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Abstract

Here the influence of processing temperature on the properties of zinc oxide (ZnO) thin films
fabricated using a carbon-free solution process is investigated. Our results show that the film
processing temperature influences a wide range of structural and electrooptical properties.
Films processed at 100 T are shown to be formed of coalesced ZnO nanoparticles, the
dimensions of which increase with processing temperature, accompanied by an increase in
electron mobility. ZnO films processed at different temperatures were incorporated as
electron transport layers (ETLs) in organic photovoltaic devices with PCDTBT:PC;:BM as the
active layer. We find that the ETLs processed at low temperature (100 - 200 °C) exhibit
excellent device performance compared with those prepared at elevated temperatures, an
affect we attribute to shifts in work function and electrical conductivity. Interestingly a
similar trend is observed when our ZnO is used as an electron injection layer in organic light
emitting diodes, where the ElLs processed > 200 °C have higher turn-on voltages and lower

efficiencies than those annealed in the 100-200 °C range.



Introduction

Organic electronics have seen tremendous progress since the first reports on organic
photovoltaics (OPVs)! and organic light emitting diodes (OLEDs)? almost 25 years ago. This
success can be ascribed to the possibility to realize low-cost, large area devices compatible
with rapid solution processing routes®>. However, inorganic materials are widely used in
organic electronics as they enhance the stability and lifetime of devices. For example,
inorganic metal oxides are commonly employed as selective charge carrier layers in OPVs and
OLEDs thanks to their excellent charge transport properties, easy control of nanostructure,
and doping®®. Among the metal oxides used as electron transport layers, zinc oxide (ZnO)
has shown tremendous promise owing to the combination of its direct band gap, high

transparency in the visible range and high electron mobility®*°.

There are a variety of methods to fabricate ZnO, including hydrothermal growth!*2, pulsed

1516 and colloidal nanoparticles’;

laser deposition®3, spray pyrolysis'®, sol-gel processes
among them, solution processing allows low-cost and large-area manufacturing. Sol-gel
synthesis and colloidal nanoparticles are two widely used methods for the preparation of
ZnO0 solutions. High quality ZnO thin films with low defect density have been prepared by
gamma ray irradiation of a ZnO precursor solution by low temperature annealing (130 °C), an
in-situ sol-gel conversion method®®. UV treatments have also been used to rapidly convert
precursors into ZnO and as a means of defect passivation'®. Further modifications to the
surface properties have been made by a complex variety of application specific modifications

that result in changes in physical e.g. wettability, roughness and electronic e.g. work-function

and electron mobility.?°

However, in general sol-gel methods requires high-temperature annealing to completely
remove organic residues and prepare pure ZnO thin films,'® and high-temperature processing
may result in inhomogeneity of the films and also places restrictions on the use of flexile
(polymeric) substrates 2. For colloidal nanoparticles, the synthesis route of dispersed ZnO
nanoparticle solution is relatively complex, including long reaction durations followed by

repeated precipitation, washing and dilution procedures. Moreover, ligand-linked



nanoparticles typically require high temperature annealing, while ligand-free nanoparticles

usually have the suffer from poor dispersion stability®*>.

X+ 35 the

For around a decade one aqueous processed method, using Zn(OH)«(NH3),
precursor, attracted interest owing to its simple and green strategy?*. This method enables
ZnO crystallization at low temperatures (< 150 °C) exploiting metal-ammine decomposition
and hydroxide condensation/dehydration processes. Additionally, the fast, low-energy
kinetics of these reactions provide superior film morphologies: low surface roughness and
high film uniformity?*. This carbon-free ZnO processing method was first reported in thin film

)?42% while recently its use in OPV devices has been explored®®>°. Because of

transistors (TFTs
the low reaction temperature of this method, the devices avoid the thermal stability issue

caused by high temperature treatment.

There are two typical synthesis routes of ZnO formation by this carbon-free chemistry. One is
a two-step process: Zn(OH), precipitate is synthesized first and then it is solvated into
aqueous ammonia to form ammine-hydroxo zinc solutions?®. Unlike this method that
requires precipitation, washing and dilution procedures to prepare precursor solution, the
other is a single-step process, which involves dissolution of ZnO powders or ZnO hydrates
directly into ammonia solution®®3!. The latter is utilized in this work. Despite the attention
this process has received there is little research investigating the influence of processing
temperature 2*313%, For the single-step approach processing temperature is typically limited
to values below 200 °C and the influence of higher temperatures on film properties is

unclear.

Here we have conducted a range of complementary measurements to investigate the
influence processing temperature from 25 — 450 °C on the structural, compositional, optical,
surface morphological and electrical properties of ZnO films. The impact of the different
processing temperatures on OPV performance is first studied and we show that device
performances are comparable when the processing temperature is in the range of

100 — 200 °C, consistent with the existing literature®**3*, However, a dramatic decrease of



OPV efficiency occurs with ZnO ETLs annealed at 450 °C. In addition, the aqueous processed

ZnO films are utilized as electron injection layers for OLEDs.

Results and discussion

We carried out a range of complementary measurements on the ZnO layers beginning with
an assessment of the crystallinity using X-ray diffraction (XRD). The influence of processing
temperature on crystallinity is shown in Figure 1a. No peaks corresponding to crystalline ZnO
are seen in the XRD patterns of films deposited at 100 °C. In contrast those prepared at
200 °C show clearly (100) and (101) diffraction peaks and evidence of a (002) peak
developing. Further raising the temperature to 450 °C results in the development of these
peaks, indicating a greater degree of crystallinity consistent with the elevated processing
temperature. From these XRD data a measure of crystallite size can be made using the
Scherrer method, Table 1. To further examine the structure of the 100 °C film we carried out
high resolution transmission electron microscopy (HRTEM), Figure 1b. The image shows
clearly the presence of nanocrystalline domains of ZnO, indexed to the Wurtzite phase of
Zn0. The inset in the micrograph shows a fast Fourier transform (FFT) taken from the ZnO
region of the image indicating the presence of multiple crystalline domains within the film.
The combination of the nanoscale domain size and the low film thickness (420 nm) may

explain the absence of peaks in the XRD characterization of the 100 °C films.

The presence of ZnO nanoparticles in the 100 °C processed films is further confirmed from
optical transmission measurements. Figure 1c shows the transmission spectra from films
prepared over the full temperature range investigated. All spectra show high transparency in
the visible region, a clear absorption edge around 370 — 380 nm is observed for the
thermally treated films from which the optical bandgap has been calculated by the Tauc plot,
Figure 1d. The exceptionally high bandgap of the as-cast film (5.54 eV) likely originates from
the precursor species Zn(OH)x(NH3),?™* For films annealed between 100 - 450 °C, the
measured absorption edge red shifts with increasing temperature, from 367 nm (100 °C) to
382 nm (450 °C) with a corresponding reduction in optical bandgap from 3.38 eV to 3.24 eV.

The enlarged bandgap of the 100 °C processed film may originate from quantum



confinement effects in this case rather than band-tailing effects seen in amorphous films.

16,37-38

To understand the compositional evolution with changing processing temperature, we first
performed Fourier transform infra-red spectroscopy (FTIR) analysis, Figure 2a. The as-cast
film shows strong O-H stretching and N-H deformation features, indicating the presence of
Zn(OH)x(NH3),*¥*, In contrast, the films thermally annealed at 100 — 200 °C show near
identical spectra with neither the O-H or N-H features being present, confirming that
decomposition and conversion of the precursor has occurred at only 100 °C. We further
probed the composition of the films using X-Ray photoelectron spectroscopy (XPS). Spectra
of the Ols core levels are shown in Figure 2b-d, with data for the Cls, N1s, Zn2p in
Supporting Figure 1. To ensure a fair comparison among peak positions, all spectra were
corrected to the ubiquitous Cls signal at 284.8 eV. The O1s spectra display two overlapping
peaks, the lower binding energy peak assigned to Zn-0O (oxide) peak and the higher binding
energy assigned to O-H,**, the later originating from adsorbed atmospheric moisture,
dangling -O-H surface bonds and/or zinc hydroxide impurities. A systematic decrease in the
intensity of the O-H, relative to the Zn-0 (oxide) peak, can be observed as the temperature
increases which may point to the later as being the most likely source of O-H however in
contrast the N1s spectra do not show a signal for ZnO processed between 100 and 450 °C;
this is in excellent agreement with the FTIR results, indicating that no zinc precursor residue

remains.

The surface morphology was studied using atomic force microscopy (AFM) and scanning
electron microscopy (SEM). The AFM results, Figure 3, show smooth film surfaces at all
processing temperatures. A well-defined granular structure is observed on the surface of the
films thermally annealed with temperature having little impact on the size of shape of the
visible features. Subtle variations in the surface root mean square (RMS) roughness are
observed as the films are heated and as the film undergoes compositional modification and
structural reordering. The SEM images indicate also excellent spatial uniformity for all ZnO

films, Figure 4. Large area images show full coverage for all films, as shown in Supporting



Figure 2. The as-cast film displays a ‘cloud-like’ morphology that is likely an artefact of the
unreacted precursor and solvent present. After annealing, a granular morphology is seen for
all films prepared; the surface roughness from the SEM images is in excellent agreement with
the AFM results. The measured average grain sizes calculated from SEM images are shown as
inset text on each figure, there is an observed increase in grain size as annealing temperature
is increased. It is noted that the grain size of the 100 °C treated film appears to be in the
region of 20 nm, in contrast to the data seem by HRTEM. We believe that the large grains
observed by SEM contain clusters of the nanocrystalline ZnO, this is supported by the lack of
XRD data from these films which would not be anticipated with a primary crystallite size of

~20 nm.

To investigate the behavior of these films as n-type thin films, bottom gate, bottom contact
thin film transistors (TFTs) were prepared. Typical transfer curves and output characteristics
measured under ambient conditions for several unencapsulated TFTs annealed between 100
— 450 °C are shown in Figure 5a. The as-cast film was too resistive and showed no on/off
behavior, so is not displayed here. Between 100 — 450 °C, lower threshold voltages and
higher channel current on/off ratios are observed as temperature increases, both indicative
of improved electron transport. The turn-on voltage shifts towards more negative Vs with
the increase in processing temperature which suggests that higher annealing temperatures
lead to higher concentrations of free carriers in the channel. Enhanced electron transport
with higher annealing temperature is also demonstrated from the calculated saturated field
effect mobility, shown in Figure 5b. The as-cast film has very low mobility,
3.4x10°cm? Vs, however for films at 100 — 450 °C, the mobility increases with the

annealing temperature from 0.05 to 0.39 cm? Vs,

The Fermi levels (Ef) of ZnO films on ITO substrates were calculated from the contact
potential difference measured by Kelvin Probe in air, Figure 5b. Interestingly heating the
as-cast films to 100 °C has no impact on Eg, which remains stable at -4.46 eV. Further heating
to 200 °C leads to a slight reduction in Eg (-4.40 eV) and a significant shift to -4.63 eV is seen

when annealing to 450 °C occurs. Native defects in ZnO (200 °C), including Zn interstitials and



oxygen vacancies, may be partially recovered when the films are annealed to 450 °C,
evidenced by the enhanced crystallinity*>=’(confirmed by the XRD results); this may be origin
of the differences in Er observed. In addition, the work function shift measured by Kelvin
probe is in excellent agreement with our XPS results: the binding energy position of the Zn-0
(oxide) peak shifts towards higher binding energy upon annealing at 450 °C, Supporting
Figure 1. This is indicative of a shift in the Fermi level position, which we would expect to
manifest itself as a rigid shift of the core levels, and is indeed what we see in the Zn-0 (oxide)

environment of the O 1s?!. The same trend is also observed from the Zn 2p spectra.

To assess the quality of the ZnO prepared as an n-type, electron transport layer (ETL) we
incorporated the layers into inverted architecture OPVs with the general composition (layer
thicknesses in parenthesis) of glass / ITO (140 nm) / ZnO (20 nm) / PCDTBT:PC7:BM (100 nm)
/ MoOy (10 nm) / Ag (100 nm), shown schematically in Figure 6a, alongside the relevant

3¢ in Figure 6¢ and molecular structure of the active layer

energy levels of the materials
materials Figure 6b. Both ZnO and the active layer were deposited from solution and the
MoOx/Ag thermally evaporated. Representative current-voltage (J-V) characteristics are
shown in Figure 6d where the ZnO processing temperatures is varied over the range
100 - 450 °C, also included is data for a control device prepared without ZnO. Statistical data
for all devices prepared are summarized in Table 2. From these data it is clear that the ETL
processing temperature is having a significant impact on device performance. Overall the
best performing devices are observed at processing temperatures of 100 °C, where the
champion device shows a PCE of 4.3 % and average open-circuit voltage (Voc), short-circuit
current (Jsc) and fill-factor (FF) of 0.89 V, 8.5 mA/cm? and 52 % respectively. The device
characteristics over the temperature range 100 — 200 °C are comparable, and drop at 450 °C,

t'® where the onset of crystallization in the ETL and a

consistent with our previous repor
change in work function result in Voc and FF losses. The dark J-V scans are shown in
Supporting Figure 3. Improved hole blocking behavior at lower processing temperatures is
observed under reverse bias. At low positive voltage, the difference of dark J-V

characteristics highlights the reduced shunt resistance at ZnO (450 °C)*’. Thus, our ETL fulfills

the low temperature and charge selective transport criteria of such an interlayer.



Unsurprisingly poor performing devices are measured when no ETL is included in the device

stack, suggesting that the necessity of ZnO ETL that enables device operation.

OLED devices were also fabricated, incorporating ZnO films as an electron injection layer (EIL).
The results are shown in Supporting Table 1, while J-V-L data of representative devices for
each temperature are presented in Figure 7. The trends observed in OPV devices are
replicated here, with films annealed at 100 °C and 200 °C showing similar, more efficient
behavior, and films treated at 450 °C showing higher performances than devices without any
ETL but lower performances than the other two films. In particular, the higher turn on
voltage shown when 450 °C ZnO was used confirmed what already speculated for OPV

devices, that the deep work function affects the energy level alignment at the interface.

Conclusions

Here we successfully fabricate ZnO thin films processed using a remarkably simple solution
processing and environmentally friendly route. By carrying out a range of complementary
measurements, we demonstrate the importance of processing temperature on tuning
structural, optical, compositional, surface morphological and electrical properties of the ZnO
films. Using a combination of transmission electron microscopy and X-ray photoelectron
spectroscopy, films prepared at temperatures as low as 100 °C are confirmed to e composed
of ZnO nanoparticles that are remarkably free of unreacted precursor and water residues.
The ZnO particle size increases with the annealing temperature, which is supported from the
XRD, SEM and UV-Vis results. Significant changes on electron mobility and work function
with ZnO processing temperature are shown by thin film transistor and Kelvin probe,
respectively. To demonstrate the suitability of the films developed in device applications we
have demonstrated their incorporation into OPV and OLED device platforms. Our objective
was to develop a low temperature, environmentally friendly, facile solution processable
charge selective interlayer for organic optoelectronic devices that had high optical
transparency, good charge transport and smooth compact surface morphology. The ZnO
films we have developed fulfill the criteria for OPV and OLED interlayers and for the future

development of devices that are compatible with high throughput processing.



Experimental

Preparation

Indium tin oxide substrates (ITO, PsiOteC UK Ltd; 12-16 Q/sq) were cleaned using ultrasonics
and sequential washing in acetone, isopropanol and distilled water prior to being dried with
compressed nitrogen gas followed by a 10 minutes UV-ozone clean (UVOCS).

Carbon-free aqueous zinc solutions were prepared by mixing zinc oxide powders (Sigma
Aldrich) in ammonium hydroxide solution (5.0 M, Sigma Aldrich) as solvent to molar
concentration of 0.1 M. Before spin coating, the solutions were filtered through a 0.45 um
filter. The spin coating of ZnO films was a 2000 rpm spinning for 30s with an acceleration rate
of 1000 rpm/s. Four coatings were applied to achieve a compact layer. The films were
preheated at a given temperature for 10 min on a hotplate after each coating. Some samples
were also post annealed (Carbolite 5L RWF) at 450 C for 1 hour under flowing air.

For OPV fabrication, PCDTBT:PC7:BM, 1:2, 18 mg/ml blend solution in chlorobenzene is
spin-coated on the top of ZnO at 2500 rpm in order to achieve around 80-90nm. Finally, the
deposition of the top electrode is done in the glovebox evaporator defining the patterned
electrode by the shadow mask. The top electrode is 10nm of MoOsz and 100 nm of Ag with
evaporation rate of MoOs is 0.1-0.2 nm/s and Ag deposition rate of 0.8-1.0 nm/s.

For OLED fabrication, a green derivative of p-PPV obtained from Merck was dissolved in
toluene in a 10 mg/ml concentration and stirred overnight at 60 °C. The solution was then
spun dynamically at 1500 rpm for 40 s, which resulted in films 70 nm thick. The top electrode

was deposited in the same way as that of OPV devices.

Characterization

XRD measurements were carried out using a Panalytical X'Pert Pro diffractometer (CuKa).
The XRD instrumental broadening was confirmed as 0.09° by a single silicon substrate. The
TEM cross-section was prepared using a Helios NanoLab DualBeam with sequential ion beam
accelerating voltages of 30, 5 and 2 kV. TEM imaging was carried out using JEOL 2100F at 200
kV. Great care was taken to minimize the sample exposure to the electron beam.

FTIR (NICOLET iS10) was conducted in ATR mode (Attenuated Total Reflectance). Films for



XPS were deposited on ITO substrates. The XPS spectra were recorded on a Thermo Scientific
K-Alpha+ X-ray photoelectron spectrometer operating at 2x10° mbar base pressure. This
system incorporates a monochromated, microfocused Al Ka X-ray source (hv = 1486.6 eV)
and a 180° double focusing hemispherical analyser with a 2D detector. The X-ray source was
operated at 6 mA emission current and 12 kV anode bias. Data were collected at 200 eV pass
energy for survey, 20 eV pass energy for core level using an X-ray spot size of 400 pm?.
Optical transmission of ZnO films deposited on quartz substrates was measured using a
single-beam UV-vis spectrometer (Agilent Technologies Cary 5000). Film morphology was
assessed using (i) a Bruker Multimode Nanoscope AFM with image processing carried out
using the Gwyddion software suite, and (ii) a LEO Gemini 1525 Field Emission Scanning
Electron Microscope with the addition of a 5 nm layer of chromium.

Fraunhofer IPMS generation 5 substrates were used for all field effect measurements. The
bottom gate n- doped silicon structures had a 230 nm thermally grown silicon dioxide
dielectric layer with indium tin oxide (10 nm)/ gold (30 nm) source and drain bottom contact
electrodes. Devices of 20 um channel length and 10 000 um channel width were
characterized through the use of an Agilent 4155 C analyser. Work functions were calculated
from the measured chemical potential using a Kelvin probe (KP technologies, SKP 5050) in air,
calibrated to a freshly cleaved highly ordered pyrolytic graphite reference (work function =
4.47 eV)*®.

Device Testing

J-V characteristics were measured using a xenon lamp (1 Sun, AM 1.5 G) (Oriel Instruments)
with a Keithley 2400 source meter. Power conversion efficiency (PCE), open circuit voltage
(VOC), short circuit current density (JSC), fill factor (FF), series resistance (Rs) and shunt
resistance (Rsh) are calculated using the J-V results. Rs and Rsh are extracted from the
inverse slope of the J-V curve at 1=0 and V=0, respectively. Generally, a minimum of 5 devices
were applied for each set of processing conditions. OLED devices were characterized using a
Kethley 2400 sourcemeter and a Minolta luminance meter, operated through a
custom-written LabView script.
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Figure Captions

Figure 1 a) X-ray diffraction patterns for ZnO thin films prepared at the temperatures
indicated, the data is consistent with the reference pattern (ICSD 01-079-0205), b) HRTEM
image showing the 100 C annealed ZnO layer deposited on ITO substrate (lower dark area),
indicating the nanocrystalline nature of the films. A selection of lattice spacings and
corresponding wurtzite ZnO planes are annotated and the inset shows a fast Fourier
transform (FFT). ¢) UV-vis transmittance spectra showing highly transparent films in visible
region are prepared at all temperatures and the inset shows a optical picture of a ZnO
(200 °C) coated glass ITO substrate, d) calculated Tauc plots (direct band gap) showing the
optical band gap of ZnO decreases with the processing temperature increase.

Figure 2 ZnO XPS spectra of O 1s, with different processing temperatures.

Figure 3 Representative AFM images of ITO substrate and ZnO films deposited on ITO
substrates, a well-defined granular structure is observed on ZnO films at 100 — 450 °C. Insets
show the RMS roughness of the film surfaces.

Figure 4 SEM images of ZnO films, as-prepared film showing ‘cloudy’ surface whereas
excellent spatial uniformity for all other temperatures. Insets show the granular sizes
measured from the SEM images.

Figure 5 a) Transfer curves of bottom gate, bottom contact thin film transistors (TFTs) of ZnO
films prepared at 100 — 450 °C with Vp = 35 V, b) Field effect mobilities of ZnO films
calculated from transfer curves in the saturation region, with inset showing work functions of
Zn0 prepared on ITO substrates, measured by Kelvin probe.

Figure 6 a) Schematic illustration of organic solar cells with inverted device architecture, b)
Molecular structure of electron donor (PCDTBT) and acceptor (PC;1BM) active layer materials,
¢) Energy level diagram of devices and d) Representative J-V curves for devices prepared
using ZnO electron transport layers (ETLs) deposited at the temperatures indicated.

Figure 7 Representative J-L-V curves for OLED devices prepared using ZnO electron transport
layers (ETLs) deposited at the temperatures indicated.

Table 1 ZnO grain sizes calculated from XRD data,

Table 2 Statistical data of OPV device parameters measured over the range of ETL processing

temperatures.



Supporting Figure 1 XPS spectra of ZnO with different processing temperatures: a) C 1s
signal, used to align the B.E. positions of all spectra, b) N 1s signal, no nitrogen signal is
detected even at 100 °C processed ZnO surface c) Zn 2p and d) O 1s (O-Zn), indicating the E¢
shift with ZnO annealing temperatures.

Supporting Figure 2 Large area SEM images of ZnO films showing fully covered and compact
surface morphologies for films with all processing temperatures.

Supporting Figure 3 Representative dark J-V curves for devices prepared using ZnO electron
transport layers (ETLs) deposited at the temperatures indicated.

Supporting Table 1 Performance metrics of OLED devices measured over the range of ETL

processing temperatures.
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FIGURE 2
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FIGURE 3
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FIGURE 4
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FIGURE 5
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FIGURE 6
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FIGURE 7
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TABLE 1

100 °C 200°C 450°C
(101 (NM) N/A 31.0 52.3
d(100) (NM) N/A 51.6 59.0




TABLE 2

Sample

no ZnO

Zn0

(100 °C)

Zn0
(200 °C)

Zn0
(450 °C)

Voc (V)

0.242 +

0.049

0.886

0.003
0.883

0.004
0.591

0.011

JSC
(mA/cm?)

6.61 +
1.00

8.47 +
0.72

841+
0.37

6.65 *
0.61

FF
(%)

31.6
+2.7

52.1
+1.3

51.1
+0.6

36.1
+14

PCE (%)

0.52+

0.16

3.97+
0.28

3.86+
0.22

143+
0.08

Rs (Q
cm?)

26.2 ¢
3.2

185+
24

203 %
0.8

431+
2.4

Rsh (Q
cm?)

67.7 £
27.7

569.9 +
39.0

607.3 +
163.6

2555+
51.1



SUPPORTING FIGURE 1 C 1s signal
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SUPPORTING FIGURE 3
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SUPPORTING TABLE 1

Sample Maximum | Voltage at | Power Luminanc | Current Turn-on
current maximum | efficiency |eat density at | voltage
efficiency | current at maximum | maximum | (V)
(Cd/A) efficiency | maximum | current current
(V) current efficiency | efficiency
efficiency | (Cd/m?) (mA/cm?)
(Lm/W)
No ZnO 0.45 17.8 0.08 470 105.21 6.4
Zn0O 1.00 19.0 0.17 4160 414.00 2.6
(100 °C)
Zn0 1.03 13.2 0.25 640 62.10 2.6
(200 °C)
Zn0O 0.67 21.4 0.10 2970 443.00 5.4
(450 °C)




