bis(acetylacetonate) (Ti(acac)2) [14]. Wei
et al modified ZnO nanoparticles with poly(ethylene
imine) (PEI) [15, 16] and capped ZnO nano-
particles with silane [17]. Yi et al [18] and Ambade
et al [19, 20] found in ZnO:PEI nanoparticles, 2-
(2-methoxyethoxy) acetic acid (MEA) could pre-
vent aggregation of ZnO NPs. Additionally, previous
works have shown that both the device efficiency and
stability are highly affected by the surface defects of
the ZnO ETL [21–26]. The film defects would trap
electrons and aggravate the interface charge recom-
bination, which decreased the performance [27–30].
Meanwhile, the existence of surface hydroxy groups
aggravated the photocatalytic effect of ZnO, causing
catastrophic degradation of small-molecule accept-
ors and leading to poor device stability [27, 31].
Modifying ZnO films with small molecules or treat-
ing the films with acid solution [24–26, 32, 33]
have been developed to solve this problem. Although
these approaches were effective in improving ink
stability or passivating surface defects, the under-
lying reason of aggregation has not been studied
yet. In addition, although previous studies have
demonstrated that several strategies are effective in
passivating film defects through surface modific-
ation and improving ink stability through chem-
ical grafting, few approaches can simultaneously
solve these two issues. In terms of colloidal chem-
istry, both the aggregation of nanoparticles and
film defects might originate from the surface charge
effect, which is highly affected by the pH environ-
ment of the inks and steric hindrance effect between
the nanoparticles [34–37].

Here, we systematically investigated the effect
of pH environment on ink dispersibility by treat-
ing nanocrystals with acid and alkali solutions. Acid
hybrid ZnO inks have good monodispersity and
long-term ink stability, which enabled the formation
of ultra-smooth ZnO films and enhanced electron
transport. Therefore, the ZnO:MEAETL-based 1 cm2

PM6:Y6 OSCs showed a performance of 15.9%, and a
T80 lifetime of 6600 h. The ZnO:MEA ETL also con-
tributed to the improvedmechanical properties of the
flexible OSCs, which kept 88% of initial efficiency
after 10 000 bending cycles. Using themonodispersed
ZnO nanoinks, large-area (10 × 10 cm2) films
were fabricated through slot-die coating and showed
excellent homogeneity. These characteristics strongly
suggested the great advantages of ZnO:MEA for
printed electronics.

2. Experimental section

2.1. Materials
Both electron donor PM6, poly[[4,8-bis[5-(2-ethy
lhexyl)-4-fluoro-2-thienyl]benzo[1,2-b:4,5-b′4,5-eth

ylhexyl)-4-fluoro-2-thiophenediyl[5,7-bis(2-ethylhe
xyl)-4,8-dioxo-4H,8H-benzo-[1,2c:4,5c′4,5zo-hexyl)
-4,8-dioxo-4-2-thienyl]benz c (PM6), and elec-
tron acceptor Y6, (2,20-((2Z,20Z)-((12,13-bis(2-
ethylhexyl)-3,9-diundecyl-12,13-dihydro-[1,2,5]thia
diazolo-[3,4-e] thieno[2[thienhexyl)-3,9-o[20,30:4,
5]pyrrolo[3,2 g]-thieno[20,30:4,5]thieno[3,2-b]ind
ole-2,10-diyl)bis(methanylylidene))bis(5,6-difluoro-
3-oxo-2,3-dihydro-1H-in-dene-2,1-diylidene))dima
lononitrile) were purchased from Solarmer Mater-
ials Inc., Beijing. 1-chloronaphthalene was pur-
chased from Sigma-Aldrich. Zn(OAc)2·2H2O, KOH,
and tetramethylammonium hydroxide (TMAH)
were purchased from J&K Scientific Ltd. MEA,
methanol (MeOH), ethanol (EtOH), isopropyl
alcohol (IPA), n-butanol (BuOH), and ethylene
glycol monomethyl ether (EGME) were purchased
from Adamas.

2.2. Synthesis of the nanoinks
ZnO NPs were synthesized through the similar route
as previously reported [7]. The ZnONPswere washed
twice using methanol and then dispersed in differ-
ent alcohol solvents, like MeOH, EtOH, IPA, BuOH,
and EGME through ultrasonication, and finally ZnO
nanoinks with concentration of 15 mg ml−1 were
obtained. The acid or base treated ZnO was prepared
by adding MEA and TMAH solution into the ZnO
nanoink, respectively.

2.3. Characterization of the nanoinks and films of
ZnO
Transmission electron microscopy (TEM) images
were measured using Tecani G2 F20 S-Twin (EEI).
X-ray diffractometer (XRD) of ZnO powder was
performed using a D8 Advance from Bruker AXS.
X-ray photoelectron spectroscopy (XPS) were car-
ried out using an ultrahigh-vacuum surface ana-
lysis system (Kratos AXIS Ultra DLD, SINANO).
Dimension 3100 (VEECO) was used to measure the
atomic force microscopy (AFM) images. Zetasizer
Nano (Malvern) was taken to measure the diameter
and Zeta potential of the ZnO nanoinks. The pH val-
ues weremeasured by the PHS-3E (INESA Shanghai).
The profiler (DEKTAK 150, VEECO) was taken to
characterize film thickness. Absorption spectra (UV–
vis) were measured by Lambda 750 spectrometer
(PerkinElmer). Photoluminescence (PL) characteriz-
ation was carried out using Princeton instruments
SP2500i under excitation of 330 nm.

2.4. Slot-die coating of large-area ZnO and
ZnO:MEA films
The desktop-level multi-functional coating machine
(Hunan Nano UP Electronics Technology Co., Ltd)
was used for slot-die coating. The slot-die coated ZnO
and ZnO:MEA films were prepared from ZnO and
ZnO:MEA nanoinks (60 mg ml−1 in BuOH) on the
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Ag nanowires (AgNWs) electrode. The speed of slot-
die coating and temperature was 10.0 mm s−1 and
50 ◦C, respectively.

2.5. OSC fabrication
To fabricate the inverted OSCs with a struc-
ture of glass/indium tin oxide (ITO) /ZnO
ETL/PM6:Y6/MoO3/Al, the glass/ITO electrodes
were firstly cleaned by ultrasound in deionized water,
acetone, and IPA for half hour each step. After 10 min
of UV ozone treatment, the ZnO, ZnO:MEA, and
ZnO:TMAH ETLs were prepared from the nanoinks
with spinning-coating speed of 2000 rpm. These
films were subsequently annealed for 10 min at
130 ◦C. Then, the active layer was prepared through
spin-coating from the precursor solutions that com-
posed of PM6, Y6 with concentration of 7.0 and
8.4 mg ml−1, respectively. The solution was stirred
continuously for 3 h at 50 ◦C in prior spin-coating.
Then, the PM6:Y6 active layers were prepared on
ETLs through dynamic spin-coating at 2000 rpm for
60 s. The annealing condition of active layers was
100 ◦C for 10 min. At last, 10 nm MoO3 and 100 nm
Al were deposited in successively thermal evapor-
ated at a vacuum level around 1 × 10−5 Pa. For the
flexible organic solar cells (FOSCs), gravure printed
polyethylene terephthalate (PET)/AgNWs were used
as electrodes.

2.6. OSC characterization
Current density–voltage (J–V) characteristics was
measured using a source meter (Keithley 2400) under
AM 1.5 (100 mW cm−2) illumination solar simu-
lator (Zolix SS150) in the glove box. The external
quantum efficiency (EQE) spectra were recorded by
the homemade instrument. In detail, the instrument
contained a tungsten halogen lamp (Osram64610), a
monochromator (Zolix, Omni-λ300), a lock-in amp-
lifier and an I−V converter. Electrochemical imped-
ance spectroscopy (EIS) were measured through
PGSTAT 302N (Autolab). For long-term stability, the
device was continuously illuminated in the glove box,
and the performance was periodically recorded using
the decay test system (PVLT-G8001M, Suzhou D&R
Instruments Co. Ltd) [27, 38]. The bending durability
tests of FOSCs were carried out through FlexTest-F-C
instrument (Hunan Nasheng Electronic Technology
Co., LTD), and the bending radius was 5.0 mm.

3. Results and discussion

3.1. Physical properties of acid and base modified
ZnONPs
The pristine ZnO NPs were synthesized from
the method of Moussodia [7]. By adding MEA
and TMAH to the pristine ZnO nanoinks, the
impact of pH on physical properties of ZnO

NPs was studied. Based on the absorbance spec-
tra shown in figure S1 (available online at
stacks.iop.org/FPE/7/025013/mmedia), we ensured
neither MEA nor TMAH modification has corroded
ZnO. It is reasonable since the pH values of the
nanoinks varied from 7.8 to 6.0 and 8.4 with the
addition of MEA and TAMH, respectively. The mild
change of pH condition caused no obvious reac-
tion between ZnO and acid/base though ZnO is an
amphoteric metal oxide. TEM images of these nano-
particles were then recorded to investigate their size.
As shown in figures 1(a)–(c), we found that both ZnO
and ZnO:TMAH nanoparticles had obvious aggreg-
ation, and the aggregation clusters of ZnO:TMAH
were much larger than those of the ZnO nanoinks.
In contrast, the ZnO:MEA nanoparticles were more
homogeneous than the ZnO and ZnO:TMAH nan-
oparticles. From the high resolution transmission
electron microscope (HRTEM) images (inset of
figures 1(a)–(c)), particle sizes of ZnO:MEA and
ZnO:TMAH NPs were determined to be 7.2 ± 0.4
and 7.4 ± 0.3 nm, which were like that of ZnO
(7.6± 0.3 nm) (figure 1(d)).

The crystallinity of the different ZnO nanocrys-
tals was measured using XRD patterns (figure 1(e)).
All of the obtained ZnONPs showed a wurtzite struc-
ture with typical diffraction peaks corresponding to
hexagonal ZnO (ICCD No. 21-1486) [17]. ZnO and
ZnO:TMAH had sharp diffraction peaks and nar-
row half-peak widths, indicating good crystallinity
and large grain size, while the diffraction peaks of
ZnO:MEA were much wider.

The effects of acid/basemodificationswere invest-
igated by PL spectroscopy under the excitation of
330 nm. As shown in figure 1(f), ZnO NPs have
an emission peak at 360 nm and a strong, broad
green emission peak at 530 nm. The two peaks are
assigned to band-edge emission and oxygen-vacancy
related defect emission. The emission intensity of
ZnO and ZnO:TMAH nanocrystals was much lower
than that of ZnO:MEA, which could be ascribed to
PL quenching [39].

3.2. Effects of acid and base modification on
dispersibility and stability of ZnO nanoink
To investigate the effects of acid/base modification
on the dispersibility of inks, dynamic light scat-
tering was performed. The diameters (figure S2)
of ZnO, ZnO:MEA, and ZnO:TMAH were 22.5,
8.0, and 21.2 nm, respectively. We found the dia-
meter of ZnO:MEA was nearly the same as the crys-
tal size, apparently suggesting the ZnO:MEA nano-
particles were monodispersed. Meanwhile, we found
over 80% of the ZnO:MEA nanoparticles were mon-
odispersed based on the histogram size. However,
ZnO:TMAH showed serious aggregation, with dia-
meters ranging from 10.0 to 80.0 nm. According
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Figure 1. (a)–(c) TEM and HRTEM of the ZnO, ZnO:MEA, and ZnO:TMAH nanoparticles, (d) particle size of ZnO NPs
estimated from TEM images, (e) XRD patterns, (f) PL spectra of the ZnO, ZnO:MEA, and ZnO:TMAH nanoinks.

Figure 2. (a) The photographs of ZnO:MEA nano powders and the nanoinks obtained through dispersing the dried powders in
solvents, (b) the diameter evolution of the ZnO and ZnO:MEA nanoinks during storage at room temperature, (c) the
photographs of the ZnO:MEA nanoinks dispersed in n-butanol during storage in a closed and an open vessel.

to Ostwald Ripening theory [40], the inks with
narrower diameter distributions were more difficult
to form large particles, which is conducive to stabiliz-
ing nanoinks. On this basis, the ZnO:MEA ink would
be more stable. Meanwhile, it is worth noting that
the ZnO:MEA nanoparticles were also well dispersed
in several solvents, including ethanol, IPA, n-butanol,
and 2-methoxy ethanol (figure S3). Additionally, the
ZnO:MEA inks could be dried and stored as powders

which could be redispersed in several solvents to form
inks again (figure 2(a)). The excellent dispersibility of
ZnO:MEA nano powders in various solvents makes
them convenient for storage and transportation. The
superior dispersibility and ink stability of ZnO:MEA
were mainly ascribed to the removal of hydroxyl
groups and steric stabilizing effect of MEA [41].

During real R2R printing, ink stability is essen-
tial for printing reproducibility, because inks are used
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Figure 3. XPS spectra of (a)–(c) O 1s core level of the ZnO, ZnO:MEA, and ZnO:TMAH films, respectively. (d) Schematic
diagram of ZnO NPs aggregation process and ZnO:MEA NPs partial amorphization process.

continuously at room temperature. Thus, we invest-
igated the ink stability by storing these ZnO inks
in the ambient atmosphere for several months, and
photographs of ZnO and ZnO:MEA nanoinks were
exhibited in figure S4. The pristine ZnO nanoink
became turbid after one week storage in air. Obvi-
ous sediments formed in the ZnO:TMAH nanoinks
after 2 h of storage. However, the ZnO:MEA nanoinks
remained transparent after 18 months of storage
(figure 2(b)), showing excellent stability. Herein, the
improvement of stability came from the neutraliza-
tion of hydroxyl groups, which was confirmed by the
XPS result (vide infra). During R2R printing, inks
are always placed in an open or half-open vessel,
making it much easier to agglomerate during con-
tinuous printing because of solvent evaporation. Fur-
thermore, to simulate the R2Rprinting, the ink stabil-
ity in an open vessel was also studied. For continuous
R2R printing, a high-boiling solvent should be used
to avoid quick evaporation of solvent. Therefore, n-
butanol was used as the dispersing solvent to investig-
ate the ink stability in open vessels. Figure 2(c) shows
the photographs of these nanoinks stored in a closed
and open vessel at room temperature. After 12 days,
the ZnO:MEA inks remained clear without obvious
agglomeration, even though the solvent has evapor-
ated by 1/3, which meant that ZnO:MEA had good
stability in an open-air environment.

These observations indicated the MEA-modified
ZnO was monodispersed and would be long-term
stable during long-term storage and continuous
printing process. Nevertheless, TMAH-modified
ZnO was significantly aggregated. To gain more
insight into the reasons, the XPS spectra of these
films were investigated. Compared with the pristine
ZnO films (figure S5, table S1), ZnO 2p core level for

ZnO:MEA and ZnO:TMAH films has 0.1 and 0.3 eV
peaks shifted towards a lower binding energy direc-
tion, suggesting both acid and base additives have
changed the coordination of Zn [42]. On the side
of the O1s core level, we found the high-resolution
O1s spectra of ZnO could be fitted by three Gaus-
sian peaks (as shown in figures 3(a)–(c)). The low-
binding energyOL peak at 530.3 eV attributed to ZnO
lattice oxygen [43]. The medium-binding energy
OV peak at 531.4 eV was attributed to oxygen-
defect. And the high-binding energy peaks were from
chemisorbed oxygen such as hydroxyl. Among these
three peaks, the medium binding energy OV peak in
the ZnO:MEA film at 532.3 eV was not only asso-
ciated with oxygen vacancies but also related with
oxygen in MEA. For the ZnO film, the proportion of
OH peak at 531.9 eV was 14.38%. For the ZnO:MEA
film, the hydroxyl groups were neutralized, which
could not be detected in the ZnO:MEA film. For the
ZnO:TMAH film, the proportion of OH increased
to 22.24% (summarized in table S2), and the peaks
were shifted towards higher binding energy as well.
The changes of OH peaks indicated the TMAH addi-
tion aggravated the hydroxyl groups of ZnO film
[31], while the treatment of MEA reduced the surface
hydroxyl groups.

Based on the above results, a schematic diagram
of aggregation and disaggregation processes of ZnO
NPs was shown in figure 3(d). Dehydration between
hydroxyl groups can push the formation of strong
binding between ZnO nanoparticles, which is the
main reason for agglomeration, consequently, the
inks gradually become cloudy. In contrast, the MEA
addition could remove the surface hydroxyl groups
through Lewis acid-base reactions and break the
aggregation. As an excellent steric stabilizer, MEA
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Figure 4. AFM images of (a) ZnO, (b) ZnO:MEA, and (c) ZnO:TMAH films.

may have three functions: (a) reacts with hydroxyl
groups and breaks the aggregation; (b) enhances
steric hindrance,making the ZnONPs stable [36, 37],
and (c) provides good alcohol solubility, which
ensures excellent dispersibility of ZnO NPs in dif-
ferent alcohols. Therefore, the removal of hydroxyl
groups and enhanced steric hindrance between
nanoparticles contributed to excellent ink stability
and dispersibility.

3.3. Application of acid and base modified ZnO
NPs in OSCs
As ETLs, the film quality and surface morphology of
ZnO films will highly influence the interface contact
and interface charge transport. Thus, the film quality
of ZnO ETL is significantly important for device per-
formance and stability of OSCs. AFM images shown
in figures 4(a)–(c) were performed to characterize the
ZnO films. The root mean square (RMS) roughness
values of ZnO, ZnO:MEA, and ZnO:TMAH films
were 1.43 ± 0.02, 0.97 ± 0.02, and 2.17 ± 0.06 nm,
respectively. Though the surface roughness of these
films is not high, the ZnO:MEA film is still much
smoother than the ZnO and ZnO:TMAH films. The
ultra-smooth ZnO:MEA films with much smaller
RMS relative to ZnO and ZnO:TMAH films were
due to the excellent dispersibility of the ZnO:MEA
nanoinks, which could be beneficial for charge trans-
port between ETL and the active layer. The electron-
only devices (Al/ZnO/Al or Al/ZnO:MEA/Al) were
taken to study the electron-transporting proper-
ties of the ZnO and ZnO:MEA ETLs by space-
charge-limited current (SCLC) measurement. The
J−V curves (figure S6) agreed with SCLC mode
where there was an ohmic contact region and an
SCLC region. Because of the trap-free SCLC beha-
viour of these devices, trapped space-charge regions
did not exist. From the SCLC region, the electron
mobilities of ZnO and ZnO:MEA ETLs can be estim-
ated. According to the Mott–Gurney SCLC equation
[44, 45]:

J=
9

8
εrε0µ

V2

d3

where εr, ε0, µe, and d is the relative dielec-
tric constants, the vacuum dielectric constant, elec-
tron mobility, and thickness, respectively. The elec-
tron mobilities of the ZnO and ZnO:MEA ETLs
were calculated to be about 8.68 × 10−4 and
8.35 × 10−4 cm2 V−1 S−1, respectively. The results
agreed well with the theoretical electron mobility of
ZnO ETL (10−4–10−3 cm2 V−1 S−1) [17, 26, 46, 47].
The electron mobilities indicated that acid modific-
ation has a detrimental effect on the conduction of
ZnO NPs. Nevertheless, the SCLC regions were at a
high bias region, in which the film traps were filled
by the injected current. As exhibited in figure S6,
the current density of the electron-only devices based
on pristine ZnO ETL was lower compared to the
ZnO:MEA one, which means there was higher trap
density in the pristine ZnO ETL.

Figure 5(a) showed the device structure of ZnO
and ZnO:MEA ETLs-based OSCs and the molecu-
lar structures of PM6 and Y6. The J–V characterist-
ics, EQE spectra, and integral currents of the OSCs
were exhibited in figures 5(b) and (c). Table 1 lists the
corresponding OSCs performance parameters. The
OSCs based on ZnO ETL exhibited VOC, JSC, fill
factor (FF), and PCE of 0.842 V, 26.04 mA cm−2,
74.99%, and 16.47%, respectively. With MEA addi-
tion into ZnO, the device performance gradually
improved first and then decreased, with 0.5 mg ml−1

as a saturation (shown in table S3). As an optimiz-
ation, PCE of 16.51% with VOC of 0.842 V, JSC of
25.81 mA cm−2, and FF of 75.06% was obtained.
Such performance was among the highest efficiency
of PM6:Y6 devices with an inverted structure [14, 27,
33]. But overall, the device performance was slightly
influenced by MEA as the concentration of MEA
was restricted within 2 mg ml−1. Further increasing
the MEA concentration from 2 to 5 mg ml−1 led to
an obvious decrease in JSC and PCE. Although the
ZnO and ZnO:MEA ETL-based OSCs gave similar
performance when the thickness was approximately
30 nm, the ZnO:MEA devices showed a high work-
ing thickness and large thickness tolerance. As exhib-
ited in figure 5(b) and table 1, the ZnO ETL-based
OSCs showed a rapid drop in performance when the
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Figure 5. (a) Device structure and molecular structure of PM6 and Y6. (b) PCE evolution of ZnO and ZnO:MEA ETL-based
OSCs with thickness increased. (c) PCE evolution of OSCs under continuous illumination. UV–vis evolution of the active layer
on the top of (d) ZnO and (e) ZnO:MEA ETLs. (f) J−V curves of 1 cm2 PM6:Y6 ZnO and ZnO:MEA ETLs-based OSCs. (g) J–V
curves and (h) bending resistance of the 0.64 cm2 ZnO and ZnO:MEA ETLs-based FOSCs.

Table 1. Device performance of the small area inverted OSCs with ZnO and ZnO:MEA ETLs with thickness increased.

ETL
Thickness
(nm) VOC (V) JSC (mA cm−2) FF (%) aPCE (%) bPCE (%)

ZnO 25± 3.4 0.842 26.04 74.99 16.44± 0.06 16.47
106± 9.8 0.832 25.00 66.01 13.73± 0.73 13.90
213± 15.5 0.721 21.34 59.41 9.14± 0.23 9.45

ZnO:MEA 26± 5.1 0.842 25.81 75.06 16.31± 0.65 16.51
120± 9.9 0.841 24.75 73.94 15.38± 0.39 16.00
225± 23.3 0.841 24.32 72.79 14.88± 0.28 15.28

a Average PCE was calculated from ten individual devices.
b The maximum PCE of the ten individual devices.

thickness of ZnO ETL increased from 25 to 213 nm.
In contrast, the performance of the ZnO:MEA ETL-
based OSCs was still higher than 15%when the thick-
ness of ZnO:MEA ETL increased from 26 to 225 nm,
which indicated ZnO:MEA ETL was more applicable
to large-area printing owing to its good conductivity
and proper film quality. The high thickness tolerance
of ZnO:MEA mainly benefited from the improved
film quality since themonodispersed nanoinks would
enable a more compact and smoother film. Such
a large work thickness would reduce printing diffi-
culties and improve reproducibility.

Figure 5(c) shows the evolution of PCE under
continuous illumination. The OSCs with ZnO ETL
showed a quick burn-in degradation within 20 h
and a relatively slower degradation as time increased
from 20 to 1200 h. The PCE remained at 83% after
1350 h. Encouragingly, the burn-in degradation of
the ZnO:MEA devices was greatly inhibited, thereby
the device degradation was much slower, retaining
92% of the initial value after 1350 h of degradation.
Consequently, the T80 lifetimes of the ZnO and
ZnO:MEA devices were estimated approx. 1780 and
6600 h, respectively (figure S7). The dramatically
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Table 2. Device performance of the rigid (1 cm2) and flexible (0.64 cm2) inverted OSCs employed ZnO and ZnO:MEA ETLs.

Device area
(cm2) ETL

Thickness
(nm) VOC (V)

JSC
(mA cm−2) FF (%) aPCE (%) bPCE (%)

Rigid

1.00 cm2
ZnO 25± 3.4 0.823 26.00 70.32 15.05± 0.12 15.14
ZnO:MEA 26± 5.1 0.824 25.80 74.40 15.81± 0.06 15.84

Flexible

0.64 cm2
ZnO 52± 6.7 0.814 25.37 73.69 15.22± 0.04 15.26
ZnO:MEA 53± 5.1 0.813 25.74 72.85 15.24± 0.06 15.31

a Average PCE was calculated from ten individual devices.
b The maximum PCE of the ten individual devices.

difference demonstrated the significant effect of ZnO
ETL on the degradation process. Considering that
average annual solar irradiation from 2011 to 2020 in
Suzhou (Jiangsu Province, China) was 1950 h (figure
S8) [48], a continuous lifetime of 6600 h for the
ZnO:MEA ETL-based OSCs indicated that the OSCs
could work for at least longer than three years, meet-
ing the requirements of some consumer electronics.
Previous studies have proved that interface degrada-
tion due to the catalytic effect of the ZnO ETL was
the main reason for device degradation. The exist-
ence of hydroxyl groups would accelerate the sur-
face degradation due to the generation of hydroxyl
radicals through photo-oxidation of hydroxyl groups
[27]. The hydroxyl radical is the reactive species
that decompose the organic non-fullerene acceptors
[31]. Based on the absorption absorbance of the
ETL/PM6:Y6 films (figures 5(d) and (e)), we observed
the decrease in the absorption intensity at around
820 nm for ZnO:MEA/PM6:Y6 films was slower than
that of ZnO/PM6:Y6 films, which indicated that pho-
tobleaching reactions between ZnO and active layer
were eliminated with MEA addition into ZnO. In
ZnO:MEA ETL, reaction between acid and hydroxyl
groups could effectively remove the hydroxyl groups,
which has been proved by the XPS spectra.

When device area increased to 1 cm2, the
ZnO:MEA ETL-based OSCs (As shown in table 2) got
a PCE of 15.84%, with VOC, JSC, and FF of 0.824 V,
25.80 mA cm−2, and 74.49%, respectively. Devices
with ZnO ETL exhibited an inferior performance
of 15.14% (figure 5(f)). This result strongly sug-
gested that ultra-smooth films and the removal of
hydroxy-oxygen defects in ETLs have great advant-
ages in large-area devices. The integrated current
density calculated from EQE spectra (figure S9)
agreed with J−V characteristics. To deeply under-
stand the reason of performance improvement for
the 1 cm2 devices, the light intensity-dependent
VOC and JSC of these devices were measured and
shown in figure S10(a) and (b). This result suggested
bimolecular recombination and space charge effects
were negligible in all OSCs [49, 50]. Regarding the
light intensity-dependent VOC, a slope of nkBT/q
could be expected where n, kB, T, and q are the ideal
factor, Boltzmann constant, absolute temperature,
and elementary charge, respectively [51]. The slopes
of OSCs with ZnO and ZnO:MEA ETL shown in

figure S10(b) were estimated to be 1.32 kB/q and 1.15
kB/q. The slope of ZnO ETL-based OSCs is larger
than that of ZnO:MEA ETL-based ones, suggesting
that more trap-assisted recombination has occurred
[51]. Because the device structure are the same except
ETL, there is a higher defect-assisted recombination
in the ZnO-based OSCs, probably due to recombin-
ation between ZnO and organic layers. From EIS
shown in figure S10(c), transporting resistances of
the ZnO and ZnO:MEA-involved OSCs were 6.7 and
2.7 Ω, while the recombination resistance was 28.1
and 95.6Ω. The lower transport resistance and much
higher recombination resistance contributed to better
performance of the ZnO:MEA ETL-based large-area
device.

Meanwhile, ZnO:MEAETLwas utilized in FOSCs
(0.64 cm2). FOSCs with structure of PET/AgNWs/α-
ZnO/ZnO or ZnO:MEA ETL/PM6:Y6/MoO3/Al were
fabricated. Here, α-ZnO was an amorphous ZnO
layer, which was used to modify the AgNWs elec-
trodes [9]. As shown in figures 5(g) and (h), the ZnO
and ZnO:MEA ETL-based flexible PM6:Y6 OSCs
with an area of 0.64 cm2 showed a similar per-
formance of around 15.30%. However, ZnO:MEA
ETL-based FOSCs exhibited much better mechan-
ical flexibility than ZnO ETL-based ones. Bending
resistance of these FOSCs was investigated using
a bending machine, as shown in figure S11. After
10 000 bending cycles which bending radius was
5.0 mm, ZnO-based FOSCs maintained 75%, while
ZnO:MEA ones maintained 88%. The main reason
for the performance degradation during bending
was ascribed to the decrease of FF, implying that
the main reason was interface degradation. There-
fore, the enhanced bending resistance undoubtedly
proved that a compact and smooth ZnO ETL was
significantly important for the mechanical properties
of FOSCs.

The monodispersed ZnO:MEA nanoparticles
ensured excellent dispersibility, long-term stabil-
ity, large working thickness, and ultra-smooth ETL
films, demonstrating the great potential of the
ZnO:MEA nanoinks in large-area printing. To evalu-
ate the possibility of printing, we fabricated large-area
ZnO:MEA films through slot-die coating (figure 6(a))
with gravure-printed PET/AgNWs as cathode [52].
ZnO and ZnO:MEA nanoinks (60 mg ml−1) for
slot-die coating were dispersed in n-butanol. Firstly,
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Figure 6. (a) Schematic diagram of slot-die coating, (b) the photographs of large-area ZnO:MEA film (10× 10 cm2) fabricated
from the slot-die coating. (c) UV–vis of the slot-die coated ZnO and ZnO:MEA films at 16 regions. (d) The performance
histogram of the flexible OSCs with gravure printed AgNWs electrodes, and slot-die coated ZnO and ZnO:MEA ETLs.

the viscosity of ZnO and ZnO:MEA nanoinks were
determined to be 4.70 and 3.21 mPa s, respect-
ively. Since the addition amount of MEA is low,
the addition of MEA had a negligible influence on
inks viscosity. Figure 6(b) showed photographs of
large-area (10 × 10 cm2) slot-die coated films. We
found that large-area AgNW/ZnO:MEA films had
good optical transparency. Furthermore, the homo-
geneity of the large-area films was investigated by
testing the absorption spectra using a homemade
multichannel photometer. As shown in figure 6(c),
it was obvious to find that the absorption spectra of
ZnO:MEA films at 16 regions were nearly the same,
indicating excellent film uniformity. And accord-
ing to the AFM images (figure S12), the RMS values
of slot-die coated ZnO and ZnO:MEA films were
6.0 ± 1.2 and 3.0 ± 0.7 nm, respectively. On top
of the large-area AgNWs electrode and ZnO:MEA
ETLs, the active layer, and Al electrode were pre-
pared sequentially through spin-coating and vacuum
deposition to form FOSCs (0.09 cm2). Table S5 lists
the parameters of these FOSCs. The histogram of per-
formance (figure 6(d)) showed that the FOSCs with
slot-die coated ZnO:MEA ETL exhibited an average
efficiency approximately 15.22% and a highest per-
formance of 16.27%, which were much higher than
those devices with slot-die coated ZnO ETL [53].

4. Conclusions

All in all, we studied the effects of pH environ-
ment on dispersibility and long-term stability of ZnO

nanoinks. The utilization of a base (TMAH) intro-
duced excess hydroxyl radicals and accelerated the
aggregation of nanoparticles. In contrast, the use of
an acid (MEA) additive resulted in monodispersed
ZnO nanoparticles and excellent ink stability, which
remained stable for more than 18 months at room
temperature or re-disperse to form inks after dry-
ing. The monodispersed ZnO nanoinks improved
the film quality, and ultra-smooth ZnO films with
a high working thickness of at least 200 nm were
obtained. Particularly, for the 1 cm2 large-area OSCs,
the ZnO:MEA ETL-based PM6:Y6 OSCs exhibited a
PCE up to 15.84%. Because of the removal of surface
hydroxy groups, the ZnO:MEA-based OSCs exhib-
ited significantly improved long-term stability (up
to 6600 h of T80 lifetime) compared with the ZnO-
based ones (T80 lifetime of approximately 1780 h).
Additionally, the excellent monodispersibility and
thickness independence ensured high-quality large-
area (10 × 10 cm2) films by slot-die coating. This
work provided an easy way to simultaneously solve
the ink stability and film defect issues, which also
improved the performance and long-term stability of
non-fullerene acceptor OSCs.
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