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The effect of ZnO preparation on the
performance of inverted polymer solar cells
under one sun and indoor light†

Yun-Ming Sung,a Abdul Khalik Akbar,a Sajal Biring,a Chia-Feng Li,b

Yu-Ching Huang *b and Shun-Wei Liu *a

In this work, we have investigated in depth the effect of a ZnO layer in between ITO and the active layer

of PTB7:PC71BM-based polymer solar cells on the device performance under 1 sun and indoor light

conditions. Under 1 sun illumination, the PSCs with ZnO nanoparticles show the highest efficiency of

8.33%, which is nearly 14% more compared to the efficiency of the PSCs with ZnO prepared by the sol–gel

method due to the shifting of open-circuit voltage (Voc). The PSCs with ZnO nanoparticles show better

carrier transport, collection efficiency, reduced bi-molecular recombination, trap-assisted recombination, and

charge accumulation as evident from the measurements of light intensity-dependent short circuit current

density, Voc, and bulk capacitance of the device. The chemical capacitance extracted from impedance

measurements and the trap depth can thoroughly explain the difference in Voc, i.e. the shift of energy level

and carrier recombination are strongly dependent on the preparation methods of ZnO. Moreover, all the

devices show similar performance under indoor light except the PSCs with ZnO prepared by the sol–gel

method. The ZnO prepared by the sol–gel method could induce the trap-assisted recombination affecting

Voc of the device and resulting in the decrease of its indoor performance. However, we believe that these

results might provide a good pathway for the development of polymer solar cells for applications under

sunlight and indoor light conditions.

1. Introduction

Polymer solar cells (PSCs) are one of the hot research topics in
renewable energy due to their advantages of light weight, low
cost, good flexibility, and large-area coating scalability.
Recently, the power conversion efficiency (PCE) of PSCs has
been rapidly improved, thanks to the development of novel
non-fullerene acceptors (NFAs). Yuan et al. synthesized a novel
non-fullerene acceptor of Y6 and the PSC based on PM6:Y6
achieved a PCE of 15.7%.1 Pan et al. further introduced a small
amount of PC71BM in PM6:Y6 and improved its performance to
16.7%.2 In addition to NFA, the development of new donor
materials has also effectively improved the PCE of PSCs. Ma
et al. replaced fluorine in the structure of PM6 with chlorine
(PM7) to further reduce the highest occupied molecular orbital
(HOMO) of PM6, and thus increased Voc and the PCE of PSCs

fabricated from PM7:Y6 to 0.88 V and 17.04%, respectively.3

Recently, Liu et al. synthesized a new donor (D18) enhancing
further the PCE of PSCs with the blend of D18 and Y6 to
18.22%.4 These results reflect the great potential of PSCs for
future applications under sunlight. In addition, the study of
PSCs to collect energy from indoor light has gradually attracted
attention in recent years. The niche market for PSCs could be
harvesting indoor energy mainly to power the internet of things
(IoT) devices. Unlike outdoor applications, PSCs are supposed
to be less damaged by environmental factors such as tempera-
ture, humidity and ultraviolet (UV) light and thus PSCs can
have a longer operating lifetime in an indoor environment.
Besides, indoor light sources exhibit various emission spec-
trums unlike standard simulated solar cell emission spectrum.
Minnaert et al. have studied the influence of artificial light
sources on the PCE of photovoltaics, and have divided the light
sources into three categories. They suggest that the indoor
performance of photovoltaics can be measured under one light
source from each group instead of under all artificial light
sources. For organic photovoltaics, metal halide lamp (HP5)
and fluorescent lamp (F7) are the better performing modern
light sources.5 In other cases, PSCs can match well with various
indoor light sources because the organic materials have high
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absorption coefficients, an adjustable bandgap and absorption
spectrum. Therefore, PSCs exhibit a higher indoor PCE than
other types of semiconductor solar cells.6,7 You et al. conducted
an in-depth study on the performance optimization of indoor
PSCs using various organic materials with different absorption
ranges. This study found that the PSC fabricated from
PDTBTBz-2Fanti:PC71BM exhibits an excellent spectrum matching
with indoor light irradiation, especially irradiated by light-emitting
diodes (LEDs).8 The indoor PCEs of the PSCs can be increased to
23.1% (LED, 1000 l�), which is better than those of the crystallized
silicon solar cells. In addition, Freunek et al. calculated the
maximum theoretical value of indoor PCE based on the Schockley–
Queisser limit under various indoor light sources, which can reach
72% with an organic material with an energy bandgap of 2.1 eV
under the light source of sodium discharge lamp. These high
experimental and theoretical indoor PCEs show the huge
potential application of PSCs towards harvesting indoor energy
in the future.9

In addition to donor and acceptor materials, the carrier
transport layer also plays a very important role in the PCE and
stability of PSCs. Considering the stability of PSCs, the inverted
PSCs, which utilize a high work-function metal as the anode
and the metal oxide covering the transparent conductive electrode,
indium tin oxide (ITO), as an electron transport layer (ETL), have
become the mainstream structure of the PSCs. Many metal oxides
have been developed for the ETLs of inverted PSCs including TiO2,
SnO2, and ZnO. These metal oxides can be easily modified by
using dopants,10–16 surface modifiers17–21 and self-assembled
monolayers22–24 to improve the chemical and physical properties,
such as electrical conductivity, work function and surface energy,
thereby improving the PCE of PSCs. Among these various metal
oxides, ZnO is the most conventional ETL due to the advantages of
low toxicity, easy preparation, low annealing temperature, high
mobility, high chemical stability, and the possibility of the
solution process. However, most studies have discussed the effect
of ZnO on the PCEs of PSCs under 1 sun illumination, whereas the
research related to the indoor PCE is still lacking.

In this study, we have explored the effects of ZnO prepared
by different processes as ETLs of the PSC on device efficiency
under 1 sun and indoor light conditions. The ZnO nano-
particles (ZnO NPs) and ZnO prepared by the sol–gel method
with various annealing times (20, 30 and 60 min), which are
named NZ, SZ-20, SZ-30 and SZ-60, respectively, were used as
the ETLs of PSCs. These ETLs fabricated from various ZnO
exhibit different surface morphology, internal defects, and
crystallinity. The surface morphology and shape formation of
ZnO can be controlled by the crystal growth using different
annealing treatment, solvent selectivity and the solution
concentrations.25–28 The surface morphology of the SZ films
prepared in this study is more like the cluster structure, which
has been characterized in our previous research.29 Under 1 sun
illumination, the PSCs fabricated from SZ-20, SZ-30 and SZ-60
show similar PCEs of 7.14%, 7.11% and 7.18%, respectively,
which is comparable to the value reported by other studies in
the literature.30,31 On the other hand, the PSC fabricated from
NZ shows a higher PCE of 8.33% with better open circuit

voltage (Voc), short circuit current density ( Jsc), and fill factor
(FF) leading to 14% enhancement in PCE compared with that
of the PSC based on ZnO prepared by the sol–gel method.
By measuring the Jsc and capacitance–voltage behaviors under
various light intensities, we infer that the PSCs fabricated from
NZ have better carrier transport and collection efficiency, and
also exhibit the lowest charge accumulation at the interface
between ZnO NPs and the active layer. Besides, the NZ-based
PSCs show the lowest trap-assisted recombination and ZnO
trap depth in comparison with the SZ-based PSCs. These results
can well explain the efficiency changes for PSCs fabricated from
different ZnO ETLs under 1 sun illumination. Interestingly, the
indoor PCEs of the PSCs with various ETLs are not much
different. The indoor PCEs of PSCs with NZ, SZ-20, SZ-30 and
SZ-60 under indoor light illumination (TL84, 1000 lx) are
14.38%, 13.53%, 14.28% and 14.70%, respectively, and are also
comparable to the values reported in the literature.32 The
devices show similar values of occupied electron density of
states (DOS) estimated from measuring the chemical capaci-
tance under the indoor light condition. The similar DOS values
of the devices indicate the comparable carrier recombination in
these devices with different ETLs. In addition, the trap-assisted
recombination of the PSCs under indoor light is greatly
increased compared to that of PSCs under 1 sun, especially
for the devices with SZ-20 ETL. Therefore, we can speculate that
the trap-assisted recombination behavior dominates the PCE of
PSCs under indoor light conditions. Our study on the PCEs of
PSCs under 1 sun and indoor light conditions provides a clear
insight to achieve a high indoor PCE of PSCs.

2. Experiment
2.1. Materials

Zinc acetate di-hydrate (Zn(CH3COO)2�2H2O, 99%), 2-
methoxyethanol (CH3OCH2CH2OH, 99.8%), ethanolamine
(NH2CH2CH2OH, 99.5%), ethanol (C2H5OH, 99.8%), chloroben-
zene (C6H5Cl, 99.8%), 1,8-diiodooctane (C8H16I2, 98%), and
molybdenum(VI) oxide (MoO3, 99.5%) were purchased from
Sigma Aldrich. Lithium hydroxide monohydrate (LiOH�H2O,
56%) was purchased from Acros Organics. PTB7 was purchased
from 1-Material and PC71BM was purchased from Solenne B. V.
The 15 O &�1 ITO was purchased from Lumtec Corporation.

2.2. Solution preparation

The sol–gel ZnO was prepared by dissolving 1.1 g of zinc acetate
dihydrate and 0.31 g of ethanolamine in 10 mL of 2-methoxyethanol
and then stirring for 8 hours. ZnO nanoparticles were synthesized by
the chemical precipitation method reported by Wang et al.33 First,
4.4 g of zinc acetate di-hydrate was dissolved in 220 mL of ethanol
and then stirred at 700 rpm for 5 min. Then, 1.1 g of lithium
hydroxide monohydrate and 4 mL of DI water were added to the
previous solution followed by vigorous stirring. After the color of the
solution changed to transparent, the solution was put in a water
bath at 60 1C and stirred at 700 rpm for 30 min. The reacted solution
was then centrifuged at 3000 rpm for 3 min and then the suspension
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was removed. The resulting ZnO white powder was re-dispersed in
IPA at a concentration of 10 mg mL�1 with 0.15% ethanolamine as
the dispersant. The solution of PTB7:PC71BM was prepared by
dissolving PTB7 and PC71BM (1 : 1.5, 25 mg mL�1) in chlorobenzene
with 3% 1,8-diiodooctane as the additive.

2.3. Device fabrication

The patterned ITO glasses were cleaned by DI Water, acetone
and IPA in an ultrasonic bath and then dried using flowing
nitrogen gas. The ZnO film used in this study was prepared by
the sol–gel ZnO method or ZnO nanoparticles. The ZnO films
prepared using sol–gel ZnO were fabricated by spin coating the
sol–gel ZnO precursor on cleaned ITO glasses at 3000 rpm for
30 s and then annealing at 170 1C for 20 min, 30 min and 60 min,
respectively. The ZnO film prepared using ZnO nanoparticles
was fabricated by the same method as the sol–gel ZnO except
with thermal annealing. After ZnO film deposition, the
PTB7:PC71BM solution was coated on ZnO film at 2000 rpm for
30 s and then dried in a vacuum chamber. Then, 5 nm MoO3 and
100 nm Ag were deposited on the PTB7:PC71BM layer by thermal
evaporation under 2� 10�6 torr. The resulting device area is 0.04 cm2.

2.4. Device characteristics

The device performance under sunlight conditions was mea-
sured using a 3A class AM 1.5G solar simulator (SS-X100R,
Enlitech). The sunlight intensity can be tuned from 0.01 to 1
sun by adjusting the mechanical iris aperture in the simulator
without changing the spectrum. The external quantum effi-
ciency (EQE) was measured by solar cell spectral response
measurement (QE-R3011, Enlitech). The device performance
under indoor light was measured using an integrated system
(from Industrial Technology Research Institute, ITRI)
composed of a power meter (Keithley 2401) and a light source
of Philips TLD 18W/830. The intensity of indoor light can be
modulated to 200, 400, 600, 800 and 1000 l�, which correspond
to 0.058, 0.116, 0.174, 0.223 and 0.290 mW cm�2, respectively.
The transmittance and reflectance for various ZnO films were
measured by UV-visible spectroscopy (V-770, Jasco) using a
glass substrate. The photoluminescence (PL) measurements
were conducted using a FluroMax Spectrofluorometer (Fluoro-
Max Plus, HORIBA Jobin Yvon) using an ozone-free xenon arc
lamp with the excitation source of 305 nm. The X-ray diffraction
(XRD) was done using a high-power X-ray diffractometer
(Rigaku TTRAX 3) with Cu Ka radiation. The Fourier transform
infrared (FTIR) spectra were obtained by Fourier transform
infrared spectroscopy (Spectrum 100, PerkinElmer). The ZnO
film topography was measured by a desktop AFM instrument
(Innova, BRUKER). The impedance measurements were con-
ducted by electrochemical impedance measurement (Material
Lab XM module). The capacitance–voltage measurements were
carried out from 0 to 1.5 V with the frequency and ac voltage of
1 kHz and 50 mV, respectively. The Nyquist plot was measured
from 1 MHz to 1 Hz at an applied voltage set to the open circuit
voltage of the device. The temperature-dependent measure-
ments were conducted using an LED light source (LSH 73320,
Newport) and a cooling system equipped with liquid nitrogen,

a cryogenic tube (Janis VPF-100) and a temperature controller
(Lake Shore 335).

3. Results and discussion

Fig. 1 shows the energy level alignment, device structure,
current–voltage ( J–V) curves, and EQE of the inverted PSCs
based on PTB7:PC71BM, and Table 1 summarizes the detailed
photovoltaic characteristics under 1 sun illumination. In this
study, various ZnO layers were used as the ETLs of PSCs
including ZnO NPs (NZ) and sol–gel ZnO annealed for 20, 30
and 60 min (SZ-20, SZ-30 and SZ-60). Under 1 sun illumination,
the PSCs fabricated with SZ-20, SZ-30 and SZ-60 show the
efficiencies of 7.14%, 7.11% and 7.18%, respectively. However,
the PSCs fabricated from the NZ show a higher PCE of 8.33%
with improved Voc, Jsc and FF. The EQEs shown in Fig. 1d reveal
a similar spectrum response in these devices from 450 to
700 nm.

However, the EQE difference from 300 to 450 nm can be
attributed to the difference in transmittance and reflectance of
the various ZnO films, and the results are shown in Fig. S1
(ESI†). The NZ film shows the highest transmittance and the
lowest reflectivity, resulting in a higher EQE for NZ-based
devices in the 300–400 nm region. The topographies of these
ZnO films are shown in Fig. S2 (ESI†) using AFM. Fig. S2a (ESI†)
shows the topography of the film prepared with NZ revealing
the smoothest surface with a root-mean-square (rms) surface
roughness of 1.66 nm. The topographies of the films prepared
by SZ-20, SZ-30 and SZ-60 show similar rms surface roughness
of 2.66, 2.53, and 2.65 nm, respectively. The smoother ZnO
surface may improve the interfacial contact between ETL and
active layer, and then enhance the electron transport for the
NZ-based PSCs. However, Richardson et al.34 have reported that
the PCE of the PSC based on PTB7:PC71BM is not sensitive to
the surface roughness of the ZnO film, even though the rms

Fig. 1 (a) The energy level alignment, (b) device structure, (c) current
density–voltage curves under 1 sun condition and (d) EQE spectra of the
inverted PTB7:PC71BM-based PSCs.
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surface roughness of the ZnO layer changes from 3 to 13.3 nm.
Therefore, the small difference in the rms surface roughness of
these ZnO layers might not be the main reason for the
improved PCEs of the PSCs fabricated from NZ.

To further investigate the reasons behind the change in PCE,
we measured the Jsc and Voc of the devices under different light
intensities, which can be used to analyze the mono- or
bi-molecular carrier recombination behaviors.35–37 Fig. 2a
shows the Jsc obtained under various sunlight intensities. The
relation between the Jsc and light intensity is given by Jsc p Ia,
where I is the light intensity, and a = 1 means that carriers are
transported to their corresponding electrodes without recom-
bination. The a values of the PSCs fabricated from SZ-20, SZ-30,
and SZ-60 were 0.912, 0.920 and 0.915, respectively. In the case
of the PSCs with NZ, the a value slightly improves to 0.932,
which means that the PSCs with NZ exhibit a better carrier
transport and carrier collection efficiency under 1 sun condi-
tions. Fig. S3 (ESI†) shows the carrier mobility extracted from
the impedance measurements. The results indicate that the
carrier mobility in the PSCs with NZ is higher than that of the
PSCs with SZ, and all the PSCs fabricated from SZ have similar
carrier mobility irrespective of the annealing time for the SZ
layers. The mobility in these PSCs is consistent with the results
shown in Fig. 2a. The enhanced mobility in the NZ-based PSCs
could be attributed to the good crystallinity of the ZnO NPs. Fig. 2b
shows the measured Voc at various sunlight intensities. Under
open-circuit conditions, all carriers can be assumed to be recom-
bined, and the recombination behavior can be expressed by the
equation of Voc p nkT/q ln I, where n is the slope of Voc vs. light
intensity curve, k is the Boltzmann constant, T is the temperature
and q is the elementary charge. The PSCs fabricated with SZ-20,
SZ-30, SZ-60 and NZ show slopes of 1.778, 1.596, 1.525, and 1.368,
respectively. The slope closer to 1 means that less trap-assisted
recombination happens in the device. Therefore, we can infer
that PSCs fabricated from NZ have the lowest trap states and lead
to the lowest carrier recombination under 1 sun conditions.
Besides, the slopes of the SZ-based PSCs decrease as the anneal-
ing time increases, which means that the traps and trap-assisted
recombination in the SZ films can be reduced with prolonged
annealing time. We also characterized the energy transfer in the
NZ and SZ films by measuring PL and energy trap depth. Fig. S4
(ESI†) shows the emission peaks of 367, 377, 375 and 373 nm for
the films deposited from ZnO NPs, SZ-20, SZ-30 and SZ-60,
respectively. The red shift of the emission peak indicates that
there is a trap state in the ZnO films.38 Therefore, the NZ film
shows a wider bandgap and lower trap state compared to the SZ
films. Besides, Fig. S5 (ESI†) shows the Jsc obtained at various

temperatures, and the trap depth of devices can be extracted
from the formula of Jsc = J0 exp(�D/kT), where D is the trap depth.
The values of trap depth of the PSCs fabricated from NZ, SZ-20,
SZ-30, and SZ-60 are 15.8, 21.6, 24.8 and 23.7 meV, respectively.
The deeper trap depth in SZ-based PSCs can be attributed to the
lower crystallinity of sol–gel ZnO and the defects in the ZnO layer
would become a recombination center resulting in the recombi-
nation of electrons in ZnO with holes in PTB7.39,40

The XRD results shown in Fig. 3a also reveal the difference
in crystallinity of ZnO prepared by different methods. Among

Table 1 A summary of device electrical characteristics with different ZnO preparation under 1 sun conditions. The values in brackets are average values
from 10 devices

ETL Jsc (mA cm�2) Voc (V) FF (%) Z (%)

NZ 16.54 (16.35 � 0.04) 0.75 (0.75 � 0.002) 67.11 (66.84 � 0.46) 8.32 (8.22 � 0.07)
SZ-20 16.24 (16.02 � 0.05) 0.72 (0.72 � 0.002) 60.49 (58.47 � 0.51) 7.07 (6.79 � 0.06)
SZ-30 16.09 (16.11 � 0.11) 0.73 (0.73 � 0.003) 59.82 (58.68 � 0.50) 7.04 (6.90 � 0.06)
SZ-60 15.78 (16.17 � 0.10) 0.73 (0.73 � 0.002) 62.18 (59.46 � 0.46) 7.16 (7.03 � 0.04)

Fig. 2 (a) Bimolecular and (b) monomolecular recombination of various
devices under sunlight conditions.
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the SZ films, SZ-20 exhibits the lowest crystallinity because
of the short annealing time. With the increasing annealing
time, the crystallinity of the SZ film is improved and the SZ-60
shows the highest crystallinity. Interestingly, the NZ film shows
the highest crystallinity even without additional thermal
annealing. The highest crystallinity of the NZ film can be
attributed to the good crystal formation during the synthesis
process, because the zinc acetate dihydrate has been comple-
tely forming the ZnO through a chemical reaction. Fig. 3b
shows the FTIR spectra of the various ZnO films. The absorption
peak at 508 cm�1 indicates the Zn–O bond, and the increasing
intensity of the Zn–O bond implies that more Zn can be oxidized to
ZnO. The NZ film exhibits the strongest Zn–O absorption, and the
absorption intensity of Zn–O increased with the annealing time
on the SZ film, which is consistent with the XRD results. The broad
band from 3000 to 3500 cm�1 can be ascribed to the stretching
mode of the O–H bond. In addition, the absorption from 1000 to
2000 cm�1 resulted from the remaining ethanolamine, and its

intensity decreased with the increasing annealing time.47 This
result points out that the subsequent thermal annealing process
can remove the ethanolamine residues.

Charge accumulation at the interface between the active
layer and the ZnO film is also an important issue in PSCs. To
analyze the extent of charge accumulation, we measured the
device capacitance at various applied voltages, and the results
are shown in Fig. 4. The diagram of capacitance–voltage (C–V)
can be divided into three parts: (1) during the applied voltage
sweep from zero to positive, the photo-generated carriers begin
to accumulate in the device due to the energy barrier at the
interface between the active layer and ZnO film. (2) At the Vpeak,
the capacitance becomes maximum due to the balance of
injected carrier and photo-generated carrier. (3) When the
applied voltage exceeds Vpeak, the injected carriers become
dominant and then recombine with the photo-generated carriers
leading to a reduction in capacitance. Furthermore, changing the
light intensity would affect the Vpeak value due to the different
extents of photo-generated carrier accumulation.41–43 Fig. 4
shows the C–V measurement of the NZ- and SZ-based PSCs at
a sunlight intensity from 10 to 100 mW cm�2. The values of Vpeak

at 10 mW cm�2 light illumination are 0.66, 0.63, 0.65 and 0.68 V
for the devices fabricated from NZ, SZ-20, SZ-30 and SZ-60,
respectively. Under 100 mW cm�2 light illumination, the shifts
of Vpeak are 0.088, 0.166, 0.180 and 0.177 V for the PSCs
fabricated from NZ, SZ-20, SZ-30 and SZ-60, respectively. The
shift of Vpeak to a lower value can be attributed to the higher
charge accumulation at the interface between ZnO and the active
layer.44 Therefore, the PSCs fabricated from NZ show the lowest
extent of charge accumulation, which can be attributed to the
higher carrier mobility and lower trap depth as discussed in
previous results. Additionally, all the SZ-based PSCs show similar
charge accumulation having good agreement with the carrier
mobility and trap depth. Fig. S6 (ESI†) shows the carrier mobility

Fig. 3 (a) XRD patterns and (b) FTIR spectra of different ZnO films. All data
are normalized to film thickness.

Fig. 4 The results of C–V measurement measured at room temperature
and various light intensities for the PSCs fabricated from (a) NZ, (b) SZ-20,
(c) SZ-30, and (d) SZ-60.
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under various temperatures. The mobility difference in SZ-based
PSCs at high and low temperatures is much higher than that of
NZ-based PSCs, indicating the higher barrier of adjacent hopping
state in SZ-based PSCs. Besides, the activation energies of the PSCs
fabricated from NZ, SZ-20, SZ-30 and SZ-60 are 154, 201, 187, and
181 meV, respectively.45 Both the temperature-dependent mobility
and activation energy indicate that the SZ-based PSCs exhibit high
energy disorder. Therefore, we can conclude that the difference in
the PCE of PSCs fabricated from different ZnO under 1 sun
illumination can be attributed to the difference in carrier mobility
and trap depth leading to the charge accumulation at the interface
of ZnO and the active layer.

Chemical capacitance is another important characteristic in
PSCs, which is formed by the excess charges and can be used to
analyze the change in the electron occupancy of acceptor DOS
and carrier recombination. The relationship between the
chemical capacitance and DOS can be expressed as Cm =
q2Lgn(VF), where Cm is the chemical capacitance, L is the
thickness of the active layer, and gn is the occupied DOS.
According to the literature report published by Garcia-
Belmonte et al.,46 the shift of Cm can be used to analyze the
effective energy level change (DVe), and the DVe can be repre-
sented by DVe = DELUMO,acceptor � DEHOMO,donor. In this study,
we used various ZnO as ETLs of the PSCs, and the different ZnO
layers would change the energy level alignment at the interface
of ZnO/PC71BM and then change the effective acceptor LUMO.
Therefore, we have studied the change in chemical capacitance
of the PSCs at open circuit condition, and the results are shown
in Fig. 5. Fig. 5a shows the chemical capacitance–voltage
graphs extracted from the impedance measurements. The
straight lines represent the occupied DOS behavior, which
can be used to analyze the shift of the effective energy level
(DVe). Considering the PSCs fabricated from ZnO NPs as the
reference, the relative changes of Voc, trap depth and Ve of
the SZ-based PSCs can be calculated. Table 2 summarizes the
experimental Voc, DVoc, D(trap depth), DVe and calculated DVoc

(noted as DV�oc) of the PSCs. If we assume the trap depth is the
energy loss of carrier recombination, then the DV�oc can be
calculated by DV�oc ¼ DVe þ Dðtrap depthÞ. The DV�oc shows a
comparable value to DVoc, which insinuates that the Voc change
in PSCs can be attributed to the shift of energy level and carrier
recombination. The chemical capacitance–light intensity plots
shown in Fig. 5b imply that the gap between the chemical
capacitance of PSCs fabricated from various ZnO layers would
be reduced as the light intensity decreases. Therefore, we can
speculate that the NZ- and SZ-based PSCs have similar occupied
DOS under indoor light due to the low light intensity, which
means that the carrier recombination behaviors of these
devices may be very similar. The indoor DOS behavior will be
presented later.

The foregoing discussion was about the effect of different
ZnO as ETLs on the PCEs of PSCs under 1 sun conditions. Now,
we will discuss the PCEs of the PSCs fabricated from NZ and SZ
under indoor light illumination (light source is TL84). The J–V
curves obtained at 1000 l� indoor light illumination are shown

in Fig. S7 (ESI†), and the photovoltaic characteristics are
summarized in Table 3. In addition, the detailed performance
of the PSCs illuminated under various indoor light intensities
are listed in Table S1 (ESI†). PSCs fabricated from SZ-20, SZ-30,
and SZ-60 exhibit PCEs of 13.53%, 14.28% and 14.7%, respec-
tively. It is worth noting that the PCE of NZ-based PSCs is
14.38%, which is comparable to those of SZ-based PSCs. Unlike
the PCE obtained at 1 sun illumination, the PCEs of NZ-based

Fig. 5 The results of chemical capacitance extracted from impedance
measurements under open circuit conditions. The value of Cm are the
same in (a) Cm–Voc and (b) Cm–light intensity but in different presented
format.

Table 2 A summary of the change of Voc, trap depth and energy level,
while the ZnO NP-prepared PSCs are set as the reference. The DVoc is
extracted from the device’s J–V curve. Dtrap depth and DVe are extracts
from the temperature-dependent Jsc measurement and Cm–Voc diagram,
respectively. DV�oc are calculated by DV�oc = Dtrap depth + DVe

ETL Voc (V) DVoc (mV) Dtrap depth (mV) DVe (mV) DV�oc (mV)

NZ 0.75 — — — —
SZ-20 0.72 �30 �5.8 �24.0 �29.8
SZ-30 0.73 �20 �9.0 �11.9 �20.9
SZ-60 0.73 �20 �7.9 �9.3 �17.2

Paper Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 0
8 

D
ec

em
be

r 
20

20
. D

ow
nl

oa
de

d 
on

 2
/1

7/
20

21
 9

:4
0:

25
 A

M
. 

View Article Online

https://doi.org/10.1039/d0tc04208k


1202 | J. Mater. Chem. C, 2021, 9, 1196--1204 This journal is©The Royal Society of Chemistry 2021

PSCs do not exhibit a better indoor PCE than those of the
SZ-based PSCs. The main difference in the characteristics of
PSCs is Voc, which is 0.58, 0.54, 0.57, and 0.57 V for the PSCs
prepared with NZ, SZ-20, SZ-30, and SZ-60, respectively. Like-
wise, we measured the Jsc and Voc at various indoor light
intensities to analyze the recombination behavior in these
PSCs, and the results are shown in Fig. 6a and b. Interestingly,
all a values under indoor light conditions are higher than those
under 1 sun conditions. The reason for the increasing a value
can be attributed to the lower carrier concentration under
indoor light, which leads to lower bi-molecular recombination.
The a values of the PSCs fabricated from NZ, SZ-20, SZ-30, and
SZ-60 are 0.995, 0.946, 0.965 and 0.966, respectively. As men-
tioned earlier, the improved a values of NZ-based PSCs imply
better carrier transport and collection efficiency. However, the
tendency of the a values is not entirely related to the change in
the indoor PCE of PSCs. The relationship between light inten-
sity and Voc is plotted in Fig. 6b, and the slopes of a linear fit to
these data give n equal to 1.441, 2.031 1.698, and 1.698 for the
PSCs fabricated from NZ, SZ-20, SZ-30, and SZ-60, respectively.
Interestingly, the n value of the PSCs fabricated from SZ-20
largely increased from 1.778 to 2.017 when the illuminated
light switched from 1 sun to indoor light. The larger n value
under indoor condition suggests that the devices suffer from
severe trap-assisted recombination. We speculate that the

increased trap-assisted recombination can be attributed to
the lower internal field at low light intensity. This result also
reveals that the PSCs illuminated by a higher light intensity will
increase the internal field in the PSCs, and the high internal
field can prevent the carriers from transporting back to recom-
bination. The low internal field generated under low light
intensity cannot hinder the backward transport of carriers.
Therefore, the lowest indoor PCE of the PSCs fabricated from
SZ-20 is due to the higher trap-assisted recombination. Further-
more, the chemical capacitance under indoor light shown in
Fig. 6c indicates that the energy shifts become smaller for the
devices fabricated from SZ-30 and SZ-60, which lead to the
similar efficiency with NZ-based devices under indoor condi-
tions. In contrast, SZ-20 has a significant shift in effective
energy level as shown in Table 4, which means that the carrier
recombination behavior of SZ-20 deteriorates under indoor
conditions. Fig. 6d shows the trap depth under indoor light,
where the trap depths of the devices fabricated from NZ, SZ-20,
SZ-30 and SZ-60 are 8.49, 17.40, 13.90, and 12.67 meV, respec-
tively. The trap depth under indoor conditions is consistent
with that under 1 sun conditions.

4. Conclusions

In this research, we have studied the effect of ZnO thin films
prepared by different methods on the performance of PSCs
under one sun and indoor light conditions. The Jsc and Voc

under various one-sun light intensities indicate that the PSC
prepared with ZnO NPs has better carrier transport, carrier
collection efficiency, reduced bi-molecular recombination and
trap-assisted recombination. Besides, the PSC with ZnO NPs
has the lowest carrier accumulation at the interface of the active
layer and ZnO film, by using the C–V measurements under
various light intensities. The Voc difference of the PSC is quite
consistent with the energy level shift extracted from chemical
capacitance and trap depth of PSC, which indicates that the Voc

difference can be attributed to the energy level shift of the

Table 3 The summary of ZnO NP- and ZnO sol–gel-prepared PSCs’ electrical characteristics under a light intensity of 0.290 W cm�2 (1000 lux) from a
light source of Philips TLD 18W/830. The values in brackets are average values from 10 devices

ETL Jsc (mA cm�2) Voc (V) FF (%) Z (%)

NZ 112.11 (112.57 � 0.47) 0.58 (0.58 � 0.002) 64.57 (62.64 � 0.42) 14.48 (14.20 � 0.08)
SZ-20 111.66 (111.56 � 0.21) 0.54 (0.54 � 0.001) 64.83 (63.64 � 0.27) 13.53 (13.15 � 0.07)
SZ-30 116.89 (115.86 � 0.43) 0.57 (0.57 � 0.002) 61.71 (60.64 � 0.28) 14.28 (13.83 � 0.06)
SZ-60 118.59 (116.02 � 0.53) 0.57 (0.57 � 0.004) 63.11 (63.12 � 0.48) 14.7 (14.41 � 0.06)

Fig. 6 (a) The bimolecular, and (b) monomolecular recombination and
(c) chemical capacitance under indoor light. (d) The trap depth under 1000
lux intensity of indoor light was acquired to calculate the effective energy
shift.

Table 4 A summary of the change in Voc, trap depth and energy level,
while the ZnO NP-prepared PSCs are set as the reference under indoor
light conditions

ETL Voc (V) DVoc (mV) Dtrap depth (mV) DVe (mV) DV�oc (mV)

NZ 0.58 — — — —
SZ-20 0.54 �40 �8.9 �31.7 �40.6
SZ-30 0.57 �10 �5.4 �9.1 �14.5
SZ-60 0.57 �10 �4.2 �6.9 �11.1
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effective LUMO of the acceptor material and the energy loss
from carrier recombination. Therefore, the factors including
carrier transport, and bi-molecular and trap-assisted recombi-
nation are important for the performance of PSC under 1 sun
conditions. As for the indoor light condition, all the PSCs show
comparable efficiency except for the device fabricated from
SZ-20. Compared to the 1 sun condition, the Jsc of the devices
under various indoor light intensities indicates improved car-
rier transport, collection efficiency, and reduced bi-molecular
recombination, which can be attributed to the lower carrier
concentration under indoor light conditions. In addition, the
PSCs fabricated from NZ, SZ-30 and SZ-60 show comparable
chemical capacitance indicating similar recombination behavior
under low light intensity. The Voc under various indoor light
intensities indicates higher trap-assisted recombination com-
pared to the 1 sun condition, especially for the PSC with SZ-20.
The higher trap-assisted recombination can be attributed to the
lower internal field due to the low light intensity. Therefore, the
trap-assisted recombination becomes dominant for the PSC
under indoor light conditions. We can conclude that higher
ZnO crystallinity can improve charge mobility, and then improve
PCEs of PSCs under 1 sun and indoor light conditions. In
addition, reducing surface traps can inhibit trap-assisted recom-
bination, which plays a crucial role in PCEs of PSCs under indoor
light conditions. We believe the in-depth investigation carried
out in this study can provide a good strategy to develop an
efficient PSC for successful applications under sunlight and
indoor light.
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