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ABSTRACT

Thin oxide materials are increasingly gaining popularity as both active and passive components for
flexible and transparent electronic devices. Synthesis methods play crucial role for optimal electronic and
optoelectronic properties. Conventional thin film growth methods primarily employ high energy-con-
sumption processes such as ultra-high vacuum and high-temperature operations. Low energy-con-
sumption synthesis processes became critically important for large scale applications. Here we show a
novel approach to synthesize hybrid ZnO thin film using a combination of mist chemical vapor de-
position and sol-gel techniques under atmospheric pressure conditions. The resulting hybrid ZnO thin
films exhibit significant improvements in inverted polymer solar cell (IPSC). The performance im-
provements include carrier concentrations up to 1.5 x 10'® cm~3, carrier lifetimes of 4 x 10~° sec, and
mobility up to 0.032 cm?/Vs in hybrid ZnO based IPSC devices. A 36% increase in the power conversion
efficiency (PCE from 3.1% to 4.23%) was observed utilizing the hybrid ZnO layer compared to their non-
hybrid counterparts. These results highlight a simple and inexpensive alternative to produce hybrid ZnO

layer with mass production compatibility for highly improved polymer solar cell applications.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Wide bandgap oxide semiconductors are emerging as domi-
nant players for electronic and optoelectronic applications [1].
Thin films and nanostructured oxides are increasingly gaining
popularity as passive and active components, particularly in the
field of flexible and transparent devices. Oxides of different origins
play important roles in device operation, increasingly becoming
more viable alternatives to conventional semiconductors. Synth-
esis methods play crucial roles controlling electronic and optoe-
lectronic properties of the oxide materials. Conventional thin-film
growth methods mostly contain high energy consumption pro-
cesses such as high temperature and/or ultra-high vacuum pro-
cessing. Energy consumption can be significantly reduced by using
a method which is less dependent on ultra-high vacuum
processing.

Low energy consumption, low environmental load, simple
configuration, easy and inexpensive maintenance are among the
advantages of a non-vacuum system. However, precise control of
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atmosphere and temperature are required for high-quality oxide
material growth at atmospheric pressure. Here we show a novel
approach to synthesize oxide materials (such as zinc oxide) under
atmospheric conditions by a mist chemical vapor deposition (mist-
CVD) technique. In recent years, various approaches to grow or
deposit ZnO thin films have been used extensively. Pulsed laser
deposition (PLD), molecular beam epitaxy (MBE), magnetron
sputtering, metal-organic chemical vapor deposition (MOCVD),
chemical vapor deposition (CVD), as well as solution-based ap-
proaches such as hydrothermal, sol-gel, electrochemical deposi-
tion are among the conventional ZnO synthesis approaches [2-7].
Magnetron sputtering and solution-based approaches typically
yield polycrystalline films. On the other hand, PLD, MBE and
MOCVD can produce high-quality mono-crystalline or epitaxial
films. These techniques are complicated and expensive. The mist-
CVD process is simple, inexpensive, and can yield high quality
films at low temperatures. It is a combination of spray pyrolysis
and CVD methods which allows the deposition to occur in the
vapor phase [8-14]. The precursor mist was introduced by spray-
ing through a well-defined temperature profile result in the for-
mation of a thin film on the substrate surface. Furthermore, the
atmospheric operation condition of mist-CVD enables the use of
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varieties of environment friendly solvents (such as water), with
clear mass-production potentials.

ZnO is a promising candidate for n-type carrier conduction in
polymer solar cell structures due to its relatively high electron
mobility, environmental stability, and high transparency [15]. ZnO
thin film is a heavily used material for a broad range of solar cell
applications such as organic polymer solar cell, dye sensitized
solar cell, quantum dot solar cell. The hybrid-ZnO layers could be a
strong candidate to replace existing ZnO materials for higher solar
cell device performances. However, their efficiencies are often
limited by low ZnO carrier mobility and the typically rough surface
morphologies as reported previously [15,16]. An effective strategy
for ZnO thin film synthesis with high carrier concentration, high
carrier mobility and large scale uniformity is critical for high ef-
ficiency solar cell devices. In this work, we show a novel strategy
to synthesize high quality hybrid ZnO thin films for inverted
polymer solar cells with high carrier mobility, carrier concentra-
tion, and large scale uniformity. Hybrid ZnO thin films were syn-
thesized by simple, inexpensive approach with large scale synth-
esis compatibilities using a combination of mist-CVD and sol-gel
processes. The growth of the hybrid ZnO layer was optimized in
order to maximize solar cell carrier concentration, mobility and
subsequent device efficiency. The details of these improvements
were analyzed in depth by evaluating the large scale surface
roughness, carrier concentration, carrier mobility, device carrier
lifetime and other device parameters. Our results show that the
atmospheric process can be used for achieving high quality hybrid
ZnO thin films, and could be applicable for polymer solar cell, dye
sensitized solar cell, quantum dot solar cell and other optoelec-
tronic devices.

2. Materials and methods
2.1. Mist-CVD ZnO layer synthesis

A custom made mist assisted chemical vapor deposition system
(Fig. 1a) was used for ZnO thin film synthesis. The system consists
of two main chambers, i) mist generation chamber and ii) a
sample reaction chamber. Zinc acetate dihydrate (Sigma Aldrich,
99.9%) was dispersed in deionized water with a concentration of
0.025M and stirred for 1 h. A solution of 0.027 vol% acetic acid
(Sigma Aldrich) was added during the stirring process to enhance
solute dissolution rate. This precursor solution was then trans-
ferred into the mist generation chamber. An ultrasonic transducer
(BEANS International Corp.) was employed to generate mist vapor
inside the chamber before transferring them into the sample re-
action chamber for ZnO synthesis on top of a heated substrate.

2.2. Hybrid ZnO thin film synthesis

One gram of zinc acetate dihydrate and 0.28 g of ethanolamine
(Sigma Aldrich, 99.5%) was dissolved in 2-methoxyethanol (Sigma
Aldrich, 99.8%) and stirred for 12 h in air. This solution was then
spin coated on top of the mist-CVD grown ZnO film with 4000 rpm
for 40 s. A vacuum annealing procedure was conducted in order to
finalize the hybrid ZnO layer. In this process the spin coated
sample was placed into a vacuum oven while reducing the
chamber pressure to lower than 1 mbar range. The sample was
heated to 200 °C in the course of 30 min and kept under a constant
temperature conditions for additional 60 min.

2.3. IPSC device fabrication

Commercially available P3HT:PCBM (1:1 wt-ratio) was dis-
persed in dichlorobenzene solvent at a concentration of 20 mg/mL

and stirred for 14 h inside a nitrogen filled glove box. The mixture
was kept at a constant temperature of 35 °C for 10 h and increased
to 40 °C during last 4 h of the dispersion process. The P3HT:PCBM
mixture was then spin coated on top of the hybrid ZnO coated ITO/
glass substrate at 600 rpm for 20 s followed by 1100 rpm for 9s. A
150 °C annealing for 5 min was conducted before the thermal
deposition of the 10 nm molybdenum trioxide (MoO3) and 100 nm
silver (Ag) layers.

2.4. Device characterizations

J-V characteristics were measured using a Keithley 2400 source
meter. AM 1.5 solar illumination was generated by using an Oriel
Xenon lamp with appropriate optical filters. AFM measurements
were conducted using a SPA 300 HV, Seiko Instrument Inc. system.
Field emission scanning electron micrographs were obtained from
a JEOL JSM-6700F FE-SEM system. Transmittance spectra were
obtained by using a UV-Vis spectroscopy system (Ocean Optics,
USB2000+ UV-Vis). C-V measurements and impedance measure-
ments were conducted with Agilent 4294A Precision Impedance
Analyzer.

3. Results and discussion

Precise control of the atmosphere and temperature are re-
quired to achieve high quality ZnO growth at atmospheric pres-
sure. Low energy consumption, low environmental load, simple
configuration, low cost easy maintenance are among the ad-
vantages of a non-vacuum system. Fig. 1(a) is a schematic of the
typical mist-CVD setup used in this investigation. This apparatus
has two chambers, a mist vapor generator/atomizer (left) and a
reaction chamber (right). Several different types of zinc precursors
and solvents can be used for ZnO growth [9-11,17]. We used zinc
acetate dehydrate (Zn(CH3COO),) as the precursor, due to its
smaller nucleation size and the resulting uniform surface mor-
phology [17]. We used water as the solvent for its uniform pre-
cursor dissolution, straight-forward processing and non-toxic
nature suitable for large scale production. The atomized mist was
generated by a high-frequency ultrasonic resonator in the mist
chamber and transferred to the reaction chamber. Simultaneously,
the target substrate was heated to provoke mist vapor reaction on
its surface. The gas phase of the vapor surrounding a mist droplet
enables it to float on the heated substrate surface while main-
taining slow evaporation as shown in Fig. 1b. In the steady state
process, heat flux flows from the substrate to droplets and a mass
flux of Zn* ions were transferred to the substrate surface. In the
presence of atmospheric oxygen, a uniform layer of ZnO was
formed on the substrate surface. Residual mist vapor incorporating
CH3COOH liquid droplet and carrier gas were pushed out of the
chamber due to the higher chamber pressure compared to the
ambient. Fig. 1c shows an atomic force microscopy (AFM) image of
a typical ZnO film on glass substrate with an average thickness of
6.5 nm. Some ZnO particles (~5 nm) were observed on top of the
ZnO film distributed randomly after the process. Thickness of the
film was controlled precisely by growth time. Fig. 1d represents
transmission spectra of ZnO films grown over different time per-
iods. Previous investigations [18] verified that the observed
transmission spectra closely approximated flat transmission over
1000 nm to 400 nm wavelength range, and decreased near UV. An
increase in the ZnO film thickness dramatically increased the UV
absorption while keeping unaltered transmission in visible range.
A nearly flat transmission region at 330 nm was used to compare
the transmittance of the ZnO growth time to film thickness. A
5 min growth results in transmittance of ~94.7% while a 32 min
growth exhibits a 70.5% transmittance. These properties of the
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ZnO films enable us to vary film thickness for appropriate elec-
tronic properties while maintaining high optical transmission. The
relation between the transmittance and thickness (measured by
AFM) is represented in Fig. 1e. A nearly linear trend in the trans-
mittance (up to 70.5%) was observed with increasing ZnO film
thickness. A 6 nm thick film resulted in 94.7% transmittance where
as a 70.5% transmittance was obtained from a 30 nm thick ZnO
film. A higher thickness of the film situated outside of this range
could result nonlinearity in the transmittance vs thickness curve.
However, we have observed a nearly linear transmittance vs
thickness dependence until 30 nm thick ZnO films.
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growth temperature up to 400 °C. Fig. 2¢ represents the SEM mi-
crograph of the ZnO films grown at 400 °C. The ITO surface was
not visible in this case due to the complete coverage of ZnO film.
The ZnO particle size was observed on the order of 10 nm to 20 nm
(see circle). The ZnO film surface morphology drastically changes
beyond this growth temperature. Fig. 2d shows the SEM micro-
graph of the ZnO synthesis at 450 °C. Sharp conical shaped ZnO
film morphology was observed in this case due to the fast growth
rate at this temperature range (see highlighted circle). Fig. 2e il-
lustrates the schematic summery of the ZnO growth process and
corresponding surface morphology changes during different

P (gas
Liquid preccursor

80

Transmittance (%)

5 10 15 20 25 30
Thickness (nm)

Fig. 1. (a) Schematic diagram of the mist-CVD system operated in the atmospheric pressure. This consists of a mist vapor generator/atomizer on the left and a reaction
chamber on the right. The atomized mist was generated by a high-frequency ultrasonic resonator in the mist chamber and transferred to the reaction chamber in order to
grow thin film. (b) Schematic illustration of a mist droplet containing liquid precursor surrounded by the mist vapor on top of the heated substrate. (c) AFM micrograph of
the ZnO thin film deposited on top of a glass substrate. (d) Transmittance spectra of the mist-CVD grown ZnO film under different growth time. (e) Transmittance (at 330 nm
wavelength) dependence of the mist-CVD grown ZnO thin film with different thickness.

Growth temperature can significantly alter the ZnO film quality
in the above growth process. Different growth temperatures con-
ditions were evaluated in order to understand ZnO synthesis
process by mist-CVD method. Thin-film surface morphology
grown under different growth temperature was characterized by
scanning electron microscopy (SEM). Fig. 2 shows high resolution
SEM micrographs of the ZnO films grown on indium tin oxide
(ITO) substrate. A bare ITO substrate was demonstrated in Fig. 2a
without ZnO coating. The ITO grain size was observed on the order
of the 40 nm to 60 nm range (see arrow). Mist-CVD grown ZnO
films synthesized at 250 °C resulted in a random distribution of
small ZnO nanoparticles on the ITO substrate (see Fig. 2b) on the
order of 5-6 nm (see arrow). ITO substrate morphology was still
visible in this case due to a low ZnO coverage. In contrast, the
substrate coverage can be significantly improved by rising the

growth temperatures. The random ZnO particle distribution was
observed at 250 °C as a result most of the ITO substrate remained
uncovered. The ITO substrate was completely covered at 400 °C
and a sharp conical shaped surface morphology was observed with
450 °C growth temperature.

An inverted polymer solar cell device was fabricated in order to
investigate the optoelectronic properties of the above ZnO layers.
ZnO thin films can be utilized as an optical spacer and electron
conduction layer in the inverted polymer solar cell structure as
described in reference [19-23]. Fig. 3a shows the schematic dia-
gram of the inverted polymer solar cell (IPSC) device structure.
Conventional IPSC devices are fabricated using glass/ITO/ZnO/
P3HT:PCBM/Mo00s/Ag structure [24]. Conventional P3HT:PCBM
based active layer has been extensively studied previously [25-28].
The optimized and deeply investigated active layer (P3HT:PCBM)
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was chosen to investigate the role of ZnO layers in the solar cell
structure. Fig. 3b represents the I-V characteristics of the fabri-
cated solar cells with the ZnO layer grown in different tempera-
tures. The ZnO grown at 250 °C exhibits a low short circuit current
density (Jsc) and an open circuit voltage (Voc) with a solar cell
power conversion efficiency (PCE) of 0.34%. Jsc and V¢ both can be
improved drastically by increasing ZnO growth temperature up to
300 °C (PCE of 1.57%). A rise in the growth temperature up to
350 °C increases Jsc and Voc further and results PCE up to 2.63%.
An increment in the growth temperature further to 400 °C reduces
the device Jsc and PCE consequently. The variations in PCE with the
ZnO growth temperature was summarized in Fig. 3c. Small ZnO
particles grown at low temperature of 250 °C (Fig. 2b) resulted
poor devices performances with a 0.34% solar cell efficiency due to
the low surface coverage. The coverage of the ZnO films becomes
higher with increasing growth temperature as shown in Fig. 2b—d.
This increases the consequent solar cell device efficiencies drasti-
cally. Maximum solar cell device efficiency (2.63%) was obtained
from growth temperature near about 350 °C (shaded regions in
the graph). A higher growth temperature results sharp conical
shaped tips in ZnO films (Fig. 2d) and could be the key factor
behind the decrease in Jsc (Fig. 3b) and PCE. The thickness of the
ZnO films also plays a crucial role in the solar cell device perfor-
mances (Fig. 3d). The ZnO film with a thickness between 5 nm and
20 nm (shaded region) resulted in maximum power conversion
efficiencies of the solar cells. ZnO film thicknesses lower than 5 nm
exhibited poor substrate coverage (demonstrated earlier) and low
PCE. Increasing mist-CVD growth time from 5 min to 32 min re-
sulted in thicker ZnO film (see Fig. S2a) and consequent trans-
mittance of the film decreased from 92.7% to 70.5% as demon-
strated in Fig. 1d-e respectively. Moreover, correspondingly

2n0 (400 OC) iZno (450 °C)

Fig. 2. (a—d) Scanning electron micrographs of a bare ITO substrate (a), and mist-CVD grown ZnO thin films (b-d) deposited on top the ITO at different growth temperatures.
(e) Schematic diagram of the ZnO thin film growth process on top of a ITO substrate at different mist-CVD growth temperatures. Mist-CVD growth results in ZnO particle
formation at 250 °C, the growth of continues thin films at 400 °C, and thin film shows a sharp conical shaped surface morphology around 450 °C.

highest Jsc, Voc, FF, Rsp, and Rs values were observed in the ZnO
film thickness range between 5 nm and 20 nm (see Fig. S2b). The
ZnO film thickness higher than 20 nm reduces the transmittance
of the layer and consequent device PCE as demonstrated in Fig. 3e.
A film transmittance range from 77% to 93% resulted high device
efficiencies as demonstrated in the shaded regions in the graph.
As demonstrated in the previous section (Fig. 3), the ZnO film
synthesized by mist-CVD method results rough surface morphol-
ogy. The inverted polymer solar cell fabricated on top of this ZnO
layer, results rough polymer-ZnO interface (Fig. 4a) and it could be
the limiting factor for charge recombination and consequent low
solar cell efficiencies. An uniform P3HT: PCBM active layer is cri-
tically important in order to reduce carrier recombination in high
efficiency solar cells as demonstrated elsewhere [25-28]. A hybrid
ZnO layer was synthesized in order to solve these issues combin-
ing the mist-CVD and sol-gel methods for high quality ZnO films.
An inverted polymer solar cell was fabricated on top of this hybrid
ZnO layer (see Fig. 4b). The primary use of the bi-layered hybrid
ZnO layer was to enhance carrier conduction by a mist-CVD grown
ZnO layer and reduction of carrier recombination using a uniform
ZnO layer synthesized by a low temperature sol-gel method. The
mist-CVD grown ZnO layer exhibits irregular surface morphology
as compared to the sol-gel case, demonstrated by the SEM mi-
crograph shown in Fig. 4c. The rough surface morphology of this
ZnO film was reduced by depositing ZnO layer (30 nm) on top
using sol-gel method. This sol-gel based ZnO in hybrid ZnO film
resulted in smooth surface morphology (Fig. 4d) compare to mist-
CVD based ZnO film (Fig. 4c). Furthermore, the smooth top surface
morphology of hybrid ZnO film (Fig. 4d) facilitates uniform P3HT-
PCBM film and reduces carrier recombination. The strategy of
using a hybrid ZnO layer significantly increases the power
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Fig. 3. (a) Schematic diagram of the inverted polymer solar cell structure containing glass/ITO/ZnO/P3HT:PCBM/Mo0s/Ag layers. (b) J-V characteristic of the inverted
polymer solar cell devices containing different growth temperatures of the mist-CVD grown ZnO layer under dark and AM 1.5 solar irradiation. All other layers in the solar
cell kept identical except for ZnO layers. (c) Variations in power conversion efficiencies of the IPSC for different mist-CVD growth temperatures. (d) PCE variations versus
mist-CVD ZnO film thickness of the IPSC devices. (e) Dependence in power conversion efficiency versus the transmittance of mist-CVD ZnO layer (measured at A=330 nm).
High solar cell efficiency was observed in the range (shaded regions) from 77% to 94% transmittance.

conversion efficiency of the solar cell devices (Fig. 4e). The PCE
was limited to 2.6% and 3.1% by utilizing mist-CVD and sol-gel
grown ZnO layers individually. However a hybrid ZnO layer ex-
hibited very high solar cell power conversion efficiency up to
4.23%. These improvements were made possible by improving
both Jsc and Voc (see Fig. 4e) of the device due to the incorporation
of hybrid ZnO layer. High quality hybrid ZnO layer was accom-
plished by varying growth temperature and film thickness as de-
monstrated in Fig. 4f and Fig. 4g, respectively. The power conver-
sion efficiency of the solar cell containing hybrid ZnO layer was
compared with mist-CVD grown devices under different growth
temperatures. The hybrid ZnO exhibits highest PCE of 4.23% at
around 350 °C growth temperature. Moreover, the power conver-
sion efficiencies were significantly higher than simple mist-CVD
samples (2.63%) as shown in Fig. 4f. Thickness variation also de-
monstrates a significant PCE improvement for the hybrid ZnO case
compared with the mist-CVD grown ZnO film. The thickness of the
sol-gel ZnO layer was kept constant at 30 nm while the mist-CVD
layer thickness was varied for comparison (Fig. 4g). Both of the
methods exhibit high PCE in the range of 10 nm to 15 nm ZnO
layer thickness. However, a 64% improvement in PCE (4.23%) was
observed for the hybrid ZnO in contrast of the mist-CVD devices
(2.58%). High device current density (Jsc), open circuit voltage
(Voc), fill factor (FF), shunt resistance (Rsy,) and consequently low
series resistance (Rs) are required for high power conversion ef-
ficiencies [24-28]. Fig. 4h shows the mist-CVD growth tempera-
ture variation of all the solar cell device parameters (Jsc, Voc, FF,
Rsh and Rs). It was evident from the Fig. that the growth tem-
perature near about 350 °C resulted high Jsc (11.98 mA/cm?), Voc
(0.56 V), FF (0.63), Rsh (1535 Q/cm?) and very low Rs (7 @/cm?).
These improvements resulted in high solar cell power conversion
efficiencies for hybrid ZnO thin film. Deviation from this

temperature range (350 °C) degrades solar cell parameters and
consequent device efficiencies.

These improvements of the solar cell device parameters
strongly highlight improved charge transport by the hybrid ZnO at
around 350 °C. Charge transport mainly determined by the charge
carrier drift across the device layers under applied electrical field.
The magnitude of the carrier accumulation in the device can be
readily determined by capacitance-voltage (C-V) and impedance
spectroscopy [29-32]. In this study, the carrier concentration,
charge mobility and carrier lifetime were obtained by the C-V
measurement and impedance spectroscopy. These were conducted
in order to investigate the charge transport properties across the
device layers in dark and light conditions. First, Mott—Schottky
curve and acceptor carrier concentration were measured using C-V
measurements as demonstrated elsewhere [29-32]. Fig. 5a shows
the measured capacitance (at frequency 1 kHz) as a function of the
applied voltage. The magnitude of the oscillation signal amplitude
was kept constant at 50 mV during the measurement. Inverted
polymer solar cell devices can be modeled as a parallel plate ca-
pacitor during the C-V measurement [31,32]. The ITO and Ag
electrodes can be considered as the top and bottom parallel plates
separated by ZnO/P3HT:PCBM/MoOs in the middle. Both the P3HT:
PCBM and MoOs were kept identical in all of the devices in order
to evaluate changes driven by ZnO layers. The obtained device
capacitance can be decomposed into two distinct regions as shown
in Fig. 5a. i) Depletion layer modulated region (Cgep): Where ap-
plied voltage (V) is less than built-in voltage (Vy;), ii) chemical
capacitance region (C,): where capacitance is driven by V> Vy;
[30,32]. The minority carrier accumulation related chemical ca-
pacitance was measured under forward bias condition. The capa-
citance of the device remained nearly constant in Cqep, region,
however a sharp increase in the device capacitance was observed



C. Biswas et al. / Solar Energy Materials & Solar Cells 157 (2016) 1048-1056

Mist-CVD ZnO solar cell

(@)

1053

Hybrid ZnO solar cell

(b)

Sol-gel ZnO

7
Mist-CVD ZnO (350 °C) ITO

Glass

< (@) =©
§ o [T o Hybrid zn0
<
£ —a— Mist-CVD ZnO (2.6%) 9 3t
> -4 | ——SolGel ZnO (3.1%) = .
2 —0— Hybrid ZnO (4.23%) A ('-lj 21 2l Mist-CVD ZnO
2 2 b &
5 14 1t
3 12 < ‘ ‘ : Mist‘-CVD ZT]O | oL . . . ‘ .
0.0 0.2 04 0.6 200 250 300 350 400 5 10 15 20 25 30
Voltage (V) Growth Temperature (°C) ZnO thickness (nm)
2 R (Qcm’
(h) FF Jsc(mAIcm ) sh ( )
v 41600 ] 11
12.0
0.62 | 0560
41400
4110
0601 4 556} 11.5 11200
19
0.58 | - 1000
0.552 + 18
11.0 1800
0.56
4600 17
0.54 L 0-548 T 40 5L : : : :
$ 200 250 300 350 400 450
vV (V) R_(@/cm’)

Growth temperature (°C)

Fig. 4. (a) Schematic diagram of the inverted polymer solar cell with mist-CVD grown ZnO layer incorporating rough polymer interface. (b) IPSC device schematic diagram of
smooth ZnO-polymer interface due to the hybrid ZnO layer. (c) SEM micrograph of the ZnO layer grown on top of the ITO substrate using the mist-CVD process. Inset shows
the schematic diagram of the cross-section of this structure. (d) SEM micrograph of the hybrid ZnO layer grown on top of the ITO substrate highlights smooth ZnO-polymer
interface. Inset shows the schematic of the cross-sectional view of the structure. (e) Comparisons between the J-V characteristics of IPSC devices containing hybrid ZnO, sol-
gel ZnO and mist-CVD ZnO layers under AM 1.5 solar spectrum. Black circle curve represents the J-V characteristics of hybrid ZnO based solar cell in dark. (f, g) Comparisons
between the PCE of hybrid ZnO and mist-CVD ZnO based IPSC with different mist-CVD growth temperatures (f), and mist-CVD grown ZnO thickness (g). Sol-gel ZnO growth
temperature (200 °C) and thickness (30 nm) were kept constant during hybrid ZnO synthesis process in order to compare mist-CVD effects. (h) Multi Y axis plot of the hybrid
ZnO inverted polymer solar cell device parameters with the mist-CVD growth temperature. Solar cell parameters from left to right: fill factor (FF), open circuit voltage (Voc),

current density (Jsc), shunt resistance (Rsy) and series resistance (Rs) were represented.

under forward bias condition (C, region). Light illumination on the
device showed a higher capacitance density, due to extra photo-
generated charge carriers. The solar cell junction capacitance
varies with bias dependent depletion layer modulation according
to the Mott-Schottky relation [29-32]

_20-V)
AeeegN,
where, A is the device area, e is elementary charge, € is the relative

dielectric constant, € is the permittivity of the vacuum and N is
the concentration of the acceptor impurities. The experimental

C_2
M
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different ZnO growth temperatures.

Mott-Schottky curve obtained from the IPSC devices was re-
presented in the inset of Fig. 5a. Built in potential and acceptor
concentration of the device can be calculated by fitting this curve
using the above Eq. (1). The Vy; and N values was obtained as
0.27 V and 1.53 x 10'® cm 3, respectively by using =3 for 200 nm
P3HT: PCBM layer [30]. This method enabled us to compare ac-
ceptor concentration of the hybrid ZnO with mist-CVD ZnO based
solar cell devices. Fig. 5b demonstrates the variations in the ac-
ceptor carrier concentration versus ZnO growth temperature for
different types of ZnO layers. It can be verified from the Fig. that
the hybrid ZnO layer exhibits the highest (1.53 x 10'® cm~3) ac-
ceptor concentration compared to the mist-CVD (8.7 x 10> cm—3)
and sol-gel (1.05 x 10'® cm~3) ZnO layers under dark condition. An
overall increment in the effective acceptor concentration was ob-
served in the solar cell under the light illumination condition due
to photo-induced charge generation [32]|. However, the highest
acceptor carrier concentration trend in hybrid ZnO was

maintained under light illumination. A gradual decrement in ac-
ceptor concentration was obtained with a ZnO growth tempera-
ture outside of the 350 °C range, both for dark and light conditions.
This matches with the power conversion efficiency trend of the
device obtained earlier (Fig. 4f). Therefore, a high acceptor carrier
concentration was resulted from hybrid ZnO (grown near 350 °C)
based devices. This plays a critical role behind improved solar cell
device parameters and consequent PCE increments.

Moreover, carrier mobility and lifetime can be extracted using
impedance spectroscopy measurements [30-32]. Conventional
plots of the imaginary impedance (Z;,) and real impedance (Z.)
resulted in two eccentric semicircles for polymer solar cells as
shown in previous literature [30-33]. Fig. 6a shows measured
electrical impedance spectra of the hybrid ZnO IPSC in the com-
plex plane under dark and light conditions. The device was mea-
sured under the open circuit condition and the oscillating fre-
quency was varied from 40 Hz to 1 MHz while maintaining a
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Fig. 6. (a) Impedance spectra of the hybrid ZnO based inverted polymer solar cell in dark and under AM 1.5 solar irradiation. (b) Comparisons in the impedance spectra
between different growth temperatures of the hybrid ZnO based solar cells under dark condition. (c) Variations in the carrier lifetime with different mist-CVD growth
temperatures were compared for the sol-gel ZnO, hybrid ZnO and mist-CVD ZnO based solar cell devices. (d) Carrier mobility as a function of the mist-CVD ZnO growth
temperatures were compared for the same types of device as (¢). High carrier lifetime and mobility and consequently high PCE (Fig. 4) were observed in hybrid ZnO based

solar cells compare to non-hybrid ZnO devices.
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constant amplitude of 50 mV. The impedance spectrum of the
device under light illumination dramatically shifted the semicircle
toward a lower resistance region (as shown in Fig. 6a) compared to
the dark case. This could be resulted from the increments in
charge carriers by photogeneration and corresponding decrement
in the device resistance. The characteristic recombination fre-
quency [32] (fp at max Z;,,) was shifted from 98 Q to 62 Q under
light compared to the dark condition. A similar behavior was ob-
served from the hybrid ZnO layers grown under different growth
temperatures (Fig. 6b). A high acceptor carrier concentration and
low series resistance were obtained from the hybrid ZnO layer
grown at 350 °C (Fig. 5). Fig. 6b verifies that a low fy could be due
to high acceptor concentration and low series resistance in 350 °C
(157 Q) samples in comparison to the 400 °C (247 Q) and 300 °C
(337 Q) growth temperatures. All the device layers were kept
identical in order to compare the changes due to different ZnO
layers. The impedance pattern reveals that the carrier transport
could be determined by the diffusion-recombination between
non-absorbing contacts [30]. The above result suggests that the
improvements in the power conversion efficiencies could be trig-
gered due to a higher acceptor carrier concentration and a low
device resistance in the hybrid ZnO (grown at 350 °C) based solar
cell devices. Furthermore, carrier lifetime and mobility of the de-
vices were extracted from the impedance measurements. Carrier
lifetime (to=1/2nfy) can be directly calculated from the im-
pedance spectroscopy using the characteristic recombination fre-
quency (fo) [29,30]. Fig. 6¢c demonstrates the carrier lifetime
comparisons between different types of ZnO incorporated solar
cell devices. The solar cell device with a hybrid ZnO layer grown at
350 °C exhibits a highest carrier lifetime (~4 ps) among other
temperatures. The highest carrier lifetime (around 3.3 ps) from the
mist-CVD and sol-gel ZnO devices was lower than that of hybrid
ZnO case. Similarly the charge carrier mobility can be determined
from the Nernst-Einstein relationship as p,=eD,/KgT [29-33].
Here D, is the carrier diffusivity, and KgT is the associated thermal
energy. D, can be calculated from the transition between the de-
pletion layer driven impedance response and carrier diffusion—
recombination associated impedance response at the diffusion
frequency fy (Dn= fy x 2wel?, where L is the active layer thickness
~200 nm). Fig. 6d represents the carrier mobility of the different
types of ZnO incorporated solar cell devices. The hybrid ZnO solar
cell exhibited the highest carrier mobility (0.032 cm?/Vs) com-
pared to the mist-CVD (0.026 cm?/Vs) and sol-gel ZnO (27 cm?/Vs)
based solar cell devices. Moreover, hybrid ZnO based devices re-
sulted in a highest carrier lifetime mobility and corresponding
high device performances compared to non-hybrid ZnO. The above
results strongly suggested that the increased acceptor carrier
concentration, low device resistance, high carrier lifetime and
mobility in the hybrid ZnO based solar cell devices play a critical
role behind the improved power conversion efficiency.

4. Conclusions

A novel strategy to synthesize high quality hybrid ZnO thin
films for improved inverted polymer solar cells was demonstrated.
Hybrid ZnO thin films were synthesized by a simple, inexpensive
approach with large scale synthesis compatibilities using a com-
bination of mist-CVD and sol-gel processes. The precursor droplets
introduced in mist-CVD to a well-defined temperature profile
substrate results in high quality, large area hybrid ZnO films with
nanoscale uniformity. The optimization of the hybrid ZnO layer
was achieved in order to maximize solar cell carrier concentration,
mobility and subsequent device efficiency. A 36% increase in solar
cell device efficiency up to 4.23% was demonstrated using the
hybrid ZnO layer as compared to non-hybrid ZnO devices (3.1%).

The hybrid ZnO film with the mist-CVD growth temperature near
about 350 °C and film thickness in the range of 5 nm to 20 nm
exhibited high efficiency inverted polymer solar cells. Deviation
from this range resulted poor ZnO film coverage, highly non-uni-
form surface morphology, and poor solar cell performances. The
hybrid ZnO based inverted polymer solar resulted high carrier
concentration and power conversion efficiencies compared to the
mist-CVD and sol-gel based ZnO. Furthermore, our results strongly
suggested that the increased carrier concentration, low device
resistance, high carrier lifetime and high mobility in hybrid ZnO
based solar cell devices could be the reason behind the high power
conversion efficiencies compared to conventional non-hybrid ZnO
structures. Since ZnO thin film is a heavily used material for a
broad range of solar cell applications (such as organic polymer
solar cell, dye sensitized solar cell, quantum dot solar cell) there-
fore, the utilization of the hybrid ZnO films show a potential to
improve solar cell efficiency by replacing todays non-hybrid ZnO
materials.
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