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Abstract

ZnO thin films prepared by pulsed laser deposition at low temperature are utilized
as the electron transport layer in CH3;NH;Pbl; ,Cl,-based perovskite solar cells
with a planar heterojunction structure. Oxygen pressure greatly influences the
transparent and conductive properties of ZnO films, which are extremely impor-
tant as electron transport layer for the perovskite solar cells. The transparent and
conductive properties of the films under different oxygen pressures are studied by
ultraviolet-visible spectrophotometer and Hall effect measurement system.
Through controlling the oxygen pressure, transparent ZnO films with high con-
ductivity are grown and adopted as electron transport layer for planar perovskite
solar cell with a power conversion efficiency of 6.3%. After further surface modi-
fication of ZnO electron transport layer with [6,6]-phenyl-C61-butyric acid methyl

ester, the efficiency of the planar solar cell increases to 7.5%.
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1 | INTRODUCTION

Since organometal halide perovskite sensitized solar cells
(CH3NH3PbX3, X: Cl, Br, or I) were firstly reported by
Miyasaka et al.,' a major scientific breakthrough in the
field of photovoltaics has been the emergence of organome-
tal perovskites as absorber materials, achieving exceptional
progress in  solar cell performance.”>  Typically,
CH;NH;Pbl; has a direct optical band gap of around
1.5eV,® low exciton binding energy (~45 meV),* and
apparent tolerance of structural defects, high optical absorp-
tion, and long charge carrier diffusion lengths.” So far, the
most efficient perovskite solar cells with PCE over 15%
have a typical planar P—i—N structure of HTL/perovskite/
ETL. HTL represents the p-type hole transport layer, and
ETL represents the n-type electron transport layer.>® The
ETL and HTL layers not only collect the currents but also
block the holes and the electrons, respectively. They also
prevent the perovskite active layer from the direct contact

electron transport layer, oxygen pressure, perovskite solar cell, pulsed laser deposition, zinc oxide

with electrodes to reduce recombination of photocurrent.”
The film roughness of electron transport layer also influ-
ences the growth of perovskite layer, especially for its sur-
face morphology. Moreover, the electrical and optical
properties of ETLs can significantly affect the performance
of perovskite solar cells in terms of fill factor (FF), open-
circuit voltage (V,.), and short-circuit current (Jg). So,
selecting ETL with controlled property is essential to
understand the solar cell photovoltaic processes such as
photocarriers separation, transport, extraction, and recombi-
nation.'”

In a planar P-i—-N perovskite solar cell, a metal oxide
dense film, such as Ti02”’12 or ZnO"'* is usually used
as an electron transport layer to beneficially transfer the
electrons and block the holes. Although the highest effi-
ciency was obtained with TiO, film-based perovskite solar
cells,'> ZnO is also very attractive owing to the following
material characteristics. First, ZnO is a wide band semi-
conductor with similar band gap structure to that of TiO,
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but has higher electron mobility.'®'® Importantly, high
crystalline ZnO films can be grown at low temperature
without sintering processes.'® Several growth methods
including sol-gel process, electrodeposition, and sputtering
could be adopted for ZnO films.** For example, Park
et al*' prepared ZnO nanorod-based perovskite solar cell
in the absence of a compact TiO, blocking layer with a
power conversion efficiency (PCE) of 11.13%. However,
high processing temperature (450°C) was adopted to
anneal the ZnO nanorods. Kelly et al.** reported the use
of ZnO nanoparticles thin film as ETL in a CH3;NH;Pbl;-
based solar cell without high-temperature sintering. But
impurities can be easily introduced into ZnO nanoparticles
by a solution method. Mahmood et al.>> explored a dou-
ble-layered ZnO film for mesoscopic perovskite thin film
solar cell, showing PCE of 10.35%. The low-temperature
grown ZnO film as electron transport layer in perovskite
solar cells highlight the opportunities to further improve
the efficiency by optimizing the ETL optical and electrical
properties. For example, Song et al** adopted spin-coated
ZnO thin film as electron transport layer and the layer
thickness as a key parameter for the photovoltaic perfor-
mance was optimized. Moreover, precise controlling the
semiconductor property of ETL like its transparence and
conductivity is very important for perovskite solar cells,
yet there is a dearth of effort in this area. Only few
reports discussed the effects of the nonstoichiometry
defects of the metal oxide electron transport layer on the
photovoltaic performance of the planar perovskite solar
cell.?® Therefore, we need to explore new method to grow
electron transport layer in a controlled manner, and regu-
late their physical property.

Pulsed laser deposition (PLD) is now one of the most
successful growth techniques to obtain high-quality oxide
thin films and nanostructures.’®2® In addition, although
undoped ZnO is a typical n-type semiconductor, the
growth environment, such as oxygen partial pressure, can
greatly influence the transparent and conductive properties
of ZnO film. In this regard, Carcia et al®® stated that the
resistivity of polycrystalline undoped ZnO films can be
changed by more than 10 orders of magnitude by control-
ling the oxygen partial pressure with rf-magnetron sputter-
ing. Further, it was also reported that the oxygen vacancy
can increase the carrier density of ZnO film, which also
possibly influenced its electronic structure.>® These proper-
ties were both important ETL characteristics for the per-
ovskite solar cells.

Herein, we studied systematically the effect of different
oxygen pressures on the semiconducting properties of ZnO
thin films grown by PLD, which showed great influence on
the photovoltaic efficiency of the CH;NH;Pbl; ,Cl,-based
perovskite solar cells when ZnO film was used as ETL.
Such ZnO layer was substantially thinner and required no
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high-temperature sintering in contrast to the mesoporous
TiO, film. Moreover, as PLD growth technique had the
advantages such as the short growth cycle, less impurity,
and better crystallinity, we can adjust the physical proper-
ties of ZnO ETL by controlling the growth condition like
oxygen pressures. The optimized growth conditions for
ZnO ETL were obtained for ZnO/CH;NH;Pbl;_ Cl,/P3HT/
Au planar solar cell with an efficiency of 6.3%. After fur-
ther surface modification of ZnO ETL with a PCBM layer,
the efficiency increased to 7.5%. These characteristics
favored the development of large area flexible solar cells
with a predesigned process.

2 | EXPERIMENTAL PROCEDURE

2.1 | Growth of ZnO thin films under
different oxygen pressures

ZnO targets made from pressed and sintered oxide powders
were adopted for PLD. KrF excimer laser (CompexPro
205, Coherent) pulses with a 10 Hz repetition frequency
were applied. Fluorine-doped tin oxide (FTO)-coated glass
(15 Q/sq, Pilkington, Minato-ku, Tokyo, Japan) was used
as substrate for ZnO film growth at ambient temperature.
The O, pressure was controlled in the range of 10~ Pa-
107 Pa. The laser energy density focused on the target was
about 2 J/cm?. The distance between target and substrate
was 100 mm.

2.2. | Fabrication of CH;NH;PbI;_,Cl,
perovskite solar cells

Perovskite solar cells were prepared as schematically
shown in Figure 1. The devices were fabricated with the
of FTO/ZnO/CH3;NH;Pbl;_Cl,/P3HT/Au. A
70 nm ZnO layer was prepared by PLD method under dif-
ferent oxygen pressures. We used a mixture of PbCl, and
Pbl, as the precursor, and spin-coated at 5000 rpm on the
compact ZnO film. Then, it was annealed at 70°C for
30 minute. The CH3NH;I solution was added onto the sur-
face and kept for 46 seconds and spin-coated at 5000 rpm
for 30 seconds to form the CH3;NH;Pbl;_,Cl, film. The
film color changed from chartreuse to dark brown, indicat-
ing the formation of the perovskite. Then, P3HT was
coated onto the perovskite layer at 2500 rpm for 30 sec-
onds. Finally, Au electrodes were thermally deposited
under high vacuum through a shadow mask. The devices
with PCBM as modified layer were fabricated on the basis
of the structure of FTO/ZnO/PCBM/ CH;NH;Pbl;_Cl/
P3HT/Au. PCBM film was cast from a solution with
20 mg/mL in chlorobenzene at 3500 rpm for 30 seconds.
Sample and device characterization details were presented
as Supporting Information.

structure
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FIGURE 1 Schematic illustration of perovskite solar cells fabricated by two-step sequential deposition method [Color figure can be viewed at

wileyonlinelibrary.com]

3 | RESULTS AND DISCUSSIONS

3.1 | Effect of oxygen pressure on ZnO
transparent and conductive properties

When ZnO film is used as ETL, the first physical property
to be checked is the optical transmittance. Figure 2 shows
the typical optical photos and according transmission spec-
tra of the ZnO films grown under different oxygen pres-
sures, from 107 Pa to 10> Pa. ZnO thin film is black
when the oxygen pressure is under 10> Pa, which is due
to the incomplete oxidation of Zn®* ions produced by laser
ablation. ZnO film under 2 Pa shows a slight yellow color.
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FIGURE 2 The photos of ZnO films and transmittance spectra of
ZnO films prepared under different oxygen pressures (10> Pa-10* Pa)
[Color figure can be viewed at wileyonlinelibrary.com]

With the oxygen pressure increasing, the color is lighter
and the film becomes transparent gradually. But when the
oxygen pressure reaches 10% Pa, the film becomes opaque
due to the surface roughness. The UV/vis transmittance
spectra of the ZnO samples prepared under different oxy-
gen pressures are also shown in Figure 2. The transmit-
tance of the sample under 10° Pa is only 30% in the
visible wavelength range. With the increase of oxygen
pressures in the range of 3 x 102 Pa-30 Pa, the transmit-
tance of the samples become higher. Typically, all the films
in the range of 2-20 Pa exhibit typical transmittance higher
than 90%. But when oxygen pressure reaches 100 Pa, the
crystal quality of the film reduces and a large number of
particles appear on the surface. The film becomes opaque
and the optical transmittance of this film suddenly drops to
20%. When ZnO film acts as ETL of the perovskite solar
cell, the high optical transmittance is beneficial to improve
the utilization efficiency of solar radiation. According to
the transparent properties of the ZnO films, we choose the
ZnO film grown under oxygen pressure of 2-20 Pa.
Resistivity (p) is the second physical property should be
considered when ZnO film is used as ETL, which is clo-
sely related with the PLD growth conditions. Figure 3A
shows an X-ray photoelectron survey spectrum (XPS) of
ZnO film prepared under 10" Pa. In Figure 3B, the peaks
at 1043.49 and 1020.37 eV correspond to the bonding
energies (BE) of Zn2p,,, and Zn2p;),, respectively, which
are attributed to Zn—O bonds.?' Figure 3C-E are XPS spec-
tra of Ols detected from ZnO films grown under different
oxygen pressures. Only Zn, O, and C elements are
detected, which indicates that there is no impurity in the
PLD-grown ZnO film.*? But, the Zn/O ratio is different
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FIGURE 3
prepared under 10" Pa, (B) high-resolution X-ray photoelectron spectra
of Zn2p of ZnO film prepared under 10~' Pa, XPS spectra of O Ls of
ZnO films under different oxygen pressures (C) 107! Pa, (D) 10 Pa, and
(E) 20 Pa [Color figure can be viewed at wileyonlinelibrary.com]

(A) X-ray photoelectron survey spectrum of ZnO film

TABLE 1 Summary of Zn/O ratio of ZnO films prepared under
different oxygen pressures

Zn At. (%) 0 At. (%) Zn/O ratio
0.1 Pa 52.19 47.81 1.11
10 Pa 44.39 55.61 0.78
20 Pa 46.37 53.63 0.87

when the oxygen growth pressure changes, as shown in
Table 1. At low oxygen growth pressure of 10~' Pa, due
to the formation of oxygen vacancy (V,) defects, the Zn/O
ratio is 1.11. This can be proved by the Ols peak analysis.
Generally, the Ols core-level spectrum of ZnO shows three
different peaks. The Gaussian-fitted peaks marked as (1),
(2), and (3) from the low BE to high BE are shown in Fig-
ure 3C-E. Peak (1) is assigned to 0% ions in the Zn-O
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bonding of the wurtzite 7Zn0.3! Peak (2) is associated with
O ions in the oxygen-deficient regions within the matrix
of Zn0.*>* Peak (3) is usually due to the presence of
loosely bound oxygen on the surface of ZnO films, eg,
0,."7 The detailed composition analysis of Ols peak was
shown in Table S1 in Supporting Information. For ZnO
film of 107! Pa, a clear peak (2) from oxygen vacancy
(V,) defects was observed together with the relative weak
peak (3) from bound oxygen. When the oxygen pressure
increases to 10 Pa, the Zn/O ratio decreases to 0.78 as a
result of decreasing Vo defects and increasing O,. When
the oxygen pressure increases to 20 Pa, the Zn/O ratio
increases to 0.87. In this case, peak (2) due to V,, disappear
and peak (3) also decrease. In summary, the Zn/O ratio first
decreases and then increases with a turning point at growth
pressure of 10 Pa.

Oxygen vacancy is one of the most important defects
that affect the electrical behavior of ZnO ﬁlm,34 and the
above XPS analysis can support well the Hall data shown
in Figure 4, where the resistivity (p), carrier concentration
(n), and carrier mobility (1) of ZnO films are plotted as a
function of oxygen pressure. As V, indicated with peak (2)
is the main n-type donor for ZnO film, the electron concen-
tration  continues to decrease from 2.2 x 10-
7.5 x 10" cm > when the oxygen pressures increase from
107" Pa to 20 Pa. The Hall mobility exhibits a similar
turning point at 10 Pa. The first mobility decreasing is due
to the increasing of adsorbed oxygen that can capture elec-
trons, increase the grain barrier height, and scatter elec-
trons.”>® When continuing to increase oxygen pressure
(>10 Pa), the amount of adsorbed oxygen decreases. The
following Hall mobility increase is due to the decrease of
the carrier concentration.”” The film resistivity is deter-
mined by both n and p with p = (ngp)~"', where g is the
elementary charge. The films resistivity increases from
1.7 x 107 Q-cm to 54 Q-cm from 10~' Pa to 20 Pa. For
ZnO ETLs of the perovskite solar cell, the optimized
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FIGURE 4 Resistivity, carrier concentration, and carrier mobility of
ZnO thin films as a function of oxygen pressure, p represent the
resistivity, n represent carrier concentration, | represent hall mobility
[Color figure can be viewed at wileyonlinelibrary.com]
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oxygen pressure is around 5-10 Pa in terms of both resis-
tivity and transmittance.

3.2 | Planar perovskite solar cells with
different ZnO films as ETLs

Figure 5A,CE illustrate the plan-view images of individual
ZnO, perovskite and P3HT layers, respectively. The cross-
sectional SEM image of the as-deposited ZnO film is clearly
illustrated in Figure 5B and the film thickness is about
70 nm. As shown in Figure 5C, the average grain of the
spin-coated perovskite layer is found to be ~200 nm, and the

thickness is about 400 nm. It is noteworthy that the precursor
materials, eg, Cl doped-Pbl, and CH3NH;sl, partially react
with each other during the spin coating process, particularly
at the interfaces between Pbl, and CH;NH;3I. The as-pre-
pared CH;NH;Pbl; films are initially yellowish-brown in
color and subsequently change to dark brown. A small mole-
cule organic polymer P3HT layer can be observed in Fig-
ure S5E. Figure 5F shows the typical cross-sectional SEM
image of the planar perovskite solar cell with the following
layered structure: FTO/ZnO /perovskite absorber/ P3HT/Au.

Figure 6A shows the steady-state PL spectrum of intrin-
sic ZnO film measured at room temperature with a 313 nm

500 nm
]

500 nm
]

perovskite

FIGURE 5 Surface cross-sectional scanning electron microscopy images of every layer of the device. (A)-(B) surface (left) and cross-sectional (right)
SEM images of ZnO layer, (C)-(D) surface (left) and cross-sectional (right) SEM images of ZnO/CH;NH;Pbl;_,Cl,, (E) surface SEM image of P3HT
layer, (F) cross-sectional SEM image of the device [Color figure can be viewed at wileyonlinelibrary.com]



QIU ET AL.

excitation light. For intrinsic ZnO sample, a sharp PL peak
appears in the UV region centered around 380 nm, which
is attributed to a near-band-edge recombination.’®>° For
mixed halide perovskites CH;NH;Pbl; ,Cl, sample, we
adopt 450 nm light from diode laser as the excitation
source. It is noted that the emission peak for the solution-
processed CH3;NH;Pbl; ,Cl, film is located at 767 nm
with the calculated optical band gap of about 1.61 eV. The
glass substrate and Pbl, film have no emission peak in this
position. Optical absorption spectra were measured on ZnO
film, Cl-doped Pbl, film and perovskite film, respectively,
as shown in Figure 6B. The absorption spectrum of the
ZnO layer exhibits an absorption edge at 380 nm, which
corresponds to its band gap absorption.” The adsorption
edge of the Cl-doped Pbl, locates at about 450 nm. Com-
pared with that of pure Pbl, film (~520 nm),*" the absorp-
tion edge shifts to a higher energy direction. This is mainly
because Cl doping widens band gap of Pbl, film. The opti-
cal absorption onset of the CH3;NH;Pbl;_,Cl, perovskite
film occurs at about 770 nm,41 consistent with the PL data
with a Stocks shift.*> The Raman spectra were further
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FIGURE 6 (A) Steady-state PL spectrum of ZnO film and FTO glass,
Cl-doped Pbl,, CH3;NH;3Pbl;_Cl, samples excitated by 313 and 450 nm
light, respectively, (B) UV-vis spectra of ZnO, Cl-doped Pbl, film and
CH;NH;Pbl;_,Cl, sample, (C) Raman scattering spectra of ZnO, CI-
doped Pbl, film and CH3NH;Pbl;_,Cl, perovskite absorber under the
excitation source of 532 nm [Color figure can be viewed at
wileyonlinelibrary.com]
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measured under excitation with 532 nm laser for Cl-doped
Pbl, film and mixed-halide perovskite CH3;NH;Pbl;_CI,
on ZnO layer. For the Raman spectrum of Cl-doped Pbl,
film (black line), only one peak at lower frequency of
60 cm ™' assigned to the bending mode of the Pb—I bond is
observed.*> For mixed-halide perovskite CH;NH;PbI;_,Cl,
film, four perovskite-related peaks are observed, which are
in good agreement with the density functional theory calcu-
lation.** The peaks at 51 and 71 cm™' are assigned to the
inorganic component of CH3;NH;Pbl;_Cl,.. The feature
peaks at 110 and 167 cm ™' are assigned to the vibration of
the MA cations.*? However, the bands at 95 cm !
uted to the symmetric stretch A;, of Pbl, crystal
which is due to the degradation of CH3;NH;Pbl;_,Cl, film
under strong laser illumination.

To investigate the influence of transparent and conductive
properties of ZnO films on the photovoltaic performance of
according solar cells, the J-V curves of the ZnO/
CH;NH;Pbl;_ClL/P3HT/Au heterojunction cells are mea-
sured as shown in Figure 7. The device parameters are sum-
marized in Table 2. The device with ZnO film grown at
107°Pa as ETL exhibits a Jo. =579 mA/lem?, a
Voo = 0.83 V, a FF = 49.68, and a PCE = 2.4%. With the
oxygen pressure for ZnO film increasing from 10> Pa to
5 Pa, all of the device characteristics like V., J,., and PCE
improve obviously. The device has V., =1.04V,
Je = 12.50 mA/ecm?, FF = 47.96%, and PCE = 6.3% with
Zn0O film grown at 5 Pa. Further increases in the oxygen
pressures of ZnO film from 10 Pa to 10 Pa result in some
deterioration on device performance. The measured J-V char-
acteristics show close relation to the transparent and conduc-
tive properties of ZnO films. With increase of oxygen
pressures from 107> Pa to 5 Pa, the surface of ZnO film
become denser and smoother. Also, the crystal quality of
ZnO film improves greatly. So, the V,. and J,. improve
because of reduced photocarriers recombination. The high
optical transmittance is beneficial to improve the utilization
efficiency of solar radiation and will enhance the solar cell
PCE. The FF value is associated with conductive property of
ZnO film. When the oxygen pressure varies from 10~' Pa to
5 Pa, FF values are almost similar due to the similar value of
resistance observed in Figure 4. As expected, the ZnO layers
obtained at the oxygen pressure of 5 Pa show significant
enhancements for both V.. and Jy. values compared to the
102 Pa sample. However, when continuing to increase oxy-
gen pressures (10 Pa-10% Pa), the transparent and conductive
properties of ZnO films deteriorate. So, no device perfor-
mance improvements are observed when the oxygen pressure
further increases from 10 Pa to 10* Pa.

For a high-efficiency solar cell, except active material
itself, device structure and interface are also key factors. In
order to modify the interface between ZnO ETL and the
perovskite absorber, a PCBM layer is introduced. PCBM is

is attrib-
45,46
t
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FIGURE 7 (A) The photocurrent density-voltage (J-V) curves of perovskite solar cells based on PLD-ZnO films, (B) external quantum efficiency
(EQE) for the best cell using nanostructured ZnO film and ZnO/PCBM, inset is the schematic diagram of the cell device [Color figure can be viewed at
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TABLE 2 Photovoltaic parameters of the PLD-ZnO-based perovskite
solar cells as a function of oxygen pressure

Buffer layer Voe (V) Jse (mA/cm?) FF (%) PCE (%)
1072 Pa (ZnO) 0.83 5.79 49.68 2.4
107! Pa (ZnO) 0.85 7.86 47.56 32
5 Pa (ZnO) 1.04 12.50 47.96 6.3
5 Pa (ZnO/PCBM) 1.0 14.89 50.21 7.5
10 Pa (ZnO) 0.97 11.86 39.57 4.6
20 Pa (ZnO) 0.97 13.75 36.49 4.9
10? Pa (ZnO) 0.58 522 33.29 1.1

a typical fullerene derivative with good solubility and high
electron mobility and has become a standard for organic
solar cell electron acceptor. PCBM, as an interface modi-
fier, can combine closely with both the ZnO layer and the
absorption layer. Interface modification can help relatively
fast extract free electrons and, therefore, enhance the cell
performance. After interface modification, the perovskite
solar cell exhibits higher characteristic —data, eg,
Voe =10V, J= 1489 mA/cm® FF =50.21%, and
PCE = 7.5%. Figure 7B compares the external quantum
efficiency (EQE) spectra from 300 to 800 nm measured
from perovskite solar cells with and without PCBM inter-
layer. With PCBM layer, EQE in almost the whole visible
wavelength region is enhanced, thus leading to a clear
improvement in Jsc. The integrated photocurrent densities
are 14.78 and 12.7 mA/cm? corresponding to the solar cells
with ZnO and ZnO/PCBM layers, respectively, in good
agreement with the experimental results in Table 2. The
photo-induced free carriers must transfer across the inter-
faces to be collected, and the charge recombination usually
occurs at the interfaces due to interfacial defects.'® So,
introducing a PCBM layer plays an important role in sup-
pressing charge recombination.

4 | CONCLUSION

In summary, we have a detailed research about precisely
controlling the semiconductor property of ZnO film like
transparency and conductivity that is very important for
PSC performance. The photovoltaic performance is
explored wusing a P-i-N solar cell with a ZnO/
CH;NH;Pbl;_CL/P3HT/Au configuration, where PLD
grown ZnO film acts as ETL. The best-performing device
exhibits a PCE of 6.3% when ZnO ETL is prepared under
5 Pa. When PCBM is further introduced into the solar cell
as interface modifier, the PCE was further increased to
7.5%. The high optical transmittance is beneficial to
improve the utilization efficiency of solar radiation and the
better conductive property of ZnO film is associated with
higher FF. So, regulating transparent and conductive prop-
erties of ZnO films by controlling the oxygen pressure is
essential for developing perovskite solar cells.
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