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ZnO is one of the most widely studied semiconductors due to its direct wide band gap and high exciton
binding energy. Due to its ease of synthesis, robustness and low cost, ZnO has been applied in a wide
range of devices, including nanogenerators, solar cells, and photodetectors. In this work, ZnO nanorods
were synthesized in a single step using an aqueous method at temperatures below 100 °C. The
nanorods were annealed in oxygen and nitrogen and a p-type polymer poly(3,4-ethylenedioxy-
thiophene)polystyrene sulfonate (PEDOT:PSS) was spray coated onto the top of ZnO nanorods to form a
p—n junction. The |-V characteristics of the device showed that the annealing atmosphere had a significant
effect on the rectification ratio of the device. Further analysis using Mott—Schottky, photoluminescence,
and X-ray photoelectron spectroscopy (XPS) indicated that oxygen vacancy concentration correlated well
with the free electron density in ZnO as well as the rectification ratio of the p—n junction devices. Devices
made with ZnO nanorods annealed in nitrogen had a better rectification ratio than oxygen, representing a
simple method to improve p—n junction diode behaviour through tuning the defect properties of the
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rsc.li/materials-c nanorods via controlled annealing.

Many methods have been used to synthesize nanostructured
ZnO. They can be mainly classified as vapour-phase deposition
and solution-phase synthesis. Vapour-phase deposition such as
chemical vapour deposition (CVD),>*?* sputtering®® and pulsed
laser deposition®”*® generally require stringent conditions such
as high applied voltages, high temperature for the gas phase,
and a complex gas-flow system with accurate concentrations.

Introduction

Zinc oxide (ZnO) is a metal-oxide semiconductor with a direct
wide band gap and high exciton binding energy. Due to its
n-type semiconducting behaviour, radiation hardness, photo-
conductivity, piezoelectric properties and chemical stability,
ZnO is considered as a promising material to be assembled in

functional structures such as p-n junctions.'® It has been applied
in piezoelectric energy harvesting systems,”'® photodetectors,*
light-emitting diodes™ and photovoltaics.”** Nanostructured
ZnO has great advantages originating from its large surface-to-
volume ratio, high specific surface area and large number of
active sites. Many examples of nanostructures have been
studied and fabricated as devices: nanoparticles,"> nanorods,**™*
nanowires,*?%?! nanoplates,* as well as urchin-like structures®
being the most common.
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However, more recent developments of vapour-phase deposi-
tion methods such as plasma-enhanced CVD have enabled the
fabrication of ZnO thin films or nanorods at low temperatures
and at large scales.”*?° Solution-phase synthesis is carried
out in an aqueous solution containing chemical precursors.
Chemical reactions happen in the solution at low temperature
resulting in deposition on the substrate. Solution-phase syn-
thesis has many advantages over vapour-phase deposition such as
moderate conditions, low cost, easy handling and the potential
for scalability. However, many studies have demonstrated that
the size and shape are affected by temperature, pH, precursor
concentration and duration."®*"*>

ZnO obtained by solution-phase synthesis at low tempera-
ture and pressures has many unintentional defects due to their
low formation energy.** Thermal annealing is one of the most
popular methods to remove impurities and structural defects
from the crystal lattice.** However, depending on the annealing
atmosphere, the defect level in the crystal varies after annealing.
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Oxygen vacancies with their low formation energy have been
invoked as one of the potential factors contributing to the
unintentional n-type conductivity of ZnQ.**3¢

The importance of understanding the defects in ZnO originates
from the desire to assemble devices with advantageous electrical,
optical and magnetic properties. A p-n junction is a semiconduc-
tor structure which allows current to flow only in one direction and
is utilized as a fundamental element of most semiconductor
devices including diodes, transistors, solar cells and integrated
circuits. ZnO can become part of a p-n junction by incorporating it
with both organic and inorganic p-type semiconductors. The
rectification ratio is represented as the ratio of the forward and
reverse current at a specific voltage. The rectification ratio of ZnO
nanorod-based diodes with inorganic p-type semiconductors, for
example CuSCN, have values of 10°-10%, while it is less than 10
with organic p-type semiconductors.>'%**373° The lower rectifica-
tion ratio of ZnO diodes using organic p-type materials, such as
PEDOT:PSS, has been ascribed to the large leakage current caused
by recombination sites or trap states at the interface.** Methods to
improve the rectification of these diodes would widen their
potential applications, taking advantage of the beneficial proper-
ties of the organic p-type semiconductors such as low cost, ease of
synthesis/coating, flexibility etc. as well as improving the properties
of devices that already use such structures.*****>

In this work, high aspect ratio ZnO nanorods were synthesized
in a single step using an aqueous solution method by altering the
synthesis time and precursor concentration. A p-n junction was
assembled by spray-coating a poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) film on the top of the ZnO
nanorods. The rectifying behaviour of devices made with ZnO
nanorods annealed in nitrogen and oxygen were investigated. The
annealing atmosphere was found to affect oxygen vacancies and
hence carrier concentration and rectifying behaviour of the p-n
junction. This one-step synthesis of ZnO nanorods and control of
the diode rectification via the ZnO annealing conditions therefore
represents a simple method to produce nanorods with high
aspect ratio and improve the performance of a p-n junction.

Experimental
Growth of ZnO nanorods

All the chemicals were purchased from Sigma-Aldrich and used
without any further purification. ZnO nanorods were synthesized
on FTO-coated glass (Solaronix SA Switzerland, 15 Q square ).
The substrate was cleaned with acetone and then 2-propanol by
ultra-sonication for 15 minutes. A seed layer of zinc acetate was
coated on the substrate from a 0.005 M solution in ethanol. The
solution was dropped on the substrate and dried with nitrogen,
followed by annealing in air at 350 °C for 25 minutes. A thin
crystallized ZnO seed layer was formed after annealing. The
seeding process was repeated three times. The substrate was
suspended face-down in a jar with a solution consisting of equal
concentrations of zinc nitrate and hexamethylenetetramine
(HMT). Then the jar was placed in a pre-heated oven at 90 °C
for a defined time. Afterward, the ZnO nanorods were annealed
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at 350 °C for 1 hour under different atmospheres (nitrogen and

oxygen). The gas flow rate was set to 1 L min™ .

Device fabrication

The substrate was placed on a 100 °C hotplate, and 1 mL of
PEDOT:PSS solution (1.3 wt% in water, conductive grade) was
deposited on top of the ZnO nanorods using an aerosol spray
coating technique. Devices made with a ZnO/PEDOT:PSS p-n junc-
tion were completed by evaporating a 100 nm gold contact with an
active area of 0.15 cm® (0.3 cm x 0.5 cm) on the PEDOT:PSS surface
using a vacuum thermal evaporator (E306A, Edwards). Regions
around the active area were blocked to prevent short circuits using
poly(methyl methacrylate) (PMMA, average MW 120 000), which was
dissolved to form a 11 wt% solution in methoxybenzene (99%).

Characterization and measurements

The surface and cross-section morphology of ZnO nanorods
were examined using a scanning electron microscope (SEM, FEI
Inspect F). The average and standard deviation of nanorod diameter
and length were calculated by measuring 20 nanorods using ImageJ.
The SAED pattern was collected using a transmission electron
microscopy (TEM, JEOL JEM 2010). Absorption spectra of ZnO
were measured using a UV-Vis Spectrometer (Perkin Elmer, Lamda
950). X-ray diffraction (XRD) patterns of ZnO on FTO coated glass
were obtained with a Panalytical Xpert Pro diffractometer using
Cu Ka radiation. High resolution X-ray photoelectron spectroscopy
(XPS) was carried out using a Thermo Scientific K-Alpha’. XPS data
were analysed by CasaXPS™ software with a calibrated C 1s peak
of 284.6 eV. Mott-Schottky measurements were performed by a
potentiostat (Gamry Potentiostat Interface 1000) with a three-
electrode setup; a Ag/AgCl electrode and a glassy carbon rod
electrode were used as reference and counter electrode, respec-
tively. 0.01 M Na,SO, (pH 6.8) was used as the electrolyte. Photo-
luminescence (PL) was excited using ~ 6 ns pulses at 10 Hz from a
frequency-tripled Nd:YAG laser (355 nm). Luminescence was dis-
persed in a Triax 550 monochromator and detected using a
Hamamatsu R5509-73 photomultiplier. The resulting signal was
captured on a LeCroy Waverunner-2 Oscilloscope and the whole
decay curve integrated to give the PL intensity. Individual decay
curves were fitted to investigate decay dynamics. Voltage-current
characteristics of the p—n junction were measured using a source
meter (Keithley 2400) controlled by a custom-written LabVIEW
program in the range of —1.5 to +1.5 V at room temperature.

Results and discussion

The chemical reactions of ZnO nanorods by aqueous solution
method at low temperature (<100 °C) are summarized in the
following equations:****

(CH,)¢N4 + H,0 — 6HCHO + 4NH;, (1)
NH; + H,O < NH," + OH~ 2)
20H™ +Zn*" — Zn(OH), 3)
Zn(OH), — ZnO + H,0 4)

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Cross-section SEM morphologies of ZnO nanorods synthesis. (A) 8 h,
10 mM, (B) 8 h, 25 mM, (C) 8 h, 50 mM, (D) 16 h, 25 mM, (E) 24 h, 25 mM.
The scale bar is 1 pm.

Eqn (1) and (2) are the decomposition reactions of HMT that acts
as a pH buffer to supply ammonia and hydroxyl ions. ZnO
nanorods grow via eqn (3) and (4) on the base of the crystallized
ZnO seed layer. The effect of the seed layer and solution pH on
ZnO growth have been investigated previously.'® It was reported
that crystallized ZnO acting as seed layer on the substrate played a
vital role due to the preferred (001) crystal face with low growth
energy. To achieve ZnO nanorods with high aspect ratio, one
of the most commonly-used methods is to refresh the growth
solution to extend the length of the rods, with the assumption
that the reaction ceases after around 2.5 h when homogeneous
precipitation ceases.'®"® However, here we have studied a range of
synthesis times and precursor concentrations to find the opti-
mum conditions to achieve high-aspect-ratio ZnO nanorods using
only a single growth step. Fig. 1 shows cross-section morphologies
of the ZnO nanorods arrays when the synthesis time and pre-
cursor concentration were altered. A uniform and dense array of
ZnO nanorods was formed on seeded FTO-coated glass. The
average diameter, length and aspect ratio are summarized in
Table 1. The nanorods synthesized at 50 mM showed lower aspect
ratio compared to 10 mM and 25 mM. This can be explained by
the growth of the non-polar face being less inhibited at high
Zn*" concentration, thus the ZnO nanorod diameter increased
faster than at lower concentrations. The highest aspect ratio was
achieved at a concentration of 25 mM, therefore further investi-
gating longer reaction times shows that the length increased with
duration while the diameter showed no significant change, thus
increasing the aspect ratio. The highest aspect ratio of 51 was
achieved when using a 25 mM, pH 6 solution for 24 hours.

Table 1 Diameter, length, and aspect ratio of ZnO nanorods synthesized
by different concentration and duration

Duration  Precursor Diameter Length Aspect
(h) concentration (mM) (nm) (nm) ratio
8 10 71.7 £2.7 1.6 £0.02 22

25 74.0 £1.5 2.0+ 0.01 27

50 123.7 £2.6 2.5£0.03 20
16 25 75.3 £ 2.0 2.5 £+ 0.01 33
24 25 784 £2.7 4.0£0.03 51

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (A) UV-Vis absorption spectroscopy, inset Tauc-plot, and (B) XRD
patterns, inset SAED diffraction patterns of ZnO nanorods.

The nanorods with the highest aspect ratio (24 h, 25 mM)
were further analysed by UV-Vis absorption, X-ray diffraction
and transmission electron microscopy (Fig. 2). Fig. 2(A) shows a
typical ZnO absorption spectrum between 350-700 nm, and a
direct band gap (E,) of 3.34 eV was determined from the inset
Tauc-plot. The value of E, agrees well with previous work where
the growth solution was refreshed to extend the nanorods.*
A wurtzite crystal structure with preferred orientation in the
c-axis was confirmed by the dominant (002) peak at 34.4° in the
XRD pattern (JCPDS 36-1451) (Fig. 2(B)). The inset SAED pattern
in Fig. 2(B) also demonstrates that the nanorods array was
highly crystalized.

ZnO nanorods synthesized by aqueous methods at low
temperature (<100 °C) contain defects both in the bulk struc-
ture and surface states.***> Thermal treatment is one of the
most effective methods to remove these defects. In this work,
annealing of ZnO nanorods at 350 °C for 1 hour in nitrogen and
oxygen was investigated. Fig. 3(A)-(C) display the morphology
of ZnO after annealing. There was no significant change on the
surface of the ZnO, which differs from ZnO nanorods synthe-
sized in a pH 11 growth solution.>* However, as shown in the
Tauc-plots of Fig. 3(D), the band gap of ZnO nanorods annealed in
N, and O, were the same, both decreasing by 0.29 eV compared to
as-grown nanorods.

In order to compare the effect of the annealing conditions of
these nanorods to the electrical properties, an organic semi-
conducting polymer, PEDOT:PSS, was spray coated on the sur-
face of the ZnO nanorods. Fig. 4(A) depicts the cross-section of
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Fig. 3 Top view SEM morphologies of ZnO nanorods: (A) as-grown,
(B) annealed in nitrogen, and (C) annealed in oxygen, (D) Tauc-plots of ZnO
annealing in N, O,, and as grown.
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Fig. 4 (A) Cross-section view of a ZnO/PEDOT:PSS junction (gold layer
indicated with red lines), (B) /-V characteristics of device made with ZnO
annealed in different atmospheres.

the ZnO/PEDOT:PSS structure, where the thickness of the
p-type polymer layer was approximately 1 pm, and the gold
contact 100 nm. As can been seen, the PEDOT:PSS layer pene-
trated partially into the nanorods to make good contact with
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Table 2 Device rectification ratio, carrier concentration, and O 1s peak
information of ZnO annealed in different atmosphere. Average and standard
deviations of recitification ratio were taken from measurements of three
devices for each condition

As-grown Oxygen Nitrogen
Rectification ratio at £1.5 V 2.1£0.7 28804 38.0=£04
Carrier concentration (10" cm™®) 0.7 1.7 3.9
Oxide in lattice (at%) 52.7 54.2 52.2
Oxygen vacancy (at%) 27.2 26.6 35.8
Adsorbed oxygen (at%) 20.1 19.2 12.1

tips of the n-type ZnO nanorods. It is known that polystyrene
sulfonate (PSS) is an acid due to the sulfonic acid group and
may therefore etch the ZnO nanorods. From Fig. 4(A), the tips
of ZnO nanorods are still well-defined; furthermore SEM ana-
lysis of nanorods separated from the PEDOT:PSS (Fig. S1, ESIT)
shows that there were rod-shaped holes in the PEDOT:PSS layer
and also the nanorod tips still embedded within the PED-
OT:PSS film, which proved that the PEDOT:PSS did not etch
the tips of the ZnO nanorods. The I-V characteristics of p-n
junctions made of ZnO and PEDOT:PSS were measured at bias
voltages between —1.5 and 1.5 V (Fig. 4(B)). The rectifying
behaviour shown in the I-V curves confirmed that diodes were
successfully produced. The device rectification ratios at £1.5 V
of ZnO nanorods annealed in the different atmospheres are
shown in Table 2. The rectification ratio of the as-grown sample
was 2.1 at £1.5 V, while it was improved to be 28.8 and 38 by
thermal treatment of ZnO in oxygen and nitrogen. While these
values are low compared to all-inorganic diodes made with ZnO
nanorods discussed above, they are high compared to previous
ZnO/PEDOT:PSS diodes.”'® This therefore demonstrates the
benefit of careful control of the ZnO composition through
annealing for diode performance.

To understand the influence of the annealing atmosphere
on the rectifying property of devices made with ZnO nanorods,
electrochemical impedance measurements were carried out to
determine the capacitance of ZnO when in contact with an
electrolyte. The Mott-Schottky equation was used to calculate
the carrier concentration from these data:*®

1 2 kT
(< epeeoNyg {(V — V) - _] 5)

where e, is the electron charge, ¢ the dielectric constant of ZnO,
& the permittivity of vacuum, Ny the carrier concentration,
V the applied potential, Vg, the flatband potential, and kT/e,
is a temperature-dependent correction term. According to the
Mott-Schottky equation, N4 is determined from the slope in the
plot shown in Fig. 5. The positive slopes confirmed that all ZnO
nanorods obtained were n-type regardless of the annealing atmo-
sphere. The carrier concentration was calculated and is summar-
ized in Table 2. The carrier concentration was highest in ZnO
nanorods annealed in nitrogen, followed by oxygen and as-grown.
It is of interest that the trend in the carrier concentration of ZnO
after annealing correlated well with the device rectification ratio.

To investigate this relationship further, the O 1s peaks
in three different samples were studied by high-resolution

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 High-resolution O 1s XPS spectra of ZnO nanorods annealed in
different atmospheres. This provides strong evidence that the main source

of n-type doping in these nanorods is oxygen vacancies, as previously
identified for ZnQ.3>3¢

XPS (Fig. 6). The O 1s peaks showed significant changes after
annealing in nitrogen and oxygen; a shoulder appeared in the
O 1s peak towards the higher energy direction. The O 1s peak
was fitted using Gaussian fitting to three peaks, which were
centred at 530.0 eV, 531.1 eV, and 532.1 eV. The peak at 530.0 eV
corresponds to lattice oxygen anions (O®7) in the wurtzite struc-
ture, the peak at 531.1 eV has been attributed to O, (O, and O")
ions in the oxygen-deficient regions caused by oxygen vacancies,
and the peak at 532.1 eV corresponds to adsorbed oxygen at the
surface.”® The amount of oxygen species in different samples are

This journal is © The Royal Society of Chemistry 2018
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listed in Table 2. The oxygen vacancy content clearly decreased in
ZnO with increased oxygen partial pressure in the annealing
atmosphere, while the amount of adsorbed oxygen decreased
during nitrogen annealing, as expected in a low oxygen partial
pressure environment. The decrease in oxygen vacancies during
annealing under high oxygen partial pressure can be explained by
reactions between oxygen in the annealing gas and uncoordinated
zinc at these sites on the surface, followed by diffusion of oxygen
ions into the crystal structure to oxygen deficient regions. The
converse effect occurs during nitrogen annealing, where the low
oxygen partial pressure leads to loss of oxygen at the surface,
and a subsequent increase in oxygen vacancies. The amount of
carbon on the ZnO surface was also influenced by the annealing
atmosphere, which was 49.8% in as grown ZnO, 40.0% in ZnO
annealed in O,, and 51.0% in ZnO annealed in N,. When
annealing in O, carbon-containing compounds on the surface
will react with oxygen to be converted to CO, and escape from
the surface, resulting in a decrease of the amount of carbon.
To understand the photophysics of the ZnO nanorods,
steady-state and time-resolved photoluminescence spectroscopy
was carried out on ZnO/PEDOT:PSS diodes using a 355 nm
excitation wavelength. The normalized PL in Fig. 7(A), shows a
strong near band-edge emission at ~380 nm for all samples.
The intensity of deep level emission in ZnO nanorods between
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Fig. 7 (A) Integrated photoluminescence spectra of ZnO/PEDOT:PSS
annealed in different atmospheres and (B) photoluminescence decay
measured at an emission wavelength of 430 nm.
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500-700 nm was observed to increase after annealing, slightly
more so for nitrogen compared to oxygen annealing. Comparing
this to the XPS results, this implies that in these samples the PL
emission centred at 650 nm corresponds to oxygen-vacancy-
related emission as their concentration is highest in the
nitrogen-doped sample. PL lifetime for all main emissions seen
in the as-grown nanorods were too short to measure using the
5 ns laser pulse, implying a lifetime of <5 ns. A measureable PL
lifetime of annealed samples was found at 430 nm, giving
53.0 ns for nitrogen, and 51.9 ns for oxygen (Fig. 7(B)). Therefore
the use of annealing in either nitrogen or oxygen has clearly
reduced recombination rate, which is beneficial for many device
applications. However, there is a negligible difference in the
lifetime of samples annealed in nitrogen or oxygen at the time-
scale measured. This implies that oxygen-defect-induced carrier
density is the main factor leading to the improved rectification of
the diodes when annealed in nitrogen, as discussed above, not
reduced recombination. However, ultra-fast spectroscopy could
be studied in future to identify whether there is a difference in
recombination at faster timescales, particularly where optoelec-
tronic application may be of interest.

Comparing the Mott-Schottky, XPS, and PL results, there is
a clear correlation between increased oxygen vacancies with low
oxygen partial pressure annealing and high carrier concentra-
tion. Consequently, the different annealing atmospheres clearly
have an effect on the carrier concentration of ZnO nanorods
as well as the performance of the diode structures. Hence the
improved diode performance can be directly related to the
increase in the oxygen-vacancy-related doping level in the ZnO
crystal structure with decreased oxygen partial pressure during
annealing.

Conclusions

ZnO nanorods were synthesized using aqueous solution
methods using a single step for 24 hours. Compared with the
conventional method, which refreshes the growth solution to
extend the nanorods, the as-achieved nanorods using a single
step showed no significant difference in SEM morphology,
UV-Vis absorption spectroscopy, XRD patterns, and SAED
diffractions. The annealing atmosphere was related to the
n-type carrier concentration and oxygen vacancy content using
Mott-Schottky, PL, and XPS analysis. The carrier concentration of
the ZnO nanorods and the rectification ratio in ZnO/PEDOT:PSS
diodes increased with the decreasing oxygen partial pressure
during annealing. These results clearly demonstrate that high
aspect ratio ZnO nanorods can be produced in a single reaction
step, and that by increasing the intrinsic oxygen vacancy-related
defects through nitrogen annealing, high carrier concentration
rods can be produced leading to improved diode performance.
This indicates a promising route for a wide range of applica-
tions that can make use of such improved ZnO nanorod-based
diode performance. While we have focussed on the optimisa-
tion of the ZnO nanorods to improve the rectification ratio of
ZnO/PEDOT:PSS diodes in this work, further improvements of
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these devices would be achieved by control of the PEDOT:PSS
properties, such as doping levels, which would be an interesting
avenue for future work.
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