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Abstract We fabricated inverted polymer solar cells (PSCs) with the structure of
ITO/ZnO NPs/Active layer/MoO3/Ag, in which ZnO NPs act as electron transport
layer (ETL), poly{4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b0]-dithiophene-2,6-
diyl-alt-3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophene-4,6-diy (PTB7)
as donor and [6,6]-phenyl-C;;-butyric-acidmethyl-ester (PC;,BM) as accepter. It is
found that the temperature employed during the annealing process of ZnO NPs has
significant impact on the efficiency of the resulted PSCs. The optimized PSC with
ZnO NPs annealed at 150 °C based on PTB7:PC;;BM (1:1.5 w/w) exhibited a
power-conversion efficiency of 7.37% with open-circuit voltage (V,.) of 0.722 V,
short-circuit current density (J.) of 15.38 mA cm ™2, and fill factor (FF) of 66.4%.
The effects of the annealing temperature on photovoltaic performances were further
illustrated with transmission spectrum, atomic force microscopy, X-ray diffraction
and PL spectra, meanwhile electrical performance were illustrated with conduc-
tivity. Our result indicated that the improved efficiency is due to the optimized ETL/
active layer interface, the enhanced transparency and electron transport of the ETLs.
As its facile preparation process, this kind of ETL is compatible with roll-to-roll
manufacturing of larger area flexible PSCs.
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Introduction

Due to the potential for low-cost energy harvesting and flexibility application,
extensive efforts have been directed at developing bulk heterojunction (BHJ)
polymer solar cells (PSCs) [1-3]. The major challenges for BHJ solar cells are the
achievement of competitive power-conversion efficiencies (PCEs) and the demon-
stration of long-term air stability [4—13]. Conventional PSCs are fabricated with a
transparent conductive anode (e.g., indium tin oxide, ITO) and a low-work-function
metal cathode (e.g., Al, Ca). However, metals with a low-work function are always
susceptible to atmospheric oxidation [14]. Poly(3,4-ethylenedioxythio-
phene):poly(styrene sulfonate) (PEDOT:PSS) is often used as an anode buffer
layer in the meantime. But PEDOT:PSS is hygroscopic and acidic, making it
difficult to achieve long-term stability [15-19]. Aiming to eliminate this negative
influence, inverted PSCs have been developed. Air-stable high-work-function
metals (e.g., Au, Ag) are used as the anode, meanwhile n-type metal oxides such as
titanium oxide (TiO,) and zinc oxide (ZnO) are deposited onto the ITO electrode,
working as electronic transport layer (ETL) [4]. In particular, ZnO is currently the
most widely used ETL because of its fundamental and technological advantages:
high optical transparency, high electron mobility, environmental stability and
solution process ability [20, 21]. Therefore, solution-processed ZnO nanoparticles
are used as ETL in PSCs, which can enhance the operational stability of PSCs by
blocking the UV-light-induced photo degradation of organic materials [22]. It is
known that up to 30% of the atomic bonds in ZnO NPs are dangling bonds and these
defects give rise to a high density of recombination centers resulting in low power-
conversion efficiencies in these inverted cells [23-25]. In this paper, we found that
these defect states are sensitive to annealing temperature. By adjusting the annealing
temperature of ZnO NP thin films, the device performance could be optimized.
Furthermore, this kind of ZnO nanoparticles solution can stay stable in ambient air
for a month, which simplifies the fabrication of polymer solar cells. We investigated
the influence of the ZnO NP thermal annealing temperature on the photovoltaic
performance of the devices in detail by adopting various annealing temperatures to
fabricate the ZnO NP films. PCE up to 7.37% has been reached when the electron
transport layer was annealed at optimized temperature of 150 °C in inverted PSC.
To elucidate the mechanism of the influence of the annealing temperature on the
performance of the inverted PSCs, samples were fabricated and characterized by
transmission spectrum, atomic force microscopy, X-ray diffraction, PL and so on
were used. And photovoltaic devices were characterized by external quantum
efficiency (EQE) and current-voltage (/-V) measurements. Therefore, a low
temperature annealing process for ZnO NPs are established, which make it possible
to develop large area polymer solar cells on flexible substrates.
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Experimental

The PSCs were fabricated with inverted structure of ITO/ZnO NPs/active layer/
MoO3/Ag, as shown in Fig. 1a. The chemical structures of PTB7 and PC;BM are
shown in Fig. 1b. The patterned indium tin oxide (ITO) glass substrates with a low
sheet resistance of about 15 Q square™' were cleaned in detergent, water, acetone,
and isopropyl alcohol under ultra-sonication for 20 min, sequentially [26]. After
ultraviolet/ozone treatment for 20 min, a thin layer (~ 30 nm) of ZnO NPs ETL
was prepared through spin-coating of ZnO NP solution at 3000 rpm [27]. Then, the
ZnO NP covered substrates were treated without annealing or with 100, 150 and
200 °C for 20 min in air, respectively. The PTB7 and PC;BM (1:1.5 w/w) were co-
dissolved in the solvent of CB, and 3% volume ratio of 1,8-diiodooctane (DIO) was
added as a processing additive before use [1]. The polymer concentration was
10 mg mL™" and the solution was stirred at 60 °C for 12 h under an N,
environment. Then the active layer (~ 100 nm) was deposited on the ZnO NPs
layer by spin-coating the as-prepared solutions at 1500 rpm for 30 s in N,-filled
glovebox. Finally, a 7-nm thick MoOs3 layer and a 100-nm thick Ag layer were
subsequently evaporated through a shadow mask (active area 6 mm?) under the
pressure of 7.0 x 10~* Pa to finish the device fabrication [26]. The chemical
synthesis of ZnO nanoparticles was performed using the method outlined by Sun
et al. [28]. Briefly, zinc acetate (2.97 g) was added to methanol (125 mL) under
vigorous stirring at about 60 °C. Subsequently, a solution of KOH (1.51 g) in
methanol (65 mL) was dissolved in the solution. The reaction mixture was stirred
for 2 h at 60 °C [29].

The current density—voltage (J-V) characteristics of the devices were measured
under 1-sun (AM 1.5G, 100 mW cm™2) simulator radiation [26]. The EQE spectra
were measured using a Solar Cell Quantum Efficiency Measurement System
(QEX10) from PV Measurements, Inc. The transmittance spectrum of the ZnO
nanoparticle thin films were measured by spectrophotometer (Cary 5000 UV-VIS).
X-ray diffraction measurements were carried out using a Philips X’pert Pro
diffractometer with Cu-Ko radiation at 45 kV and 40 mA. Transmission electron
microscopy (TEM) image was obtained using a Hitachi TEM system, the ZnO

(a)

Ag

@ L)
ITO-coated glass

Fig. 1 a Device architecture of the inverted polymer solar cells with the ZnO NPs buffer layer.
b Chemical structures of PTB7 and PC,;BM
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nanoparticle solutions were dropped on a holey carbon-coated copper grid. The
perpendicular electrical properties of the ZnO NP thin films were measured through
a sandwich structure of ITO/ZnO NPs/Ag [26]. The surface morphology was
observed by AFM (Seiko SPA-400 SPM UNIT). Photoluminescence (PL)
spectrometer was used to measure the emission spectra of the blend films. The
X-ray photoelectron spectroscopy (XPS) measurements were performed with a
Thermo Scientific ESCALAB 250Xi. ZnO NP films were deposited on top of ITO
substrates by spin casting in air. For XPS data, curve fitting and linear background
subtraction were done using Thermo Avantage software.

Results and discussion

The XRD patterns of the prepared ZnO nanoparticle samples we fabricated are
shown in Fig. 2. All the detectable peaks could be indexed as the ZnO wurtzite
structure found in the standard reference data (JCPDS: 36e1451) [30]. It was clearly
seen that the diffraction peaks were sharp, indicating the great crystallinity of the
ZnO NPs. The inset picture in Fig. 1 displays the TEM image of the ZnO NPs,
which can show that the diameter of ZnO nanoparticles is approximately 5 nm.
To evaluate the effect of the annealing temperature on the performance of the
cells, we fabricated PSCs incorporating ZnO NP films annealed at various
temperature with the same duration [31]. The J-V characteristics of the devices,
incorporating ZnO NPs films annealed at different temperatures under AM 1.5 G
irradiation with irradiation intensity of 100 mW cm™? are shown in Fig. 3a. Table 1
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Fig. 2 X-ray diffraction (XRD) spectra of ZnO nanoparticles powder. The inset picture is a TEM image
of the ZnO nanoparticles
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Fig. 3 a J-V characteristics of inverted PTB7:PC;;BM solar cells incorporating ZnO nanoparticles films
with or without annealing treatment. b The external quantum efficiency (EQE) spectra of the
corresponding devices

Table 1 The parameters of the BHJ solar cells prepared with various annealing temperature of ZnO NPs

ETL

Temperature Ve Joe FF PCE Rg Rsu Calculated Jg.
(°C) ) (mA cm™%) (%) (%) Qcm? (Qcem®  (mAcm?)
wilo 0.706 13.41 5492 5.20 6.17 606.044  12.77

100 0711 15.15 63.86 6.88 436 765997  13.77

150 0.722 15.38 66.39  7.37 5.90 1157.873  13.98

200 0712 1524 65.04 17.06 5.45 111774 1391

summarizes the extracted photovoltaic parameters of the devices. The value of J
has been cross-checked with the integral of external quantum efficiency spectrum
(shown in Fig. 3b) and the results are within 10% error. Obvious differences are
found in device performance when ZnO NP films were annealed at various
temperature. As shown in Table 1, the device utilizing ZnO NPs without annealing
treatment as ETL shows worse performance (V.. = 0.706 V, J,. = 13.41 -
mA cm_z, FF = 54.92% and PCE = 5.20%), which confirms the necessity of
annealing for high quality ZnO NPs. The performance of devices improved after
anneal treatment of ETLs. The device corresponding to 100 °C annealing shows
Voe = 0.711 V, Jo. = 15.15 mA cm 2, FF = 63.86% and PCE = 6.88%. When
compared with the performance of the inverted devices annealed at 100 °C, device
annealed at 150 °C (V. = 0.722 V, J,. = 15.38 mA cm 2, FF = 66.39% and
PCE = 7.37%) shows improved V,., Ji. and FF, which is indicative of efficient
photon-to-electron conversion. Nevertheless, as the annealing temperature was
further increased to 200 °C, degradation happens to the performance of the inverted
organic solar cells. The V. reduces from 0.722 to 0.712 V, J,. decreases from 15.38
to 15.24 mA cm 2, FF decreases from 66.39 to 65.04%, and PCE drops from 7.37
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to 7.06% when the temperature increased from 150 to 200 °C. We report the EQE of
the series of device in Fig. 3b. The device shows a broad response range from 350 to
800 nm (according to the one of the conventional device reported in the literature
[32]), with values greater than 65% in the range 500-700 nm. The value slightly
decreases when the annealing temperature is below or above 150 °C. Moreover,
there is a clear decline in EQE values of samples without annealing treatment,
which confirms that the thermal annealing is necessary for high-quality ZnO NPs
and high-performance polymer solar cells.

The optical properties of the ZnO NP films produced with different annealing
temperature were investigated by collecting their transmittance spectra, as reported
in Fig. 4. All ZnO NP thin films showed comparable optical properties over the
entire visible wavelength range with an average optical transmittance of about 92%,
which is better than the transmittance of 7059 glass. As the annealing temperature
rises, the transmittance becomes higher on the range of 370-800 nm. It indicates a
limited parasitic absorption that could negatively affect charge generation in the
photoactive layer. Therefore, the annealing temperature of ZnO NPs can signifi-
cantly improve the optical absorption properties of the active layer thus the
photovoltaic performance of the devices [33]. The result of transmittance spectra
indicates that the annealing treatment can effectively enhance the optical
transmittance of the ETL. However, it is worth emphasizing that the optical
transmittance of the ZnO NP layer is different from the optical transmittance of the
entire device. The structure of entire device is more complex and requires the
subsequent deposition of the active layer, MoO3; HTL and Ag electrode. We believe
that the more complex structure and optical propagation in the entire device may
lead to changes in the distribution of light intensity in the active layer, resulting in
inconsistent results of EQE and transmittance in the wavelength range of
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Fig. 4 Transmittance spectrum of the ZnO nanoparticles layers deposited on 7059 glass substrate and
annealed at different temperature
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350-425 nm. In addition, the property reduction of the front interface mainly
affected the light response of the short wavelength range.

To further study the diversification of the electrical properties by the changing of
annealing temperature, here we introduce the perpendicular electrical transport
behaviors, as shown in Fig. 5. ZnO NP thin film without annealing shows worse
conductivity. The dark conductivities of ZnO NPs thin film are improved with the
increase of annealing temperature from 100 to 150 °C, which can be attributed to a
better transport of the electrons due to suitable annealing treatment that can
effectively remove surface defects and thus better electrical contact between ZnO
NPs is ensured. To intuitively figure out the conductive properties, we calculated the
resistance and conductance of ZnO NP films shown as Table 2. When the annealing
temperature was up to 150 °C, the conductivity of ZnO NP films is
1.882 x 107> s cm™', which shows a better electrical performance relatively.
However, as the temperature continuing rise to 200 °C, the conductivity reduced to
as low as the samples without annealing. In this case, 150 °C is the optimized
treatment temperature beneficial for the best electrical performance of device.

To figure out the mechanism behind the effect of annealing temperature on the
quality of ZnO NPs, the nanoscale surface morphologies and surface roughness of
the ZnO NP thin films annealed at different temperature were investigated by
atomic force microscopy (AFM). Figure 6a—d shows the topography AFM images
for ZnO NP films. Obviously, the annealing temperature of the ZnO NP films could
affect its roughness. The surface root mean square (RMS) roughness values are
4.39, 3.53, 2.86 and 3.44 nm for ZnO NP films without annealing, annealed at 100,
150 and 200 °C, respectively. It is clear that the ZnO NP films via the 150 °C
annealing treatment possesses a better morphology as its surface is smoother,
indicating that the voids between the ZnO nanoparticles were effectively reduced
[34]. Such a uniform and smooth surface is expected to enable a good contact
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Fig. 5 The perpendicular electrical transport behaviors for ZnO NPs thin films with different annealing
temperature. The inset picture is the structure of the device
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Table 2 The resistance and conductivity of ZnO NP film

Temperature (°C) w/o 100 150 200
R (Q) 690.703 567.086 354.157 700.574
o (scm™h) 9.652 x 107° 1.176 x 107> 1.882 x 1073 9.516 x 107°

(b)
15.0 nm 15.0 nm
-15.0 nm -15.0 nm
(d)
15.0 nm 15.0 nm
-15.0 nm -15.0 nm

9’ -

150°C anneﬁng

Fig. 6 AFM images of ZnO nanoparticles films with the following annealing treatment: a without
annealing, b 100 °C, ¢ 150 °C, d 200 °C

between the ETL and the PTB7:PC,;,BM layer for the device with the ZnO NPs
ETL [35], which reduces photocarrier recombination loss enormously during
electron transport process. The growth in number of interface traps increased the
possibility of trap-assisted recombination of the electrons, leading to the low FF and
thus the poor PCE of the device, which is consistent with the results shown in
Table 1. Therefore, the better electron collection efficiency in the device with the
ZnO NP ETL annealed at 150 °C yields a significantly increased EQE, bringing
about a higher Jy., and the effectively suppressed trap-assisted recombination
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contributes to an enhanced FF, both of which undoubtedly result in the
improvement in performance [36]. Therefore, greater homogeneity can be observed
in the photoactive layer deposited on top of the ZnO NP interlayer when annealing
temperature is 150 °C. The enhanced device performance with annealed ZnO NP
films is believed to be attributed to the modified surface composition promoting
charge collection.

For further explanation of the device’s phenomena, the XPS measurements were
carried out. The XPS spectra were conducted to explore the nature of the surface
defects of the ZnO NP layers, which are presented in Fig. 7. It shows core-level
XPS spectra of Zn 2p and O 1s for the ZnO NP films unannealed and annealed at
150 °C. From Fig. 7a, the binding energy of Zn 2ps,, peak was at 1021.5 eV for the
ZnO films without annealing [37-39]. The maximum of the Zn 2p;,, peak shifts
toward lower binding energy by 0.1 eV as the annealing temperature is increased up
to 150 °C; the shift implies that more Zn atoms are bound to O atoms. The O
1s spectra specimens were found to consist of two components as shown in Fig. 7b.
The peak with lower binding energy (530.1 eV) corresponds to O atoms in a ZnO
matrix. The higher-binding energy component at 532.7 eV is attributed to
chemisorbed oxygen [40]. The main peak shifts towards lower energy by 0.2 eV
after annealing at 150 °C. From the decreased intensity of the higher-binding energy
component, we infer that the oxygen-deficient component decreases with annealing.
Therefore, 150 °C annealing treatment decreases the oxygen-deficient component
and increases the number of Zn—-O bonds in the ZnO NP film [4]. The result
indicates that 150 °C annealing treatment can reduce the concentration of oxygen
vacancies in the ZnO film, decreasing the number of electron traps and the
probability of charge recombination [36].

Photoluminescence (PL) spectra were performed on a HITACHI visible-
ultraviolet spectrophotometer with a Xe lamp as the excitation light source at
room temperature. The excited wavelength was 610 nm. The PL measurements for
active layer with ZnO nanoparticles are performed to explore the electron transfer
characteristics at the active layer/ZnO NP interface as shown in Fig. 8. The PL
spectrum patterns (Fig. 8) for ZnO/PTB7:PC;,BM assemblies consist of a strong
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Fig. 7 aZn 2p and b O 1s XPS spectra of ZnO NPs films with different annealing temperature
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Fig. 8 PL spectra of ITO/ZnO NPs/PTB7:PC;;BM samples with ZnO NPs annealed at different
temperature

emission band peak at around 725 nm. The luminescence intensity decreases with
the increase of thermal treatment temperature up to 150 °C, then it was enhanced to
be almost the same as that of the samples treated at 100 °C as the temperature was
further increased to 200 °C. The diversification of PL intensity indicated that the
surface defects were restrained and repaired by thermal treatment with ETL, which
is accordance with the results of AFM images. In the photovoltaic device, the
reduction of traps can decrease the possibility of trap-assisted interfacial recom-
bination of carriers and consequently enhance J. and FF of the device. Thus, the
PCE of device was improved [41]. The suitable increasing of annealing temperature
for ETL could enhance electron transfer quality between active layer and ETL and
improve the performance of the device.

Conclusions

In this work, we reported the application of ZnO NP thin film as an electron
transport layer for efficient and air-stable inverted PSCs based on a blend film of
PTB7:PC;BM. Power-conversion efficiency of 7.37% is demonstrated simply by
optimizing the annealing temperature of ZnO NPs. ZnO NP layer annealed at
150 °C shows most effective performance in collecting electrons from PC;;BM. To
figure out the mechanism behind the effect of annealing temperature on the quality
of ZnO NPs, transmittance spectrum, dark conductivity, AFM, XPS and PL
measurement were conducted. Studies on film morphology suggest that the 150 °C
annealed ZnO NPs ETL is characterized by a notably smooth and compact surface.
It is found that the optimized annealing temperature can reduce surface defect and
improve surface morphology thus the conductivity of the ZnO NP layer, inducing a
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better electron transfer between active layer and ETL and improved electron
transport of ETL. The annealing temperature applied here to treat the ZnO NP film
is compatible with flexible substrates and the results define a promising pathway for
fabrication of efficient lager area polymer solar cells in a low energy consumption
thus low-cost manner.
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