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Preparation and gas-sensing properties
of very thin sputtered NiO films

Ivan Hotovy!, Vlastimil Rehacek!, Martin Kemeny', Peter Ondrejka',
Ivan Kostic?, Miroslav Mikolasek!, Lothar Spiess?

We present results on very thin NiO films which are able to detect 3 ppm of acetone, toluene and n-butyl acetate in
synthetic air and to operate at 300°C. NiO films with 25 and 50 nm thicknesses were prepared by dc reactive magnetron
sputtering on alumina substrates previously coated by Pt layers as heater and as interdigitated electrodes. Annealed NiO
films are indexed to the (fcc) crystalline structure of NiO and their calculated grain sizes are in the range from 22 to 27 nm.
Surface morphology of the examined samples was influenced by a rough and compact granular structure of alumina substrate.
Nanoporous NiO film is formed by an agglomeration of small grains with different shapes while they are created on every

alumina grain.
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1 Introduction

Recently, we have noted great efforts by researchers
to prepare new gas sensors as well as to integrate them
into electronically controlled sensor arrays [1] seeking to
improve their sensitivity and selectivity in different ap-
plications such as food quality control [2] environmental
monitoring [3], non-invasive disease diagnosis [4] or detec-
tion of explosive and toxic gases for humans in dangerous
concentrations [5]. Everywhere we see the need to iden-
tify small amounts of chemicals in the gaseous state. Over
the last forty years of development, gas sensors based on
various technologies, including thin films based on metal
oxides, nanowires and nanotubes, have proven to have a
considerable potential for detecting a wide range of chem-
ical compounds.

Gas-sensing materials are usually manufactured using
nanotechnologies which can offer a large area-to-volume
ratio and thus provide increased sensor sensitivity. Phys-
ical (evaporation, sputtering) and chemical (chemical va-
por deposition, hydrothermal methods) methods of thin
film preparation are used to achieve optimal material
characteristics [6]. In general, today’s gas sensors are
based on metal oxide semiconductors and require a high
operating temperature (around 400°C) for adequate sen-
sitivity and response / recovery time.

Nickel oxide (NiO) is one of the versatile and techno-
logically important p-type semiconducting materials with
the band gap energy in the range from 3.6 to 4 eV [7]. It is
an attractive material, well-known for its excellent optical

and electrical properties. Recently, NiO has been investi-
gated for applications such as catalyst in fuel cells [8],
electrode materials for lithium ion batteries [9], elec-
trochromic devices [10], supercapacitors [11], hole trans-
porting layer in solar cells and also as a functional layer
in metal oxide gas sensors due to its chemical stability
and non-toxicity [12,13].

In this study, NiO thin films deposited by dc reac-
tive magnetron sputtering with 25 and 50 nm thicknesses
were examined. Consequently, the sensor structures con-
taining of NiO and Pt/Au were investigated with XRD
and FESEM. Electrical responses of these sensors at op-
erating temperature of 300°C towards acetone, toluene
and n-butyl acetate in concentrations less 5 ppm were
measured and evaluated.

2 Experimental procedures

NiO films were deposited by dc reactive magnetron
sputtering from a Ni target (4” in diameter, 99.99 %
pure) in a mixture of oxygen and argon at room tempera-
ture. A sputtering power of 600 W was used. The relative
partial pressure of oxygen in the reactive mixture Og-Ar
was 30 %. The total working sputtering gas pressure was
kept at 0.5 Pa and adjusted by a piezoceramic valve. De-
tails of these sputter-deposition conditions had been de-
scribed elsewhere [14]. The film thicknesses measured by
Talystep were about 25 and 50 nm for all examined sam-
ples. The NiO films were prepared on unheated alumina
substrates previously coated and patterned by Pt layers
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Fig. 1. NiO XRD patterns of NiO films with and nm thickness on
alumina and ptalumina substrates

as microheaters and interdigitated electrodes for physi-
cal, structural and gas-sensing characterization. In order
to stabilize the properties, all films were annealed in a
furnace at 500 and 600°C in dry air for 2 hours.

The crystal structure was identified with a Theta-
Theta Diffractometer D5000 with a Goebel mirror in the
grazing incidence geometry with CuKa radiation. The
average crystalline grain size of Pt and NiO nanopar-
ticles was estimated from the integral peak widths and
positions using the Scherrer formula. The fabricated NiO
sensor structures were observed in a field emission scan-
ning electron microscope (FE SEM) Inspect F50 (FEI).

PTFE permeation tubes 120 mm long with outer di-
ameter of 5 mm filled with various volatile organic com-
pounds (acetone, toluene and n-butyl acetate were used
for dispensing a small flow of permeate vapor through a
polymeric membrane (wall). Since the permeation rate of
the vapor is given not only by the permeability of the
PTFE membrane itself but also by ambient temperature,
the operating temperature of the tubes was held at 23°C.
To measure the permeation rate, the tubes were weighed
over time intervals. The rate of weight loss is the perme-
ation rate of the tube. In our case, the permeation rates
were found 17 780 ng/min for acetone, 16 360 ng/min for
toluene and 27030 ng/min for n-butyl acetate.

A volatile liquid sealed inside the permeation tube was
inserted in a 100 mL bottle gas washing (Drechsler). Dry
synthetic air flowing over the bottle around the tube was
mixed with the emitted vapor to form output vapor con-
centration. The output concentration in ppm was calcu-
lated according to equation

mvoc Mair

Cp = x 10°,

(1)

Mair Mvoc

where C, is the primary concentration of outgoing
volatile organic compounds from the bottle (ppm), myoc
is the weight of emitted VOC per min (g), maiy is the

weight of synthetic air flowing per min 8, M,;, is the
molar weight of synthetic air (g/mol) and Mvyoc is the
molar weight of VOC.

At an air flow rate of 100 mL/min through the bottle
the output concentrations of vapors were calculated as
69 ppm for acetone, 40 ppm for toluene and 52 ppm for
n-butyl acetate.

Since the air flow around the permeation tube can be
used to achieve a concentration that is not sufficiently
low at one-step dilution, a typical permeation system flow
employs two-stage vapor dilution. At the secondary dilu-
tion step the primary mixture produced directly from the
permeation tube is split off and diluted into an additional
flow of air. In our case the output mixture from the bottle
gas washing was additionally diluted 4 to 20 times. The
final concentration of vapor VOCs was calculated accord-
ing to equation

Fan
=—0,, 2
Ftot P ( )

C

where C is the final (secondary) concentration of VOC,
Fgj is the air flow through the bottle (mL/min), Fiot
is the total air flow (ml/min) and C, is the primary
concentration of VOC (ppm).

The response from NiO sensors towards vapor of VOCs
was obtained by measuring the electrical resistance by an
Agilent 34410 A multimeter recorded using a GPIB in-
terface for communication with a computer by LabView
platform. Programmable DC Power supply TP-3303 U
(Twintex) was used as a power supply of the heater el-
ement. In all experiments the operation temperature of
sensors was set to 300°C. Using mass flow meters and
controllers with a nominal flow of 25 and 1000 sccm, the
mixed gas flows with the desired concentration were set.
Sensors was placed in the measuring chamber with an
inner volume of 31cm?. To keep the sensor operational
temperature constant, the total flow rate of the mixture
through the chamber was always kept at 100 mL/min. All
chemicals (acetone, toluene and n-butyl acetate) were of
analytical grade. Dry synthetic air was used as a carrier
gas.

3 Experimental results and discussion

The diffraction peaks of the NiO and Pt thin films
were joined on the basis of (fcc) NiO structure (PDF card
No. 47-1049) and (fcc) Pt structure (PDF card No. 04-
0802). In the case of Pt films, only the Pt (111) peak
at 39.8° could be found. Polycrystalline nature with a
texture in [111] direction was identified. Pt films with a
thickness of about 200 nm always exhibited a columnar
structure with a grain size of about 33 nm. The correct
identification of NiO peaks in recorded diffractograms was
negatively affected by the overlap of the NiO and Al;Og
peaks. The position of NiO (111) peak at 37.2° was close
to the AlyOs (110) peak at 37.8°. Another NiO (200)
peak has the same position as AloOs (113) peak. Only
the NiO (220) peak at 20 = 62.8° is not overlapped
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Fig. 2. FE SEM surface morphology of NiO films with different thickness on alumina and Pt/alumina substrates with: (a) — 25 nm, and
(b) = 50 nm
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Fig. 3. Responses of NiO sensor with film thickness of 50 nm,

annealed at temperature 600 °C for 2 hours in nitrogen atmosphere,

to increasing the concentration of acetone in dry synthetic air at
300°C

by any peaks belonging to Pt or Al;O3. Figure 1 shows
that (220) peak positions of the NiO films deposited on
alumina and Pt/alumina are close to the right position
at 62.8° and both prepared NiO films can be indexed to
the (fcc) crystalline structure of NiO. In Fig. 1 one can
see that the recorded diffraction patterns for NiO films
with 25 nm thicknesses exhibit lower intensities with a
smaller amount of grains and these curves contain two or
three separate peaks indicating perfect small grains. The
average grain sizes of both investigated NiO films were
in the range from 22 to 27 nm as calculated from the
measured integral peak widths values for the (220) NiO
plane.

Since the gas sensor structures were prepared on a
rough alumina substrate, FE SEM observations were also
done on the same samples to identify the effective mor-
phology of sensor surfaces. It was observed from Fig. 2
that surface morphology of the examined samples was
characterized by a rough and compact granular structure
reflecting the alumina substrate surface. The nanoporous
NiO film is formed by an agglomeration of small grains
with different shapes while they are created on every alu-
mina grain. NiO grows not only on top of the alumina

grains but also on grain sides and along their grain bound-
aries and it is filling the space between Al;Os grains.
From Fig. 2 we can see that the average grain sizes in the
lateral direction of the films prepared with 25 nm thick-
nesses are greater (10 nm) than for NiO films with 50 nm
thicknesses (15 nm).

The gas sensing properties of NiO thin films with
thickness of 25 and 50 nm annealed at 500 and 600°
Cwere investigated upon exposure to various volatile or-
ganic compounds such as acetone, toluene and n-butyl
acetate. The relative responses (R) of NiO sensors were
determined by relationship

Ry — Ry

R o

x 100, (3)

where Ry is NiO resistance in tested vapor atmosphere
and Ry is NiO resistance in synthetic air atmosphere.
The resistance changes of NiO films are caused by ex-
change of charges between the adsorbed gaseous species
and the metal oxide surface. When NiO is placed in air
at high temperature, oxygen molecules are adsorbed onto
the NiO surface, which causes extraction of electrons from
NiO and formation of different ionized oxygen species de-
pending on temperature (O, ,0~,027) [15]. After expo-
sure of NiO film to reducing gases (acetone, toluene and
n-butyl acetate), electrons are injected into the material
due to oxidation reaction between the reducing gas and
oxygen anion species. Injection of electrons decreases the
concentration of holes and thus increases NiO resistance
as the NiO is a p-type semiconductor.

One of the factors affecting the sensitivity of metal
oxide sensors is the grain size [16]. Since the sensitivity
of metal oxides increases with the reduction in the grain
size, the grain size decrease is one of effective strategies for
enhancing the gas-sensing properties. Since an increase in
the annealing temperature lead to an increment of surface
roughness which is associated with the increase in grain
size [17], we investigated the resistance of sensors with
NiO films annealed at 500 and 600°C in our experiments.
The resistance of the NiO sensor prepared with 50 nm
thickness and annealed at 500°C under synthetic air at-
mosphere at operating temperature (300°C) was found
to be 12.8k, while for the same NiO sensor annealed
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Fig. 4. Response in % of the various NiO sensors to increasing concentration of: (a) — acetone, (b) — toluene, and (c) — n-butyl acetate
in dry synthetic air at operating temperature 300°C depending on concentration in ppm

Table 1. Relative sensitivity values of various NiO sensors to different VOCs, R — correlation coefficient of linearity of the calibration
curve, N/A* — response saturation

Acetone

Toluene

n-butyl acetate

Sample Sensitivity R Sensitivity R Sensitivity R
(%/ppm) (%/ppm) (%/ppm)

50 nm 600°C 037 0.996 0.44 0.996 N/A* N/A*

50 nm 500°C  N/A* N/A* 0.73 0.998 0.42 0.994

25 nm 600°C  0.43 0.998 0.48 0.989 0.20 0.991

Table 2. The effect of NiO film thickness and annealing tempera-
ture on response times for various VOCs

Sample Acetone  Toluene  n-butyl
acetate
Response time in seconds
50 nm 600°C 188 166 206
50 nm 500°C 98 130 124
25 nm 600°C 92 89 76

at 600°C as high as 88.5kf). The better sensing perfor-
mance of the sensor with lower resistance and most likely
associated with the reduced grain size as confirmed in
our experiments. In Fig. 3 typical responses are shown
of NiO sensor prepared with 50 nm thickness at different
concentration of acetone. The responses increased with
increasing concentration of acetone (3.5 to 17.5 ppm) in
the range from 0.7 to 6.6 % for all sensors.

Apparently, when comparing different NiO sensors
(Fig. 4), no significant differences in responses were ob-
served in the case of acetone. In the case of the toluene (2
to 10 ppm) and n-butyl acetate (2.6 to 13 ppm) the re-
sponses increased in the range from 0.4 to 6.3 % and 1.6
to 6.3 %, respectively, for all sensors. Only the responses
to n-butyl acetate of NiO sensor prepared with 25 nm
thickness and annealed at 600°C were lower by roughly
30 to 40 % in comparison with other NiO sensors. In Ta-
ble 1, NiO sensor sensitivities are compared with acetone,
toluene and n-butyl acetate. These values were calculated
from their calibration curves. In most cases, the relation

between the responses of sensors and the concentrations
of acetone, toluene and n-butyl acetate is close to lin-
ear in given ranges. Response saturation was observed in
two cases. We found various dynamics of sensor responses
(response/recovery time) in our experiments depending
especially on the film thickness and the kind of volatile
organic compound.

The response time is defined as the time required for
the gas sensor to reach 90 % resistance change in the pres-
ence of the target gas, and the recovery time is defined
as the time needed for the resistance of the gas sensor to
return to 10 % of its original baseline value after the re-
moval of the target gas. Response dynamics curve of NiO
sensor prepared with 50 nm thickness and annealed at
500°C towards 10.5 ppm acetone concentration is shown
in Fig. 5. The response and recovery times for the same
sensor are a little longer for 10 ppm toluene concentration
(130/150s) and for 10.4 ppm n-butyl acetate concentra-
tion (124/102 s) than for acetone. The effect of NiO film
thickness on the response time was even more pronounced
(Tab. 2).

The response times towards all examined organic va-
pors in the case of NiO sensor prepared with 25 nm thick-
ness were 2, 1.9 and 2.7 times shorter than for NiO sensor
prepared with 50 nm thickness. These recorded measure-
ments confirmed that the sensors prepared with thinner
gas sensing films are faster than those with higher thick-
ness [14].
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Fig. 5. Response dynamics curve of NiO sensor to acetone
(10.5 ppm) at 300°C

4 Conclusions

NiO thin films with 25 and 50 nm thicknesses were
successfully fabricated by dc reactive magnetron sputter-
ing. XRD investigations confirmed that both prepared
NiO films are indexed to the (fcc) crystalline structure
of NiO and the average grain sizes of both investigated
NiO films were in the range from 22 to 27 nm. FE SEM
observation revealed that surface morphology of the ex-
amined samples was characterized by a rough and com-
pact granular structure reflecting the alumina substrate
surface. Special attention was devoted to sensing prop-
erties towards acetone, toluene and n-butyl acetate with
the concentrations less 5 ppm at the operation tempera-
ture of 300°C. Our results demonstrate the potential of
NiO thin films with 25 nm thicknesses to detect examined
organic vapours shorter though with the same sensitivity
compared to NiO sensors prepared with 50 nm.
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