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ABSTRACT

The synthesis and comprehensive analysis of nitrogen-doped zinc oxide thin films grown from a compound precursor of
zinc acetate and ammonium acetate has been reported. The precursor was processed in different ratios of the zinc
acetate-ammonium acetate additives, and each combination was used to deposit a thin film using metalorganic chemical
vapour deposition (MOCVD) method. The produced thin films were characterised using Rutherford backscattering
(RBS) spectroscopy, uv-visible spectrometry, x-ray diffractometry, four point probe measurements and optical microscopy.
The deposited thin films showed a fairly consistent zinc:oxygen:nitrogen ratio of 4.4:3.7:1, the film structures were
quasicrystalline and the sheet resistivities were high, while other familiar characteristics like optical transmittance,
bandgap, thermal stability, etc. were maintained in the grown films. Applications in device fabrication and active sensor

devices were hence envisaged as the emergent potentials of the thin films.
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1. Introduction

Zinc oxide thin films have in the present time assumed a
formidable focus and an utmost importance in techno-
logical applications. The most striking of the applications
are in electronics, piezoelectricity, spintronics, sensor
devices, coatings, etc. [1-5]. These stem from their sev-
eral favorable properties, viz, good transparency, high
electron mobility, wide bandgap, large exciton binding
energy, strong room-temperature luminescence, good age
and thermal stability, etc. [6-8]. The thin films are obtain-
able through virtually all the thin film production proc-
esses including physical, chemical and sputtering meth-
ods and some of their combinations.

The raw materials for ZnO thin films vary, and largely
depend on the production process and material availability.
The material and process of fabrication will of course
determine the reproducibility and price of the end-product.
In this wise it has been found that most of the sophisticated
methods of production end up at research level, while the
very simple methods are largely unreplicable or do not
meet the requirements for device fabrication.
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Dopability is another vital consideration in the choice
of process and raw material [7,9]. For example it is usu-
ally difficult to directly dope thin films produced by the
physical and sputtering processes, save perhaps by diffu-
sion or other secondary process.

In this work an adapted MOCVD method was used to
deposit nitrogen-doped ZnO thin films from a compound
precursor of zinc acetate and ammonium acetate. The
thin films, which were deposited on glass substrate, were
characterised and their properties were established.

2. Experimental Details

Ammonium acetate was introduced into zinc acetate in
respective amounts of 10%, 20%, 30% and 40%. Each
mixture was processed into a dry powder by repeatedly
grinding and spreading in a mortar, and placing in the
oven at about 50°C. The powders were in turn placed at
the bobbling compartment of an MOCVD set up and
compressed air at a flow rate of 2.5 dm*/minute was used
to bobble the particles through a preheating furnace to the
cracking furnace at a temperature of 420°C, while working
pressure was atmospheric all through. Soda-lime glass
slides were used as the substrates and their coatings were
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carried out for two hours respectively for each powder set
up. For easy identification, the coatings were designated as
Al, A2, A3 and A4 for the thin films emanating from the
10%, 20%, 30% and 40% ammonium acetate compositions
respectively.

Retrieved coatings were characterised by RBS spectros-
copy, uv spectrometry, x-ray diffractometry, four-point
probe measurements and optical microscopy.

A tandem accelerator was used for the RBS measure-
ments of the thin films. The measurements carried out
include the elemental composition, atomic ratio, depth
profile and thickness.

Jenway 6405 UV-Vis spectrophotometer was used for
the optical characterizations. Using the machine, the
transmittance of each coating was measured in the wave-
length range of 320 nm to 1100 nm. The reading of each
coating was established by subtracting the reading of an
uncoated substrate from the coated one.

X-ray diffraction was done with RC MD 10 diffracto-
meter using Cu K, rays as its primary x-ray tool. The
blank substrate was first scanned and its reading respec-
tively subtracted from those of the coated substrates. The
equipment recorded the refracted pulses against the
diffraction angles (26), from which the respective refrac-
tion peaks, crystal structures, molecular structures and
fullwidth at half-maxima (FWHM) of the coatings were
established.

The sheet resistivity of the thin films were measured
using a Lucas Signatone four-point probe on a Keithley
237 voltage equipment. Silver pastes were first deposited
at four points, approximately at the corners of 1 cm® on
the surface of each sample, as specified by the van-der-
pauw arrangement. The deposited pastes (contacts) were
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then cured at low temperature (approximately 50°C) for
24 hours before the conductivity tests were carried out.
The I-V characteristics of each sample were taken 2 - 3
times depending on the adaptability of the equipment for
the sample, with the current and voltage points being
swapped in each setting as is customary in the meas-
urement. The average of each set of readings was taken
and the familiar formula

p(Q/sq.)=(n/In2)(V/I) (1)

used to calculate the sheet resistivity p of the coatings.

Olympus APT 2000 optical microscope was used to
picture the surface structure of each thin film sample. The
micrograph of each sample was taken at 100x magnifica-
tion. The images were then processed using ImageJ soft-
ware. With the processing, both two-dimensional and
three-dimensional views of each of the surfaces were ob-
tainable. Scale lines serving as magnification keys were
placed on each processed micrograph with the help of
grid lines enabled by the software to aid in grain size
estimation.

3. Results and Discussion

Figure 1 shows the RBS spectrum and Figure 2 the
depth profile of sample Al. Both the spectrum and the
profile depict two distinct sections, the substrate section
and the thin film (coating) section, beginning from about
1450 keV energy, or covering up to about 1400 x 10"
atomic layers, respectively. The presence of only Zn, O
and N in the coating section and in characteristic
proportions are also clearly manifested. The RBS displays
of the other samples are similar, and a summary of these
charactariistics is displayed in Table 1.
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Figure 1. RBS spectrum of sample Al.

Copyright © 2012 SciRes.

JMP



654 U.S. MBAMARA ET AL.

=
(=]
]

g Layer 1 Layer 2 (Substrate)
]
5
m 0.5 -
[
5]
S —N
= E—
9 0.4 -
E —O
L
s [N )
0.3
e [ |
—_—
0.2 Ca
Fe
0.1 n
0 - T T T T 1
0 2000 4000 6000 8000 10000
Depth {(x10%* atoms/cm?)
Figure 2. Depth profile of sample Al.
Table 1. RBS characteristics of deposited thin films.
Sample Composition of precursor Thickness (10" at./cm?) Zn (0] N
10% Ammonium acetate
Al 90% Zinc acetate 1443 0.481779 0.415271 0.102950
. .
A2 20% Ammonjum acetate 5872 0472324 0422002 0.105674
90% Zinc acetate
30% Ammonium acetate
A3 90% Zinc acetate 5228 0.522287 0.362070 0.115691
o .
Ad 40% Ammonium acetate 3609 0451565 0433820  0.114615

60% Zinc acetate

The RBS results exhibit no visible trend with respect
to the sample compositions. It can be observed, how-
ever, that the elements in all the specimens maintained a
fairly constant ratio, which on the average is Zn:O:N =
4.3924:3.7208:1 =~ 4.4:3.7:1. A notable feature of the
RBS result is that the proportion of nitrogen consumed
in each deposition process is fairly constant, irrespec-
tive of the proportion of ammonium acetate (providing
the nitrogen) in the prevailing precursor. This suggests
the possibility of a threshold in the ratio of ammonium
acetate to zinc acetate in the precursor, beyond which
the amount of nitrogen incorporated does not vary. This
threshold ratio will most likely be in single digit per-
centage or even a fraction of one percent, since the
focus is on the nitrogen as a dopant to the zinc oxide
thin film.

Copyright © 2012 SciRes.

The thickness trend contained in Table 1 is plotted in
Figure 3. It can be observed that the thickness of sample
Al and sample A4 are small relative to those of sample
A2 and sample A3. The variation in thicknesses is at-
tributable to the quantity of precursor used for the re-
spective depositions, and the position of the substrates in
the deposition chamber. In some previous works on the
thickness of ZnO thin films perused [10,11], there was no
correlation with other properties of the material.

The uv-visible transmission spectrum for sample Al is
displayed in Figure 4. The spectra for the other samples
are similar, and show clearly that the deposited thin films
were all over 80% transparent to the visible spectrum.
The transmittance peaked at different levels above 93%
for the different compositions. The trend is shown in
Table 2.
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The intercepts of the transmittance spectra were extra-
polated with straight lines at the inflexion points between
the ultraviolet and visible portions of the spectra as shown
in Figure 4. The process gave respective intercepts at
375 nm for sample Al, 380 nm for sample A2, 380 nm
for sample A3, and 375 nm for sample A4. These inter-
cepts correspond to the respective absorption edges for
the specimens. From the intercepts therefore the band
edges or energy gaps were calculated according to Planck’s
equation

E, =hc/A

:(6.626><10’34><3><108)//1 )

with the value of 1 inserted for each reading and the re-
sult divided by electronic charge, ¢ = 1.602 x 10", the
energy gaps, E,, were obtained in units of electronvolt,
eV. The outcome of these calculations is also displayed
in Table 2.

One observes some kind of trend in the transmittance
and the bandgap vis-a-vis the composition. That is, the
transmittance appeared to increase with increase in
ammonium acetate content, stabilize, and then started to
reduce as the content increased further (Figure 5); for the
bandgap, it decreased with increase in ammonium acetate
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Figure 3. Thickness profile of the samples.

100
90
80 1
70 1
60
50+
40
30
201
101

0 — T T T T
300 400 500 600 700 800 900

Wavelength (nm)

Transmittance (%)

1000 1100

Figure 4. UV-visible spectrum of sample Al.
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content, stabilized, and then started to increase with further
increase in the content (Figure 6). These were respectively
in consonance and opposite with the trend in thickness.

Several workers have reported energy gap of ZnO in
the range 3.2 to 3.3 eV, while reported transmittance have
hovered around 85%, with some reporting as high as over
95% as in this work [10,12]. These results for optical
transmittance and energy bandgap therefore tallied well
with those of the other workers. Therefore the grown thin
films from the precursor arrangement are very promising
for solid state and optoelectric applications.

Table 2. Optical and electronic characteristics of deposited
thin films.

Sample Peak transmittance Intercept on 4 axis  Energy gap
(nm) (eV)
Al 95.0% at 785 nm 375 3.31
A2 96.7% at 970 nm 380 3.27
A3 99.0% at 1040 nm 380 3.27
A4 93.4% at 1090 nm 375 3.31
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Figure 5. Peak transmittance of the samples.
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Figure 6. Energy gap of the samples.
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In Figure 7 is the XRD spectrum of sample Al. The
spectrum is almost diffuse, with tiny spikes all over. A
prominent characteristic peak is however on display, and
occurred at about 26 = 32.9°. This result falls in line with
the established range for the characteristic diffraction
peak of the substance. The other samples gave a similar
display. The XRD results depict low intensity diffrac-
tions [13], with the random peaks occurring at different
crystallographic planes and accompanying fullwidth at
half-maxima (FWHM). The results suggest that the films
were partly polycrystalline and partly quasicrystalline,
and thus the crystal structures were not quite explicit
[13-15].

There were here also some trends in the structure
characteristics of the specimens in relation to their com-
positions. The most prominent peaks increased from low

ammonium acetate to higher, stabilized, and then de-
creased again as the composition increased (Figure 8).
Conversely, the peak angles decreased with increasing
ammonium acetate content, and then began to increase
again as the content continued to increase (Figure 9). This
tended to tally with the trends in the results for thickness
under RBS, and then transmittance, and bandgap under
the optical and electronic characteristics. The XRD
results suggest that the peaks were due to ZnO, and this
is substantiated by other workers who proved that such
peaks became more distinct upon annealing the samples,
with more peaks emerging in the process [16-18]. The
porous morphology and stable semi-amorphous structure
however, have potential application for sensing of oxygen
and other gaseous species when made part of conven-
tional, heated metal oxide sensor devices [13].
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Figure 7. XRD spectrum of sample A1 (The Abscissa represents 20°).
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Figure 8. Diffraction peak of the samples.

Copyright © 2012 SciRes.

Sample

Figure 9. Peak angles of the samples.
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Sheet resistivities obtained for the thin films were 1.53
x 10° Q/sq. for sample Al, 1.10 x 10° Q/sq. for sample
A2, 1.00 x 10° Q/sq. for sample A3, and 8.00 x 107 Q/sq.
for sample A4. Some other workers have also obtained
resistivity results of similar order [10,13,15,16,19]. Joseph
et al. (1999) partially attributed high resistivity to columnar
growth on the film surface. But the majority opinion was
that the quasicrystalline nature of the films was respon-
sible for the trend in their sheet resistivities. This view
was confirmed as some of these workers went further to
anneal their films, thereby paving way for the realign-
ment of the grain boundaries. In the process they ob-
tained films with increased crystallinity and enhanced
conductivity [13,16]. This is applicable to the thin films
of this study if one chooses to anneal. Li (2003), however,
recommended only rapid thermal anneal (RTA) in such
case, since under conventional anneal process the nitrogen
atoms coalesce and form bubbles, giving way to voids on
the film surface.

The resistivity decreased sharply from sample Al to
A2, almost leveled between A2 and A3, and then de-
creased more sharply between A3 and A4. These suggest
some enhancement of conductivity with increase in the
amount of ammonium acetate in the precursor. Figure 10
shows the trend in the sheet resistivity of the samples.

The high resist property of the thin films tend to re-
emphasise their potential as active semiconducting ele-
ments for gas sensors as well as touch sensors. Joseph et
al. (1999) reported high resistivity for nitrogen-doped
ZnO thin films and which were of p-type. Maksimov
(2010) also attributed the high resistivity of his N-doped
ZnO thin films to its p-type character. These results
propound a high probability that the thin films of this
work are of p-type, and if so, a readily available path for
achieving cheap fabrication of optoelectric and sensing
semiconductor devices would has been struck.

The micrographs of sample Al is displayed in Figure
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Figure 10. Trend in sheet resistivity of the samples.
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11. The figure showed a non-uniform cluster of grains,
some of the clusters forming large lumps with sizes larger
than 30 um. The trend in the other samples followed suit.
With annealing at slightly elevated temperature, the grains
may re-align to give more uniform films with enhanced
properties [10,11].

Some nitrogen gas bubbles similar to those reported by
Li (2003) were observed on some of the film surfaces.
Few of these degenerated into prominent craters measuring
up to 50 um as shown in Figure 12.

The voids were possibly contributory to the high
resistivity of the thin films. Higher magnification with
the optical micrographs showed what looked like columnar
growth, which are indicative of the hexagonal nature of
the ZnO thin films with c-axis orientation, and useful for
piezoelectric and spintronic applications [20].

4. Conclusions

From this work a cheap and easily replicable means of
producing direct N-doped ZnO thin films was realized,
using a finely divided compound precursor of zinc acetate
and ammonium acetate.

The thin films produced had good age and thermal
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Figure 12. Bubble crater on the surface of sample A1 (x200).
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stability. Their optical and electronic characteristics were
maintained, but most other traditional properties were
violated, leading to more interesting applicabilities. In
particular, the films were found to be semi-amorphous or
quasicrystalline with scanty columnar growth, and the
sheet resistivities were high. Excess nitrogen coalesced
into bubbles and escaped, as the proportion of nitrogen in
the thin films remained fairly constant irrespective of the
content of ammonium acetate in each precursor produc-
ing it.

High-tech applicabilities of the thin films have also
been discussed. Applications of particular interest include
gas and touch sensors, transparent resistors, piezoelectricity
and spintronics.
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