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Abstract A low-temperature method for the large-scale
growth of ZnO thin films on flexible substrates was real-
ized using a mist chemistry vapor deposition setup. We
prepared and analyzed ZnO thin films grown on flexible
PET/ITO in the temperatures range of 125-250 °C. The
growth of ZnO crystallites was qualitatively investigated
with respect to nucleation and substrate temperature. We
observed a mixed phase in the ZnO thin films prepared at
125 and 150 °C. We conclude that the optimal substrate
temperature for optimal ZnO thin films growth is between
150-200 °C. Our results show that the photovoltaic per-
formance of an organic solar cell (OSC) is strongly
dependent on both composition and morphology. To
demonstrate its application on flexible organic optoelec-
tronic devices, a large OSC with as-grown ZnO thin film as
cathode buffer layer was successfully prepared.

1 Introduction

Flexible organic devices including flexible organic light-
emitting diodes (OLEDs) and organic solar cells (OSCs)
have received a great deal of attention due to their low cost
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and suitability for flexible display applications and wear-
able electronic devices. Multifunctional ZnO thin films are
widely used as cathode buffer layers (CBLs) in OLEDs [1]
OFETs [2] and OSCs [3] devices. They can improve both
the electron collection and transport efficiency by selecting
negative carriers and blocking positive carriers [4, 5].

ZnO thin films can be grown using several methods
including magnetron sputtering [6], chemical vapor depo-
sition (CVD) [7], atom layer deposition (ALD) [8], and the
sol-gel approach [9]. Compared to vacuum deposition,
solution processing techniques including spin-coating and
MICVD are particularly attractive as they represent a cheap
way of preparing large-scale ZnO thin films under ambient
conditions. For this method, a low growth-temperature is
crucial to ensure compatibility with flexible device fabri-
cation and roll-to-roll processing. However, it is well
known that low-temperature growth is difficult to achieve
in non-vacuum processes since the thermal energy is a
prerequisite for decomposing zinc salt solutions. For
example, traditional MICVD using zinc acetate or zinc
nitrate solution requires a substrate temperature higher than
320 °C to enable crystallization [10, 11]. Much research
effort has been devoted to decrease the growth temperature.
Recently, ZnO thin films grown from zinc acetylacetonate
ethanol solution at a only 200 °C have been reported [12,
13]. Unfortunately, this temperature is still not low enough
for the growth to produce high quality ZnO thin films on
most flexible transparent substrates. Nevertheless, ZnO thin
films could be prepared on flexible substrates at 100 °C
using a diethylzinc (DEZ) solution [14, 15]. Unfortunately,
the toxicity and instability of DEZ leads to serious safety
and health problems for operators and the environment,
which limits its practical use.

In this paper, we have used a low-decomposition-tem-
perature zinc—ammonia [Zn(NH3)4](OH), solution as a
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precursor for the ZnO thin films. With a self-designed
simple and a cost-effective apparatus, large scale ZnO thin
films were grown on flexible substrates at a very low
temperature and ambient conditions. The effect of substrate
temperature on composition, crystal structure, morphology,
and optical properties as well as the performance of OSCs
are also discussed.

2 Experiment details

A zinc—ammonia precursor was prepared using the fol-
lowing steps. 5 g zinc acetate was dissolved in 150 ml
deionized H,O. The solution was then completely precip-
itated by dropping in 3.5 ml NH3-H,O. The mixture was
vacuum-filtrated and then washed by more than 11 of
deionized water in order to remove CH;COOQO™. Finally, the
precipitate was dissolved in 50 ml of ammonia—water, and
then diluted with 100 ml deionized water and a 50 ml
methanol mixture.

The MICVD setup comprises an ultrasonic transducer,
an automatic X-Y table, a heating block, and pipe fittings.
The purpose of the ultrasonic transducer is to generate an
ultrasonic wave, which continuously converts solution into
mist. Glass/ITO (8 Q/square) and flexible PET/ITO (40 Q/
square) substrates were used. During the deposition pro-
cess, a ® 20 mm nozzle was mounted 10 mm above the
heating block. Compressed air was used as the carrier gas
and was held at a flow rate of 10 L min~'. The solution
atomization rate was approximately 3 ml min~'. In this
study, we investigate the growth of ZnO thin films on PET/
ITO and glass/ITO substrates at temperatures of 125, 150,
200 and 250 °C.

Inverted OSCs with the structure PET/ITO/ZnO/poly(3-
hexylthiopene):[6, 6]-phenyl Cg;-butyric acid methyl ester
(P3HT:PCBM)/M00,/Ag were fabricated on 50 nm ZnO
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coated PET/ITO. For the active layer, a blend of P3HT and
PCBM film in a 1:1 weight ratio up to about 280 nm was
spray coated on the ZnO film with a supersonic nozzle (Z95S,
Siansonic). MoO, films (8 nm) and Ag films (80 nm) were
then successively thermally evaporated on to the
P3HT:PCBM blend below 10~ Pa. Current density—voltage
(J-V) characteristics were measured using a Keithley 2400
source measure unit. The OSC performance was measured
with an Air Mass 1.5 Global (AM 1.5 G) solar simulator and
an irradiation intensity of 100 mW cm ™2,

A precursor for ZnO growth was vacuum-dried at room
temperature and then tested using a simultaneous thermal
analyzer (STA 449 F3, NETZSCH). The composition and
crystal structure were characterized by X-ray diffraction
(XRD, PANalytical X’Pert PRO) in grazing incidence
mode. The surface morphology of the films was charac-
terized using a scanning electron microscope (SEM, Hita-
chi S4800). The optical transmittance spectra in the
wavelength range of 250-850 nm were recorded using a
UV-Vis spectrophotometer (Hitachi U-3900).

3 Results and discussion

We conducted a systematic experimental study of the
crystal structure, morphology and photovoltaic perfor-
mance of MICVD derived ZnO buffer layers. The inverted
OSCs are shown in Fig. 1a, b. The energy level diagram of
the inverted cell is depicted in Fig. 1c [3, 9]. Each group of
samples has 24 cells assembled and is tested under the
same conditions. The J-V characteristics of the devices
with 6 mm? active area on Glass/ITO and PET/ITO sub-
strates are shown in Fig. 2a, b. The performance of the
OSCs is summarized in Table 1.

For the OSCs based on Glass/ITO substrates, the device
with a ZnO CBL deposited at 125 °C shows an open circuit
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Fig. 1 a The molecular structures of P3HT and PCBM. b The device structure of the OSC. ¢ Energy level diagram of the component materials

used in device fabrication
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Fig. 2 J-V characteristics in the dark and under 1.5 M illumination for a rigid OSCs and b flexible OSCs with ZnO CBLs deposited at different

conditions

Table 1 Important parameters

of rigid and flexible OSCs with Substrate  ZnO Voc (V) Jsc (mA/em®)  FF (%) PCE (%) Rg(Qcm?)  Rgy (Q cm?)
ZnO CBLs deposited at GlassITO  125°C  0.59 8.95 52 27 12 640
different conditions
150 °C  0.58 9.63 54 3.1 8 580
200 °C  0.59 10.25 61 3.7 1172
250 °C 0.59 10.51 59 3.6 7 710
Sol-gel  0.61 9.52 62 3.6 1252
PETAITO 125°C  0.60 7.28 52 23 19 867
150 °C  0.60 8.07 55 26 11 573
200 °C 0.58 8.70 56 2.8 8 675
250 °C 0.55 8.63 42 1.8 10 343

voltage (Voc) of 0.59 V, a short circuit current density
(Jsc) of 8.95 mA/cm?, a fill factor (FF) of 52 %, and a PCE
of 2.7 %. The devices show an increase in Jgc and PCE
when the substrate temperature increases to 150 °C.
Devices with ZnO CBLs deposited at 200 and 250 °C have
very similar performance in PCE. The best device perfor-
mance was obtained when the substrate temperature was
200 °C, where the PCE was 3.7 % with Vgoc of 0.59 V, Jgc
of 10.25 mA/cm?, and a FF of 61 %. The good perfor-
mance of rigid OSCs indicates the MICVD deposited ZnO
compares favorably with sol-gel derived ZnO as a CBL in
small-scale OSCs.

Flexible devices based on PET/ITO substrates exhibit a
lower performance with a relatively low Jsc as shown in
Fig. 2b and Table 1. We attribute this to the higher square
resistance of PET/ITO substrates. The best device perfor-
mance was also obtained when the substrate temperature
was 200 °C. The PCE was 2.8 % with V¢ of 0.58 V, Jsc
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of 8.70 mA/cmz, and FF of 56 %. Notice that there is no
expected improvement in device performance when sub-
strate temperature increases from 150 to 200 °C. When the
substrate temperature increased up to 250 °C, the PCE was
only 1.8 %. The gradual degradation in FF and PCE in
flexible devices is mainly due to microscopic deformation
and crease of PET at the high temperature (~ 200 °C).

In bulk heterojunctions OSCs, the CBL usually acts as a
hole-blocker by collecting negative carriers and thus
increasing the shunt resistance of the devices [5, 16]. As
shown in Fig. Ic, because the conduction band minimum
(CBM) of ZnO is close to the energy of the lowest unoc-
cupied molecular orbital (LUMO) of PCBM, electrons can
be efficiently transported to the ITO cathode without sig-
nificant loss. Generally, well-matched energy levels and a
favorable contact interface contribute to excellent charge
transport properties and overall performance of OSCs [17,
18]. In fact, the energy levels and interface between the
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CBL and the active layer depend on the crystal structure
and morphology, respectively. For these reasons, the sub-
strate-temperature induced crystal-structure and surface
morphology of the MICVD-deposited ZnO film was stud-
ied using XRD and SEM to examine their effect on device
performance.

Fig. 3 a Schematic of the Carrier gas
MICVD setup. a TR
b Diagram showing the nano

particle growth from droplets at
different substrate temperatures.

¢ TG and DSC profiles of the

ZnO precursor. d XRD pattern

Heating block

The structural properties were observed through XRD
patterns of the deposited ZnO at 125, 150, 200 and
250 °C—see Fig. 3d. All of the films have the wurtzite
ZnO structure, well-matched with the standard PDF card
(No. 36-1451). The three typical crystalline ZnO peaks at
31.8, 34.4, and 36.3 correspond to (100), (002), and (101),
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Fig. 4 SEM images of ZnO
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Fig. 5 Transmittance spectra of ZnO films grown on PET/ITO at
different substrate temperatures

respectively. This indicates superior crystal-quality com-
pared to other low temperature preparation methods [19].
As we can see, there is an amorphous peak at 12.8° in the
XRD spectrums of the ZnO film deposited at 125 and
150 °C. This impurity peak disappeared during the increase
of the substrate temperature to 200 °C. This peak is very
close to the (200) of the zinc acetate standard PDF card
(No. 33-1464). We presume that the appearance of this
mixed phase is related to a small amount of residual
CH5COO™. The TG and DSC data indicate similar results.
For the dried precursor shown in Fig. 3c, two exothermic
reaction peaks at 136 and 187 °C were observed, which
indicate that the dried precursor was not pure Zn(OH),.
The weight losses of the two steps were approximately 14
and 3.5 %, respectively, and the total weight loss was about
17 %. The impurity phase produces some negative effects
with regard to the electron transport property of ZnO CBL
and device performance. It is possible that the charge
transport channel between the active layer and the ZnO
CBL becomes narrower when redundant acetate mixes
with ZnO particles. Thus OSCs with lower temperature

Fig. 6 a Image of a 100 mm?>
flexible OSC device with as-
grown ZnO film deposited using
MICVD and b its current—
voltage (I-V) characteristic
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deposited ZnO CBLs had a low current density value—see
Table 1.

Different morphologies of ZnO film deposited on PET/
ITO substrate at different temperatures were investigated
using the SEM surface images shown in Fig. 4. It can be
seen that the grain size of the particles decreases with
increasing substrate temperature. In particular, the size of
particles in ZnO thin films grown at 125 °C is much larger
than in other samples, and a porous surface in ZnO films
grown at 250 °C can also be observed. A similar phe-
nomenon was found in ZnO films deposited on the PET/
ITO substrates. Generally, for spin-coated OSCs, smoother
and denser completely covered ZnO layers result in higher
performance. This is reflected by the values of FF, Rg and
Rsy [20, 21]. The surface quality of the buffer layer affects
directly the morphology of the spin-coated active layer and
the contact between them. This affects the photovoltaic
performance of the device. Our previous studies have
confirmed this [22]. However, as we see in Table 1, the
porous morphology has only a small effect on FF and Rgy
of for the rigid device. Moreover, the Jgc significantly
improved after increasing the roughness. In the same way,
devices using ZnO CBL deposited by MICVD show a
higher Jgc than that those using the sol-gel method. The
reason for the difference is the special active layer depo-
sition process (supersonic spray-coating). The rough ZnO
surface has little impact on the deposition of the active
layer. The morphology and structure does not depend on
the topographic pattern of ZnO. On the other hand, a
positive effect is that the rough surface provides a larger
contact area between the active layer and the CBL. The
charge transport between the active layer and the ZnO CBL
improves with reduced energy loss.

This range of morphologies, induced by substrate tem-
perature, can be due to the film growth mechanisms. Before
the pyrolysis process, zinc—ammonia solution was ato-
mized into micro-droplets with an average size of
approximately 5 um. When the mist droplets were sprayed
onto the hot substrate, the solvent rapidly evaporated and
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the solute crystallized from the solution when it reached the
substrate surface—see Fig. 3a, b. Because the low sub-
strate temperature provides only a small driving force for
nucleation, the solution had a low nucleation and growth
rate. This means the particle can grow much larger. Higher
substrate temperatures facilitate a faster nucleation and
growth rate. This is also why ZnO thin films grown at high
temperature consist of more uniform particles. However,
when the temperature is very high (250 °C), the droplet
shrinks rapidly and most of the crystal grains grow directly
as grown particles. Simultaneously, the solvent evaporates
and leaves a shrinkage cavity on the films. The optical
performance of ZnO thin films was also affected by the
substrate temperature. Figure 5 shows the optical trans-
mittance spectrum of ZnO thin films grown at 125-250 °C.
As we can see, the average transmittance of all ZnO thin
films grown at 125-200 °C is about 78-80 %, which is a
very narrow distribution. When the substrate temperature
increases to 250 °C, the optical transmittance suffers from
significant degradation. The poor optical performance is
due to the large haze that results from the porous
morphology.

Based on the above discussion, 200 °C was chosen as
the growth substrate temperature to obtain high quality
ZnO thin films. Based on the ZnO thin films grown with
this technique, a 100 x 100 mm? flexible OSC with the
structure PET/ITO/ZnO/P3HT:PCBM/Mo0O,/Ag was suc-
cessfully prepared—see Fig. 6a. The -V characteristics
are shown in Fig. 6b. The V¢ and the maximum average
power output (Pyax) are 556 and 102 mW, which indicates
that this low temperature deposition method is suitable for
large scale OSCs fabrication. However, the PCE of the
flexible solar cells is only about 1 %. The low V¢ and FF
are due to the high leakage current caused by the rugged
P3HT:PCBM layer rather than the ZnO CBL. In our next
work, surface morphology improvement on active layer for
flexible OSCs is performed, and the ZnO CBLs deposited
by MICVD for efficient larger flexible OSCs will be dis-
cussed in detail.

4 Conclusions

High density ZnO thin films were successfully grown via
MICVD using a zinc—ammonia solution at a very low
temperature (125-250 °C). The choice of a suitable sub-
strate temperature is clearly crucial to the composition,
morphology, and optical transmittance of ZnO film as well
as device performance. 200 °C was the optimal substrate

temperature to achieve high quality ZnO thin film growth.
This technique is relative simple, low cost and compatible
with large-scale production of flexible organic photoelec-
tric devices.
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