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ABSTRACT: Interface engineering is a powerful tool to improve the performance of polymer solar cells (PSCs), and zinc oxide
(ZnO) is a significant interfacial material for PSCs. However, ZnO is easy to agglomerate, which leads to low charge conductivity
and poor stability; moreover, the hydroxyl groups on its surface also lead to a large number of defects, which restricts the application
of ZnO. In order to improve the dispersion stability of ZnO nanoparticles and inhibit its surface defects, ZnO coated carbon dot
(CD@ZnO) nanoparticles are first synthesized by direct particle precipitation. The introduced CD induces and participates in the
growth of ZnO crystal. As a result, CD@ZnO nanoparticles show better colloidal stability, wider energy band gap, and fewer surface
defects, which enhances the exciton extraction and restrains the charge recombination at the interface of the active layer and electron
transport layer (ETL) of PSCs. Therefore, the device based on poly[[4,8-bis[5-(2-ethylhexyl)-4-fluoro-2-thienyl |benzo[ 1,2-b:4,5-
b’]dithiophene-2,6-diyl]-2,5-thiophenediyl[ 5,7-bis(2-ethylhexyl)-4,8-dioxo-4H,8 H-benzo| 1,2-c:4,5-¢' ] dithiophene-1,3-diyl]-2,5-thio-
phenediyl]:3,9-bis(1-oxo-2-methylene-3-(1,1-dicyanomethylene)-5,6-difluoroindanone)-S,5,11,11-tetrakis(4-n-hexylphenyl)-
dithieno[2,3d:2’,3'd’]-s-indaceno[ 1,2-b:5,6-b"]dithiophene with CD@ZnO as ETL exhibits a greatly strengthened power conversion
efficiency of 12.23% compared to 11.26% of the reference device. Meanwhile, the CD@ZnO ETL also achieved a big performance
boost in fullerene-based solar cells. This work offers an available method using CDs to modify ZnO for highly efficient PSCs.

KEYWORDS: polymer solar cells, ZnO, carbon dot, core—shell composites, electron transport layer

1. INTRODUCTION matched energy level, air stability, high transmittance under
sunlight, and easy preparation.”” In general, there are two main
ways to synthesize ZnO used in PSCs: the sol—gel method”
and direct particle precipitation method.” In the preparation of
nanometer ZnO by sol—gel method, the precursor solution
needs to be calcined at about 200 °C to obtain the ZnO thin
film. High temperature process is not conducive to the
industrial production of PSCs, especially for the printing
preparation of flexile large-area devices.'” Moreover, there are
many crystal defects in a ZnO layer, such as oxygen vacancy
and excess hydroxyl groups, which are considered to be the

Polymer solar cells (PSCs) are considered as a promising new
energy technology for advantages such as light weight,
flexibility, roll-to-roll fabrication, and portable devices.'
Recently, the highest power conversion efficiency (PCE) of
PSCs has exceeded 18%,” which shows great commercial
prospect of PSCs. To further ameliorate the PCE and stability
of PSCs is beneficial to realizing their commercialization. So
far, many strategies have been used to make new break-
throughs in the PCE of PSCs, such as molecular design of
novel materials,' morphology optimization of active layer,” and
interface engineering.4 Among these strategies, interfacial

engineering has dual functions, which can simultaneously Received:  September 20, 2020
enhance the PCE and stability of PSCs." Accepted: October 21, 2020
Compared with conventional PSCs, the inverted PSCs using Published: November 4, 2020

metal oxide as the electron transport layer (ETL) demonstrate
a better long-term stability.” ZnO has been extensively used as
ETL in inverted PSCs because of its high charge conductivity,
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electron trap sites causing poor electron mobility of ZnO thin
film."" In comparison, the preparation of ZnO by direct
particle precipitation does not require high temperature
calcination, which can meet the demand of PSCs for industrial
production, demonstrating great application potential. How-
ever, the ZnO prepared by direct particle precipitation is easy
to reunite. In addition, the “light soaking” phenomenon, which
is caused by the defects on the surface and inside of ZnO, can
worsen the PCE of PSCs.'”> Therefore, the modification of
ZnO synthesized by direct particle precipitation is of great
significance for improving the PCE of PSCs.

A great deal of work has been done to suppress the defects
of ZnO synthesized by direct particle precipitation, and it can
be roughly divided into two categories. The first is physical
modification, that is, mixing simple organic molecules with
ZnO or spin coating organic molecules above ZnO film to
form a double ETL. For example, poly[(9,9-bis(3'-(N,N-
dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctyl)-
fluorene] (PFN),B bis(trifluoromethane )sulfonimide lithium
salt (Li-TESI),'* and tetrafluoroterephthalic acid (TFTPA)"
were doped into ZnO ETL, which can increase the dissociation
of excitons and reduce the exciton recombination at the active
layer/ETL interface, resulting in enhanced device performance.
Besides, double ETLs, such as ZnO/AL'® ZnO/PEN," and
ZnO/ethoxylated polyethyleneimine (PEIE),"” were used to
passivate the ZnO surface defects, so as to achieve higher PCE
and better stability of PSCs.

Another kind of modification is chemical modification,
including surface grafting and chemical doping. For example,
Wei et al.'® grafted 3-aminopropyltrimethoxysilane (APTMS)
onto the surface of ZnO, which effectively reduces the surface-
adsorbed oxygen groups and enhances the electron transfer
rate of ZnO, resulting in suppressed “light-soaking”. Also many
other organic molecules have been used to modify ZnO
surface, such as glutamic acid (Gly)'? and 2-(2-(2-
methoxyethoxy)ethoxy)ethylundec-10-enyl malonate C-60
(EEMC).”® In addition, Ling et al*' modified ZnO with
various alkali metal halides (LiF, LiCl, and LiBr), which also
increases the electron transport capacity of ZnO and
suppresses the “light soaking”. Moreover, various metal
elements were doped into ZnO, such as AP 2223 ir P2
Ga®*,*® Sn**,*” and Cs**,*® since metal doping could effectively
improve the electrical conductivity of ZnO.

Currently, carbon dots (CDs) have also been used to modify
Zn0,” ™! owing to their excellent photoelectric properties,*”
tunable optical and electronic properties,”> photochemical
stability,”* and abundant surface functional groups.” For
example, Lin et al.” used rationally designed CDs with amino
groups as an interfacial modification on ZnO films. As a result,
the work function and roughness of ZnO have been decreased
and the transport of photogenerated charge carriers has also
been facilitated, hence greatly improving device performance.
Wang et al.’’ overcame the light-soaking effect in PSCs by
using N, S-doped CDs as efficient surface modifier for ZnO. It
can be seen from the above reports that CDs are mainly used
to physically modify ZnO on its surface. The resulting
composite structure is poor in stability.

Herein, ZnO-coated CD (CD@ZnO) nanoparticles were
synthesized by doping CDs in situ during the synthesis of ZnO
by direct particle precipitation and used as ETL in PSCs.
Compared with the reported physical modification of ZnO by
CDs, the synthesis of CD@ZnO is a one-step in situ chemical
process featuring more stable structure and simpler operation.

The introduction of CDs not only effectively passivate the
external and internal crystal defects of pristine ZnO but also
inhibited agglomeration of ZnO. Finally, the inverted PSCs
based CD@ZnO ETL displayed markedly improved PCE with
respect to those with a pristine ZnO ETL. These excellent
properties of CD@ZnO ETLs afford a new opportunity for
higher performance PSCs.

2. EXPERIMENTAL SECTION

2.1. Materials. CDs were synthesized from citric acid (CA) and
ethylenediamine (EDA) through hydrothermal reaction as reported
by Wang et al®' Zinc acetate dehydrate (Zn(OAc), (99.999%)),
methanol (99%), and KOH (85%) were purchased from Alfa Aesar.
Poly(3-hexylthiophene) (P3HT, M, = 5.0 X 10* g mol™"), [6,6]-
diphenyl-Cg,-bis(butyric acid methyl ester) (bis-PC4,BM), poly[[4,8-
bis[S-(2-ethylhexyl)-4-fluoro-2-thienyl]benzo[1,2-b:4,5-b"]-
dithiophene-2,6-diyl]-2,5-thiophenediyl[5,7-bis(2-ethylhexyl)-4,8-
dioxo-4H,8H-benzo[ 1,2-c:4,5-c' dithiophene-1,3-diyl]-2,5-thiophene-
diyl] (PMS6), and 3,9-bis(1-oxo-2-methylene-3-(1,1-dicyanomethy-
lene)-S,6-difluoroindanone)-5,5,11,11-tetrakis(4-n-hexylphenyl)-
dithieno[2,3-d:2’,3’-d’]-s-indaceno[ 1,2-b:5,6-b’ ]dithiophene (IT-4F)
were bought from Solarmer Materials Inc. (Beijing).

2.2. Synthesis of ZnO and CD@ZnO Nanoparticles. Pristine
ZnO nanoparticles were prepared through a typical direct particle
precipitation method reported in the literature.” However, the
preparation method of CD@ZnO is different. The specific
preparation steps are as follows. First, dissolve Zn(OAc), (1.48 g,
6.7 mmol) in methanol and keep stirring and heat the solution to 63
°C. Then, a methanol solution of CDs (0%, 0.5%, 1%, 2%, 3%) and
KOH (0.74 g, 11.5 mmol) was added to the Zn(OAc), solution at a
constant speed within 10 min. The doping ratio of CDs was
determined by the ratio of the mass of doped CDs to the theoretical
formation mass of ZnO. It should be noted that in the pristine ZnO
preparation process, the solution began to precipitate in 1.5 h after
KOH was added dropwise. However, after the introduction of CDs,
the time of sample precipitation decreases as the proportion of CDs
increases. The precipitation time of the samples doped with 0.5%, 1%,
2%, and 3% CDs were 1.4 h, 1 h, 50 min, and 30 min, respectively.
The reaction phenomenon obviously proves that the introduced CDs
induced the formation of ZnO nanoparticles. After about 2 h of
reaction, stop heating and stirring. After leaving the reaction product
stand for 2 h and removing the supernatant, the precipitate was
washed twice with methanol. Finally, the CD@ZnO nanoparticles
were centrifuged and strongly ultrasonically dispersed in methanol to
obtain the CD@ZnO ink.

2.3. Preparation of Inverted PSCs. All PSCs with a
configuration of ITO/ZnO(CD@ZnO)/active layer/MoO;/Al were
prepared. After ultrasonic cleaning with glass cleaner, acetone, and
isopropanol, ITO glasses were treated with ozone under ultraviolet
light for 30 min. After that, an ETL (ZnO or CD@ZnO) was spin-
coated on the ITO substrate at 2000 rpm for 60 s and then annealed
at 120 °C on the thermal platform for 10 min. After that, the active
layers (PM6:1T-4F and P3HT:bis-PCBM) were deposited on ZnO or
CD@ZnO ETL films. In particular, for the PM6:IT-4F devices, the
solution of PM6 and IT-4F (1:1 (w/w), 20 mg/mL in chlorobenzene
(containing 0.5 vol % DIO)) was spin-coated on the ETLs for 30 s at
2200 rpm. After that, the as-prepared layers were annealed for 15 min
on the thermal platform with 150 °C. Besides, for the P3HT:bis-
PCBM devices, the mixture solution of P3HT and bis-PC4BM (1:1.2
(w/w), 40 mg/mL in dichlorobenzene) was spin-coated on the ETLs
at 600 rpm for 60 s. Next, the as-prepared films were put into covered
Petri dishes in the glovebox for 2 h and annealed for 10 min on the
thermal platform at 125 °C. Finally, fully covered MoO; (10 nm) and
patterned Al (100 nm) were vapor-deposited on the active layer at 1
X 107 Pa.

2.4. Characterization. 2.4.1. Characterization of CD@ZnO. The
high resolution transmission electron microscopy (HRTEM) and
energy-dispersive X-ray spectroscopy (EDX) measurements of CDs,
ZnO, and CD@ZnO were performed by a Tecani G2 F20 S-Twin
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Figure 1. Synthesis schematic diagram of CD@ZnO nanoparticles.
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field emission electron microscope. Ultraviolet photoelectron spec-
troscopy (UPS) and X-ray photoelectron spectroscopy (XPS)
measurements were recorded on a PHI 5000 Versa Probe III X-ray
photoelectron spectroscope. A BRUKER TENSOR 27 spectrometer
was utilized to conduct Fourier transform infrared (FT-IR)
spectroscopy analysis. X-ray diffraction (XRD) patterns were tested
on a Rigaku D/max-2500. The thermal stability of pristine ZnO and
CD@ZnO were characterized by a German NETZSCH TG209F3
thermogravimetry (TG) analyzer, operating in argon atmosphere
from 100 to 900 °C with heating rate of 10 °C/min. A Lamada 750
UV/vis/NIR spectrophotometer (PerkinElmer) and a Horiba
Fluoromax-4 spectrometer were used to test the ultraviolet—visible
(UV—vis) absorption and photoluminescence (PL) spectra, respec-
tively. The { electromotive potential of pristine ZnO and CD@ZnO
nanoparticles was recorded by dynamic light scattering (DLS) using a
Malvern granulometer (Zetasizer Nano).

2.4.2. Characterization of Inverted PSCs. Current density—voltage
(J-V) curves of unencapsulated PSCs were measured in a N,-filled
glovebox illuminated with a solar simulator (ss150 solar simulator,
Zolix), and a Keithley 2400 source meter was used to record the
experimental data. External quantum efficiency (EQE) spectra were
carried out with a solar cell spectra response measurement system
where a tungsten halogen lamp (150 W, Osram 64610) is used as a
probe light and a monochromator (Zolix, Omni-A300) is used to
select light wavelength. In addition, the I=V converter was used to
record the response of the device.

3. RESULTS AND DISCUSSION

3.1. CD@ZnO Microstructure and Properties. The
synthesis of CD@ZnO belongs to in situ chemical doping, and
Figure 1 shows the possible formation mechanism. CDs are
mixed with KOH and added to the reaction system in the early
stage. The phenomenon during experimental process proves
that the introduced CDs induce and participate in the
formation of CD@ZnO nanoparticles (section 2.2). By
combination of the experimental phenomena and subsequent
characterization results (vide infra), the formation mechanism
of CD@ZnO is speculated as follows. In the initial stage,
Zn(Ac), reacts with KOH to form Zn(OH),. Then, since the
surface of CDs are rich in —OH, —COOH, and —NH,,* it is
easy for CDs to undergo dehydration reaction with Zn(OH),
to connect together, which can be confirmed in following
HRTEM, XPS, and FT-IR characterizations (vide infra).
Finally, the Zn(OH), on the surface of CD undergoes
dehydration and condensation reactions, and finally a core—
shell structure with ZnO coated on the surface of CD is
formed.

The microstructures of CD@ZnO synthesized with different
proportion of CDs are illustrated in Figure 2. It is obviously
seen that the size of CDs is about 2—3 nm (Figure 2a). The
surface of CDs is rich in various oxygen-containing functional
groups, which makes them have good dispersibility. The size of

11390

Figure 2. HRTEM images of (a) CDs, (b) pristine ZnO, CD@ZnO
nanoparticles with different ratios of CDs (panels ¢, d, e, f represent
0.5%, 1%, 2%, 3%, respectively). The inset in (a) and (b) is the
HRTEM image of CDs amorphous structure and ZnO lattice,
respectively.

pristine ZnO is about 3—S nm (Figure 2b), and the ZnO
agglomerates seriously, forming clusters such that the particle
size is about 5—8 nm. While different concentration of CDs are
doped, the particle size of CD@ZnO increases slightly, and its
size is about 5—8 nm. It is worth pointing out that as the
amount of CDs increases (Figure 2b—f), the agglomeration of
ZnO decreases. Obviously, chemical doping of CDs improves
the monodispersity of CD@ZnO nanoparticles and improves
the film-forming properties of CD@ZnO. In addition, the inset
of Figure 2a shows that CDs have amorphous structure
without lattice structure®" and the inset of Figure 2b shows the
structure of pristine ZnO in which the lattice spacing of ZnO is
0.25 nm, corresponding to (101) crystal plane.

Figure 3a shows the HRTEM images of CD@ZnO with 2%
CDs doping content. In the figure, the core—shell structure of
ZnO coated CD can be clearly distinguished. The diameter of
the CD core is about 3 nm, with 1.8 nm in thickness of the
ZnO shell, which confirms the previous mechanism hypothesis
in Figure 1. Furthermore, the elemental analysis of the CD@
ZnO (2%) was also carried out under HRTEM (Figure 3b—f).
The EDX mapping image of CD@ZnO shows that Zn, O, and
N are homogeneously distributed in the CD@ZnO nano-
particles. The content of ZnO nanoparticles can be confirmed
by the determination of O and Zn elements. The surfaces of
CDs contain amino groups, so the uniform distribution of the
N element in ZnO further proves the composite structure of
CD@ZnO. The above results rationalize the formation
mechanism of CD@ZnO in Figure 1.
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Figure 3. HRTEM images of (a) CD@ZnO nanoparticles with 2%
CDs and (b, c) elemental analysis of (d) Zn, (e) O, (f) N elements in
CD@ZnO.

XPS and FT-IR characterization was utilized to analyze the
elements composition and chemical structure of CD@ZnO.
Figure 4a shows the Zn 2p>* XPS spectra of as-prepared ZnO
and CD@ZnO. As can be seen in Figure 4a, the binding
energy of Zn 2p¥? of pristine ZnO is located at 1021.2 eV,
which corresponds to Zn—O bonds.'"*” After doping with
CDs, the maximum of the Zn 2p*? peak shifts toward higher
binding energy. When the doping content is 3%, the XPS peak
offset is the greatest and the binding energy of Zn 2p>? is
located at 1021.9 eV, with an offset of 0.7 e€V. It can be
confirmed that the electronic states of ZnO in CD@ZnO are
similar to those in ZnO—Cg, ** or Al-doped Zn0,” which
indicates the formation of Zn—O—C bonds in CD@ZnO.
Moreover, the N 1s signal at 399.9 eV is detected for CD@

ZnO sample®' (as shown in Figure S1), which further proves
the formation of the composite of CDs and ZnO during the
reaction. Figure 4b illustrates the FT-IR spectra of pristine
ZnO and CD@ZnO. The bands at 420—600 cm™' and 650—
710 cm™ for both samples correspond to the Zn—O
vibration.**™** In addition, the Zn—N band is detected at
605—630 cm™' for CD@ZnO," and the band intensity
increases with the increase of CDs doping ratio. The results
indicate that the —NH, on the surface of CDs participates in
the formation of ZnO by chemically bonding CDs onto ZnO.

The crystalline structure of CD@ZnO nanoparticles with
different doping concentration of CDs was characterized by
XRD pattern, as shown in Figure 4c. Pristine ZnO exhibits a
series of typical characteristic peaks with 20 at 31.8°, 34.4°,
36.3° 47.5°% 56.6° 62.9°, and 68.0°, which is referred to the
(100), (002), (101), (102), (110), (103), and (112) crystal
planes of ZnO with a hexagonal Waurtzite lattice, respectively. "
The diffraction peaks of CD@ZnO are consistent with those of
pristine ZnO, but the intensity of the diffraction peaks
decreases. This means that the introduction of CDs to
synthesize CD@ZnO nanoparticles does not change the
crystal structure of ZnO but makes the ZnO shell thinner,
which is consistent with the TEM results (Figure 2).

The TG analysis of ZnO and CD@ZnO is shown in Figure
4d. In the initial stage (100—250 °C), both samples show a
little weight loss, which is mainly caused by the removal of
water and impurities in samples. After that, both samples show
a rapid weight loss process. Pristine ZnO decomposes at 250—
500 °C, and the final weight loss rate is 7.4%. On the other
hand, CD@ZnO decomposes at 250—800 °C, and the final
weightlessness rate is 14.4%. CDs have been reported to
decompose and lose weight at h?h temperature, especially for
the CDs with low crystallinity.*" The same results were also
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Figure 6. Structure diagram of PSCs and molecular structures of PM6 and IT-4F.

observed in our experiments (Figure 4d). It can be seen that
the synthesized CDs have two rapid weight losses at 250 and
400 °C, which may be related to the decomposition of their
surface functional groups. Finally, the weight loss of CDs
reaches 80% at 550 °C and remains unchanged. Therefore, it
can be inferred that CD@ZnO with higher weightlessness rate
is mainly due to the lower thermal stability of CDs in
composite nanoparticles, which further confirms the introduc-
tion of CDs into CD@ZnO nanoparticles. According to TG
results, the CD@ZnO nanoparticles consists of 85.6 wt %
ZnO, 7.0 wt % CDs, and 7.4 wt % impurities. It can be clearly
seen that the CD@ZnO doped with 2 wt % CDs has a weight
loss of 7 wt %, which is much greater than the doping ratio of
CDs. This is mainly because the doping ratio of CDs is
calculated based on the assumption that the ZnO yield is
100%, but the synthesis process of ZnO must have materials
loss, and the yield must be less than 100%. In addition, there
are some unreacted impurities in the product. These factors
ultimately lead to the fact that the ratio of CDs in CD@ZnO is
higher than the original calculated value.

The optical properties of the samples were further
characterized and analyzed. Figure S2 displays the UV—vis
absorption spectra of pristine ZnO and CD@ZnO with
different doping ratio of CDs. As seen here, the absorption
cutoff edge of pristine ZnO is at 360 nm, while that of CD@
ZnO has a significant blue shift (to 351 nm). It can be seen
from Figure S3 that the CDs has a strong absorption at 370
nm, but the absorption cutoff edge of CD@ZnO has blue-
shifted to 351 nm, which indicates that the absorption of CD@
ZnO is not affected by the absorption of CDs. As we all know,
the UV—vis absorption spectrum of nanoparticles is related to
their particle size, and the absorption cutoff edge of the sample
will move to the shortwave direction as the particle size
decreases, resulting in a blue shift effect.*® TEM results (Figure
3a) prove that the CD@ZnO is a core—shell structured
nanoparticle, so the introduction of CDs makes the ZnO shell
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thinner (Figure 4c). Therefore, it is speculated that the
thinning of the ZnO shell may be the main reason for the blue
shift in the UV—vis of CD@ZnO. According to the Tauc
plot,*” the energy band gaps (E,) of pristine ZnO and CD@
ZnO can be calculated. As can be seen in Figure Sa, the E; of
pristine ZnO is 3.48 eV, while that of CD@ZnO increases with
the increase of CDs doping ratio. With the doping of 3% CDs,
the E; of CD@ZnO increases to 3.61 eV.

Figure Sb shows that under 330 nm excitation, both ZnO
and CD@ZnO exhibit three PL emission bands. It is reported
that the emission peaks at 408 and 426 nm are corresponding
to the radiation annihilation of excitons on ZnO conductive
tape,* while the emission band around at 530 nm can be
attributed to the defect emission.*”° It is noteworthy that the
introduction of CDs enhances the PL emission of CD@ZnO at
408 and 426 nm, while the PL emission peak of CD is located
at 460 nm, which indicates that the enhancement of PL
emission of CD@ZnO has nothing to do with the PL emission
of CDs. Numerous studies have proved that the enhancement
of blue fluorescence emission of ZnO is related to the increase
of its crystallinity,”">” so we speculate that the introduced CDs
induce the growth of ZnO crystals and improve their
crystallization. Moreover, the charge transfer between CDs
and ZnO may be another factor leading to the enhanced blue
emission of CD@ZnO. In addition, CD@ZnO exhibits strong
blue fluorescence emission, which makes it very promising for
blue fluorescent materials in LED devices. Also, it can be
clearly seen that the introduction of CDs decreases the defects
peak around 530 nm, suggesting the CDs effectively inhibit the
defects of ZnO, thus improving the electrical properties. The
same phenomenon was also found on ZnO nanocrystalline film
passivated by dodecanethiol and ethanedithiol.”>** The
passivation mechanism for CDs is believed to be related to
the reduction of oxygen vacancies, which is achieved by the
formation of the Zn—N and Zn—O-C bonding on the ZnO
surface.” In addition, electrons can transfer across the Zn—N
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Table 1. Device Parameters of PM6:IT-4F PSCs with Different ETL

m(CDs):m(ZnO) (%) Voc (V) Jsc (mA/cm?) FF PCE (%) (av PCE =+ SD)
0 0.81 20.44 0.68 11.26 (11.17 + 0.02)
0.5 0.82 20.32 0.72 12.00 (11.54 + 0.06)
1 0.82 20.90 0.70 12.01 (12.01 + 0.01)
2 0.83 20.75 0.71 12.23 (11.94 + 0.03)
3 0.80 21.21 0.63 10.69 (10.62 + 0.00)

bonding, thereby increasing the exciton lifetime, which will
also improve the electrical properties of CD@ZnO.

The colloidal stability of CD@ZnO ink is of great
significance for its application in PSCs. The { potential is
often used to characterize the colloidal stability of solutions,
and its absolute value has a positive correlation with colloidal
stability. Figure S4 summarized the { potential data of ZnO
and CD@ZnO. The { potential of as-prepared ZnO nano-
particles is +45 mV. With different doping concentration of
CDs, CD@ZnO shows an increase of { potential, indicating
that the introduction of CDs improves the colloidal stability of
ZnO, as can be confirmed with previous HRTEM observations
(Figure 2). The improvement in colloidal stability of CD@
ZnO not only improves both the storage time but the film-
forming quality.

3.2. CD@ZnO as ETLs of PSCs. To evaluate the feasibility
of CD@ZnO as ETL in PSCs, PSCs based on CD@ZnO ETL
were fabricated and characterized. The structural formula of
PM6 and IT-4F and device configuration are shown in Figure
6. The J—V curves of the non-fullerene PSCs with different
ETLs (ZnO and CD@ZnO) are illustrated in Figure 7a, and
the related parameters are listed in Table 1. With pristine ZnO
as ETL, the PSC achieves a PCE of 11.26%, of which the V¢
is 0.81 V, Jsc is 20.44 mA/cm?, and FF is 0.68, which indicates
that the device performance basically reached the level
reported in previous literature.’”® When using CD@ZnO
instead of ZnO as ETLs, the inverted PSCs exhibit enhanced
PCE. Among them, the PCE of the solar cell with CD@ZnO
(2%) ETL shows the highest PCE of 12.23%, in which the V¢
is 0.83 V, Jc is 20.75 mA/cm? and FF is 0.71. In addition,
Figure 7b shows the EQE spectra of the inverted PSCs based
on ZnO and CD@ZnO as ETLs. Compared with ETL using
only ZnO, devices with CD@ZnO as ETLs exhibit slightly
enhanced absorption in the 400—750 nm range, so the Jsc of
PSCs based CD@ZnO ETL has increased, which may be
because the use of CD@ZnO ETL increased charge utilization
of the donor materials.

In order to confirm the best effect when CDs doping
content is 2%, a series of repeated experiments have been done
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to eliminate unexpected experiment errors, and the results are
summarized in the standard box plot, as shown in Figure SS.
As a result, the average Vi, Jsc, and FF of PSCs with CD@
ZnO (0.5—2%) ETLs are all higher than those of pristine ZnO-
based ones. The result means the devices have excellent
photoelectric properties and good reproducibility with CD@
ZnO as ETLs. The improvement in V¢, Jsc, FF eventually
leads to the improvement in device PCE, achieving the best
effect when the CDs doping is 2%.

At present, the active layer systems commonly used in PSCs
can be divided into two categories; one is the fullerene system,
and the other is the non-fullerene system. Generally speaking,
non-fullerene has higher PCE than fullerene system. PM6:IT-
4F, as the representative of non-fullerene system, has
demonstrated that the device PCE using CD@ZnO as ETL
is significantly higher than that using pristine ZnO as ETL. In
order to verify whether CD@ZnO ETL can also improve the
PCE of fullerene based PSCs, PSCs with P3HT:bis-PCBM as
active layer based on different ETLs were prepared and
characterized, as shown in Figure S6 and Table S1. The results
show that the parameters of PSCs including Vi, Jsc, and FF
are greatly improved by using CD@ZnO as ETLs. The CD@
ZnO (1%) based PSC achieves the highest PCE of 4.64%,
which is 12% higher than that of the PSCs with pristine ZnO
as ETL. In summary, CD@ZnO can be widely applied in
fullerene- and non-fullerene-based PSCs to give better
performance than pristine ZnO-based PSCs.

As can be seen from Table 1, Table S1, and Figure SS, the
performance improvement of the PSCs with CD@ZnO ETLs
can be mostly attributed to the enhancement in V¢ and FF. In
general, the Vo of the PSCs is mainly determined by the
matching degree between the lowest unoccupied molecular
orbital (LUMO) energy level of the acceptor and the highest
occupied molecular orbital (HOMO) energy level of the
donor. However, V¢ can also be affected by the work function
(WF) between the cathode and anode interface layer;
moreover, a mismatched WF can decrease the Vo of device.®”
In order to explore the relationship between WF of CD@ZnO
and the V¢ of PSCs, the UPS data about pristine ZnO and
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CD@ZnO were tested, which has been given in Figure S7a and
Figure S7b). The cutoff edge of kinetic energy and abscissa can
be used to further determine the value of WF, which have been
discussed by Braun et al.>® It can be seen that the CD@ZnO
has a lower WF (3.92—4.01 eV) than pristine ZnO (4.04 eV),
which enhances the electric field driving force in the device and
reduces the charge barrier at the interface of active layer and
cathode, resulting in higher Vo of PSCs.”

As we all know, in the dark environment, the J—V curves of
PSCs can simulate diode properties. Figure 8a shows the dark
J—V curves of the PSCs based on different ETLs. For an ideal
p—n junction solar cell, according to literature that has been
reported,” the dark J—V curve can be fitted by the following

eq 1:%°
_ L VR
J= Do Ry, J (1)

where Ji, q, n, R, Ry, represent the reverse saturation current
density, elementary charge, the ideal factor of diode, the series
resistance, and shunt resistance of PSCs, while kg, T, and Joh
represent Boltzmann constant, absolute temperature, and
photogenerated current density, respectively. In the dark
environment, the photogenerated current density of PSCs is 0
(]Ph = 0). Equation 1 was used to fit the curves of PSCs,°"**
and the results of curve fitting are shown in Figure S8. These
devices all show good diode characteristics, and the key
parameters of PSCs fitting are summarized in Table 2. As we

q(V B ]Rsh)
nkgT

Table 2. Key Fitting Parameters of PSCs Based on Different
ETLs

entry Jo (A/ cm?) n R, (Q cm?) Ry, (Q cm?)
pristine ZnO 4.50 x 1071 1.90 2.5 7.40 X 10*
0.5% 2.00 x 1071 1.84 2.4 9.80 x 10*
1% 1.50 x 10710 1.76 2.3 4.00 X 10°
2% 1.00 x 1071° 1.68 2.3 5.00 x 10°
3% 3.00 x 1071° 1.84 3.5 4.00 X 10°

can see, the PSCs with CD@ZnO (0.5%, 1%, 2%) as ETL have
lower value of Ji, n, and R and greater Ry, as to the PSCs using
pristine ZnO as ETL. The lower ], of CD@ZnO-based devices
confirms that CD@ZnO films have stronger charge extraction
and block barriers properties.61 In addition, it is known that
the lower the n value is, the closer the device is to ideal diode
properties. As can be seen in Table 2, the n value (<1.84) of
PSCs using CD@ZnO (0.5%, 1%, 2%) as ETL is lower than

that of pristine ZnO-based device(1.94), indicating less charge
recombination at CD@ZnO ETL interface. Furthermore, the
devices using CD@ZnO (0.5%, 1%, 2%) as ETLs show lower
R, and higher Ry, which not only implies the active layer and
CD@ZnO form better ohmic contact but also obviously
suppressed defects of ZnO. From these data, it can be
concluded that CD@ZnO (0.5%, 1%, 2%) ETLs decrease the
charge-carrier recombination and increase the carrier selectiv-
ity at the interface of the active layer and cathode, resulting in
enhanced device performance.

Furthermore, the relationship between the photocurrent
density (J,,) and effective voltage (V,g) of PSCs with different
ETL was also tested, and the results are given in Figure 8b,
where ], = Ji, = Jp (Ji and Jp, represent the current density in
illumination (Figure 7a) and dark (Figure 8a) conditions,
respectively), while V.4 = V; — V (where V; represents the
voltage at ], = 0 and V represents the applied voltage).”*
When V4 is high enough, ], can be saturated and the current
density is called Jj . The probability of exciton dissociation
and charge transport can be estimated using J;,/Jh sar- In short-
circuit current and maximum output power conditions, J, is
called Jp, o and Jop may respectively. The ratios of Jiy o/ Johsac and
Joh,max/ Jph,sae are calculated and listed in Table 3. The [, o/ Jph sat

Table 3. Key Parameters of the PSCs under the Conditions
of Short-Circuit Current and Maximum Output Power
According to J,,—V,g Curves

entry Tohysc/ Tphsat el o
pristine ZnO 97.1% 84.3%
0.5% 97.1% 88.5%
1% 97.1% 88.8%
2% 97.2% 89.6%
3% 96.3% 77%

ratio for using CD@ZnO-based devices (97.1%, 97.1%, 97.2%
for 0.5%, 1%, 2% CDs, respectively) is slightly higher than that
of devices (97.1%) with pristine ZnO as ETLs, which indicates
that the CD@ZnO-based PSCs have better exciton dissocia-
tion. Moreover, the PSCs with CD@ZnO as ETLs also show a
higher [, max/Jphsat atio (88.5%, 88.8%, 89.6% for 0.5%, 1%,
2% CDs, respectively) than PSCs with pristine ZnO (84.3%)
under maximum power output conditions, indicating that the
charge extraction and collection are enhanced in PSCs with
CD@ZnO (0.5%, 1%, 2%) as ETLs.%* Therefore, it is believed
that the better photovoltaic performance of PSCs based on
CD@ZnO (0.5%, 1%, 2%) is due to the promotion in charge
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extraction and reduction in exciton recombination between
active layers and the cathode layer.

4. CONCLUSION

The performance of PSCs is improved by using a novel core—
shell structure of CD@ZnO nanoparticles as ETL. During the
synthesis of CD@ZnO, CDs are introduced and coated with
ZnO, which can be confirmed from the characterization results
of HRTEM, EDX, and XPS. The introduced CD induces and
participates in the growth of the ZnO crystal, which improves
the monodispersity of CD@ZnO, increases its band gap, and
effectively suppresses its surface defects. Therefore, CD@ZnO
contributes to the enhanced charge separation and extraction
and reduced charge recombination at the active layer/ETL
interface of PSCs, consequently accounting for enhanced Vi
and FF. As a result, PCE up to 12.23% is achieved for the
device with PM6:IT-4F as active layer and CD@ZnO as ETL,
which shows over 8.61% enhancement with respect to the
referential device based on pristine ZnO (11.26%). In addition,
PCE improvement is also observed in fullerene-based solar cell
with P3HT:bis-PCBM as active layer and CD@ZnO as ETL.
This work highlights the promising potential of solution-
processable CD@ZnO nanoparticles in fabricating highly
efficient PSCs and also provides a new strategy for passivating
the defects of metal oxide.
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