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Enhanced gas sensing performance of indium doped
zinc oxide nanopowders

David C. Pugh™®, Vandna Luthra®, Anita Singh® and Ivan P. Parkin""

A series of indium doped ZnO (IZO) materials were fabricated, characterised and tested for their gas
sensing properties. ZnO was synthesised with indium doping levels of 0.2, 0.5, 1 and 3 mol %. These were
fabricated into gas sensors. Production took place using a commercially available screen printer, a 3 x 2
mm alumina substrate containing interdigitated electrodes and a platinum heater track. Materials were
characterised using X-ray diffraction (XRD), scanning electron microscopy (SEM) and energy dispersi. .
X-ray spectroscopy (EDX). Electrical conductivity of all samples was also calculated. Sensors we

exposed to ethanol, methanol, n-butanol and acetone at concentrations between 5 and 80 ppm. Low levels
of indium doping were found to increase the responsiveness of the sensors. However, higher levels = ©
doping were found to inhibit conductivity and responsiveness to gases of IZO sensors. Sensors with low
levels of indium doping were found to show minimal response to other gases, demonstrating a lack of
cross sensitivity. These sensors show potential for inclusion into an electronic nose for with the aim ot

selective alcohol detection.
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Introduction

Metal oxide semiconducting (MOS) gas sensors are a low cost
and reliable method of vapour detection. Their ease of
production, high robustness and simple interface electronics
make them ideal candidates for commercial detection. MOS
sensors operate on the principle that a change in conductivity of
the material occurs on contact with an analyte gas.

The gas sensing properties of zinc oxide were first
demonstrated 1962 by Seiyama er.al’ and the material has
since been found to be a versatile gas sensing material that has
been used on a number of devices, including sensor to detect

. . 6
nitrogen  oxides®’,
13,14,15

45
hydrogen™,
10,11,12

b

S 1023
carbon  monoxide™”,

hydrocarbonss’g, alcohols ammonia and
disulphides'®. The working temperature of ZnO gas sensors is
generally quite high, around 300°C-500°C, and selectivity is
generally poor. As a result of this, preparation methods and
doping of ZnO gas sensors to reduce operating temperature and
to increase the stability, sensitivity and selectivity of materials

. s 17,18
are major research topics 7, .

A wide range of techniques have been employed to improve
sensor responses and working conditions. These include the use

of zeolites*®

, carbon nanotubes®', nanoparticles® and doping
of the material®. Each of these techniques has their own merits
and faults. Metal-ion doping of MOS materials enhances the
gas-sensing properties by changing energy-band structure and
morphology24, as well as increasing adsorption area and
consequently creating more centers for gas interaction on the

. . 25
metal oxide semiconductor surface™.

Electronic properties of ZnO solids can be tuned through the
incorporation of various dopants, usually group 13 elements;
Aluminum® ¥, Gallium® and Indium®. Doping ZnO materials
with these materials replaces Zn>' ions with higher valence M*"
ions, increasing impurities in the material.

of different doping have been
investigated, to produce both thick and thin film gas sensors.

A number techniques
These include: co—sputtering30, thermal evaporati0n3l, pulsed
laser deposition® and ball milling®.

In this study, indium doped zinc oxide (IZO) powders were
synthesized, characterized and tested for the monitoring of low
concentrations of gas in air. Doped and pure zinc oxide
powders were prepared using a low cost, scalable co-
precipitation technique. This is a robust and reliable technique,
which is easy to implement, as it does not require any

expensive or complex equipment. Co-precipitation techniques

This journal is © The Royal Society of Chemistry 2013
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have been used to produce a wide range of gas sensing
materials in previous investigations. ****-,

To our knowledge, this is the first example of indium doping of
ZnO, for thick film gas sensing purposes.

Ethanol (C,HsOH), which is a volatile, flammable, colourless
liquid, is most commonly used as a solvent and in alcoholic
beverages; however, it is also used as a fuel, an intoxicant and
in thermometers.

Methanol (CH;OH) is a highly
indistinguishable from ethanol on account of their similai

toxic alcohol, often
appearance and odour. It is commonly used in the production ~*
formaldehyde, and from there in the production of paint,
plastics and plywood.

n-Butanol (C4HyOH) is a straight chained primary alcohol. It is
primarily used as a solvent, chemical intermediate and as a
paint thinner. It is also considered as a potential biofuel®’ as
well as an additive to diesel in order to reduce soot emissions.
Acetone (C3HgO) is a flammable, colourless, mobile liquid, and
a simple ketone. Acetone is a commonly used solvent for many
plastics and synthetic fibres.

Experimental

Material Preparation

ZnO and indium doped ZnO were produced using a co-
precipitation technique. For the production of pure ZnO, zinc
acetate (Zn(OAc),.2H,0), supplied by Sigma-Aldrich, wa.
fully dissolved in methanol. Subsequently, a 0.5 M solution of
NaOH was added drop wise over a period of 2 hours. The
resulting precipitate was washed with ethanol and water ana
filtered. The precipitate was subsequently calcined at 700°C for
3 hours.

Figure 1 MOS film on alumina substrate, showing gold electrodes. The
substrate is 3 x 3 mm with 0.15 mm between the interdigitated electrodes
Image courtesy of City Technology Ltd.
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For the production of indium doped ZnO, indium nitrate
(In(NO3);.xH,0, (Alfa Asear)) was used as a doping agent and
dissolved with suitable quantities of zinc acetate. This produced
In doped ZnO with 0.2, 0.5, 1 and 3 mol % Indium.

For electrical
pressed into pellets and silver paste was deposited onto both

conductivity measurements, samples were

sides of each sample.

Device Fabrication

Materials were fabricated by printing ZnO and IZO inks onto 3
x 3 mm alumina substrate tiles, containing laser etched
digitated electrodes and an integrated platinum heater track
(electrode gap 0.15 mm, Fig.1). Inks were produced by mixing
powders with an organic vehicle (ESL-400).

The inks were ground by pestle and mortar to produce a

smooth, homogenous suspension. Screen-printing was
performed on a DEK1202 printer. Ink was printed onto a strip
of alumina substrates simultaneously. A total of 5 layers of ink
were printed to the substrate (~75 pum thickness). Between
applications, the ink was dried under an infra-red lamp for 20
minutes. Following application of all layers, individual sensors
were fired for 1 hour at 600°C in an Elite thermal systems
BRF15 furnace. The sensors were bonded onto brass pins in a
standard poly-phenylene sulphide housing using platinum wire
(0.0508 mm thickness, supplied by Alfa Aesar) and a

MacGregor DC601 parallel gap resistance welder.

Characterisation Techniques

The sensors were characterised by X-ray Diffraction (XRD),
Scanning Electron Microscopy (SEM) and Energy Dispersive
X-ray (EDX) spectroscopy, before and after exposure to test
gases. Diffraction patterns were collected over the 26 range 10°
to 75°, step size 0.02°, on a Brucker GADDS D8 diffractometer
using Cu Ka radiation (A = 0.15418 nm). Scanning electron
micrographs were collected on a Jeol JSM- 6301F microscope,
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Figure 2 Diffraction patterns for ZnO and I1ZO sensors, collected between circa
Thi10° and 75°. The y-axis is normalised and offset for each spectrum. Principle
peaks are indexed according to their standards from the literature®
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in secondary electron imaging mode, using a 5 keV probe
voltage. The images were digitally recorded using SemAfore
software. EDX analysis was performed using a 20 keV SEM
probe coupled with an Oxford Instruments INCA X-Sight
system and associated software, this confirmed the atomic
percentage make up of each sample.

The dc conductivity of the undoped and doped ZnO pellets
were measured at room temperature using a Keithely 240C
Source Meter.

Gas Sensing Experiments

Gas sensing experiments took place on an in-house testing rig*®.
The rig consists of a sensing chamber consisting of 12 sensor
ports, connected to analytical standard gas supplies (supplied
by BOC), controlled by three mass flow controllers. A potential
divider circuit and an analog to digital converter card allow
recording of resistance measurements.

The sensor array was initially exposed to 1200 seconds of dry
air, to establish a baseline. This initial purge was followed by
five gas pulses of 600 seconds each, interspersed with 1200
second air pulses, in order to allow the sensors to recover anc
re-establish a baseline. Sensors were exposed to ethanol and
acetone (supplied by BOC) at concentrations of 5, 10, 20, 40
and 80 ppm, in ascending order. Wheatstone bridge circuits
allowed the sensors operating temperatures to be independently
set to 500 °C, 400 °C and 350 °C. Experiments were repeated in
triplicate to ensure repeatability of the sensors.

Results and Discussion

X-ray diffraction patterns were collected for all samples (Fig.
2). All zinc oxide based materials show a predominant wurzite
phase structure with high crystallinity, which can be matchec
with the Joint Committee on Powder Diffraction Standards
(JCPDS card no. 36-1451) and literature studies on ZnO¥. All
samples display strong peaks at 20 = 31.37°, 34.03°, 35.86°.
47.16°, 56.26° and 62.54°. No additional peaks were found in
undoped ZnO. In indium doped ZnO, while the ZnO wurzite
phase remains predominant, two low intensity peaks are
observed (marked with *) showing the formation of an In,O-
corundum phase (JCPDS, No. 65,3170). The intensity of these
peaks increases with increasing indium doping. These peaks are
clearly visible in 1% and 3% IZO materials, in lower doped
1Z0 and ZnO, the materials are single phased.

SEM images of the sensor surface were recorded at 50,000x
magnification (Fig. 3) and show the porous nature of t' .
materials. Figure 3.a shows ZnO with an average grain size of
120 nm. Fig 3.b Shows hexagonal grains approximately 140 nm

<

in diameter. Fig 3.c displays hexagonal grains, with an avera
grain diameter of 145 nm. Fig 3.d shows I1ZO (1%) with gra.
displaying less hexagonal characteristic and larger in diamete-

J. Name., 2012, 00, 1-3 | 3
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100 nm 50,000x
Figure 3 SEM micrographs for all sensor chips. All images are at 50,000x
maghnification. a) ZnO, b) 1ZO (0.2%), c) 1ZO (0.5%), d) 1ZO (1%), e) 1ZO (3%) f)
Screen printed ZnO Sensor

approximately 200-250 nm. Fig 3.e shows IZO (3%) with
larger fused grains around 180 nm in diameter. Fig 3.f shows a
sensors substrate with printed metal oxide material, for
reference. As the hexagonal
characteristics of the material become more defined. However,
above 0.5% doping, hexagonal

characteristic, and larger grains are formed.

indium content increases,

the material loses its

EDX analysis showed consistent oxygen and zinc abundances,
as well as the expected indium concentrations in all samples
(Table 1). Multiple batches of ZnO and IZO powders were
produced indium
concentration was less that 0.2 %RSD in all samples.

and analysed, showing variation in

Table 1 Atomic percentage of zinc, oxygen and indium in ZnO and IZO
materials

Journal Name

The conductivity of all samples was calculated from the linear
region of I-V curves (fig. 4). The dc conductivity was
calculated using the equation:

o=—

RA

Where o is the dc conductivity, t is the thickness, A is the aree

and R is the resistance of the samples, ¢ has the units: Q' cm™.

ZnO
——120 (0.2%)
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Figure 4 Variation in current with voltage at room temperature
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Figure 5 Variation in logo with indium doping level

Atomic percentage

Zn (6] In

ZnO 53.0 | 47.0 | 0.0
12O (0.2%) | 52.7 | 46.9 | 0.21
120 (0.5%) | 52.4 | 46.5 | 0.51
12O (1%) | 52.0 | 46.9 | 0.90
120 (3%) | 50.0 | 47.1 | 2.90

Electrical properties

4 | J. Name., 2012, 00, 1-3

The magnitude of conductivity in indium-doped materials is
higher than the unmodified ZnO. This increase can be
explained by two reasons: firstly the increase in electron— hole
pairs leads to an increase in carrier concentration as a result of
indium incorporation®. Secondly a large increase in the dopant
concentration causes the formation of a degenerate semi-
conductor with high conductivity. The
concentration in the degenerate semiconductor can also lead w
metallic behaviour of the In-doped ZnO*'.

increased carriel

In IZO materials with 1% and 3% indium, the conductivity
starts to decrease again. This decrease can be explained by the
high dopant concentration increasing the probability of t
ionized impurity centre scattering charge carriers, which c.n
influence the electronic mobility, reducing the conductivity.

This journal is © The Royal Society of Chemistry 20 2
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This may also have contributed to the fusing of grains observed
in Fig.3%.

The effects of metal impurities on the electrical conductivity of
ZnO have been studied in great detail. Many researchers
propose that dopants could enhance the excess oxygen
concentration in the grain boundary region of the material and
form a potential barrier preferentially”*. Therefore, the
electrical conductivity of the In doped ZnO samples is
apparently higher than that of the undoped ZnO, and the grain
boundary is more resistive than the grain. Conductivity
increases with increasing indium concentration, to 0.5%, and
then reduces; this reduction in the conductivity is thought to be
due to the inactivity of added dopant atoms and the formation
of a minor In,05 as well as other morphological changes phase.

Gas sensing results

Gas sensing responses are shown as a function of their baseline
resistance (R¢/R). Ry is the baseline resistance, calculated as the
average resistance prior to the first gas pulse. An example of
the results obtains can be seen in Fig. 6.

Strong conductive responses (decreases in resistance) to ethanol
vapour were found at all temperatures. Indium doped sensors

300 Zno
——1Z0 (0.2%)
2504 |=—1Z0 (0.5%)
—— 120 (1%)
@ 2004 |[——1Z0 (3%)
ij J
@ 150 F
c
S ]
Q
@ 100+
2
50 s
: A -
0 ' 5000 10000

Time (S)

Figure 6 Response to 5 ZnO and 1ZO sensors, exposed to 600 s pulses of 5, 10, 20,
40 and 80 ppm of ethanol at 400°C in dry air

show a larger magnitude of response as compared with the
unmodified ZnO sensor. The magnitude of response in I1ZO
sensors doped with 0.2 % and 0.5 % indium were significantly
larger than unmodified ZnO with 0.5 % doping being the most
responsive. [ZO sensors with 1 and 3 % In doping showed
much lower responses than both undoped ZnO and I1ZO
materials with lower doping levels, a likely result of their lower
conductivity. All sensors showed a larger magnitude of
conductive response, at higher gas concentrations, due to the
increased availability of ethanol in the environment to react at
the sensor surface.

This journal is © The Royal Society of Chemistry 2012
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Figure 7 Maximum responses of all sensors to ethanol at concentrations
between 5-80 ppm in a 600 s exposure

Indium doped ZnO samples with low doping levels show a
marked increase in their responsiveness to gasses at

temperatures (Fig.7). It is commonly known that the sensin~
mechanism in MOS based sensors is surface controlled. The
surface microstructure, grain size, oxygen adsorption and
surface states all play a key role in the sensor performance
Responses in all sensors were shown to be of the highest
magnitude at 400°C. Plots of the maximum response tc
ethanol vapour against temperature are not linear, but
show plateauing effects in most cases, suggesting that these
sensors world be best suited to detection of concentrations
of ethanol less that 100 ppm, as sensors may become
saturated at higher concentrations. The exception to this is
1Z0 (0.5%), which shows an almost exponential increase.

All sensors were exposed to three successive pulses of 40 ppm
ethanol. Results from this experiment (Fig.8) show good
repeatability between sensors, with the magnitude of response
between these three pulses and a 40-ppm pulse in fig 6 m
agreement. Additionally, the peak shape between all pulses is
similar, as are the response and recovery times.

This three pulse test was repeated for IZO (0.5% at 400 °C), 1
week, 1 month, 3 months and 6 months after the first exposures
to ethanol, in order to monitor the long term stability issues
often experiences by MOS gas sensing materials. The average
response of these tests has been recorded (Fig. 9) and shows
limited variation over a 6 month time period, with a standard
deviation of 2.02 and a relative standard deviation of 1.78 %.

ZnO
——120 (0.2%)
——1Z0 (0.5%)
—— 120 (1%)

— 120 (3%

150

100

50

Response (Ry/R)

T T T
0 200 400 600
Time

Figure 8 Gas sensing response of all samples to three successive3 | 5
pulses of 40 ppm ethanol
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Table 2 Response time of ZnO and I1ZO sensors, upon exposure to various
concentrations of ethanol at 400 °C

Table 3 Recovery time of ZnO and 1ZO sensors, following exposure to
various concentrations of ethanol at 400 °C

Concentration Response Time (S, £5) Concentration Recovery Time (S, +5) !
(ppm) Zn0 | 12O 10 10 10 (ppm) Zn0 | 1ZO 1Z0 10 7o |
(0.2%) (0.5%) (1%) (3%) (0.2%) (0.5%) (1%) (3%)
5 120 70 80 80 80 5 90 80 50 80 80
10 80 50 60 50 50 10 90 90 70 100 90
20 70 50 40 50 60 20 80 100 90 100 100
40 60 40 40 30 60 40 80 100 100 100 110 |
80 50 40 50 40 60 80 90 110 100 100 110 |

The sensor response time (Tges), is the time taken to reach 90%
of the maximum response value, upon exposure to a particular
concentration of gas. The recovery time (Tge.), is the time taken
for a sensor to reach within 10% of its original baseline,
following a gas pulse®.

The response time (Table 2) and recovery Time (table 3) at
400°C are displayed. The response time of all sensors decrease
with increasing concentration. This is because at higher
concentrations, more ethanol is available for reaction at the
sensor surface and so the rate of reaction at the sensor surface
will increase. The response time of doped ZnO sensors is
generally less that that of pure ZnO, despite low doped sensors
displaying higher response values. All IZO sensors display
response times within 20 seconds of each other.

Recovery times (Table 3) following exposure to various ethanol
concentrations are found to increase with increasing ethanol
concentration, this is a result of having a greater concentration
of ethanol adsorbed on the sensor surface. Recovery times for
1ZO sensors are also found to be generally higher than for the
pure ZnO sensor.

140 -
120

100+

Average Response (R /R)

80

60

0 160 260
Time (Days)

Figure 9 Response of 1ZO (0.5%) to 40 ppm ethanol over a 6 month period
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Sensors were subsequently exposed to n-butanol, under the
same experimental conditions as when exposed to ethanol (Fig
10). Once again, IZO sensors were found to increase the
responsiveness to the analyte gas, in the same order, that is
12O (0.2%) and 1ZO (0.5%) sensors were found to have the
largest responses. The magnitude of response for IZO sensc -
when exposed to n-butanol, as opposed to ethanol, indicat-
that the functional groups of an analyte gas are not the only
factor in determining a gas response, with stoichiometric
kinetic and thermodynamic properties being important factors
in predicting a gas sensor response, in addition to structural
properties.

Upon methanol, under the same
experimental conditions as previously demonstrated (Fig 11).
low doped 1ZO sensors were found to give enhancement over
pure ZnO, with IZO sensors that were doped with more indium
showing responses of similar magnitude to undoped ZnO. The
magnitude of response methanol was found to
besignifficantly lower than that of ethanol in all sensors, at al!

exposure to again,

for

operating temperatures, with the largest magnitude of response
found to be 3.41, for IZO (0.5%) to 80 ppm of ethanol -
400°C.

—2Zn0O
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€ 20 204 20
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©

=
5 5 5
0 0 0

0 20 40 60 8 O 20 40 60 8 O 20 40 60 80
Concentration (ppm) Concentration (ppm) Concentration (ppm)
500 °C 400 °C 350 °C
Figure 10 Maximum responses of all sensors to n-butanol at concentrations
between 5-80 ppm in a 600 s exposure
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Figure 11 Sensor responses to methanol at concentrations between 5 and 80
ppm at 500, 400 and 350°C in dry air for a 600 s exposure

Sensors were also exposed to the same concentrations of

acetone, under the same experimental conditions. The results of

these exposures (Fig.12) are found to be much smaller in
magnitude than those of ethanol exposure. The relative order of
responses are the same as that of ethanol exposure, with 0.2 %
and 0.5 % indium doped samples showing large enhancements,
while 3 % indium doped sensor shows very poor response to
acetone (Ro/R <2).

The sensors response to ethanol is far superior to the responses
displayed upon exposure to a number of other gases at the same
operating temperature and concentrations (Fig. 11). In light of
these results, Indium doped ZnO, with 0.5 % indium doping
shows great promise for inclusion into gas sensing array with
the purpose of detecting ethanol.
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Figure 12 Sensor responses to acetone at concentrations between 5 and 80 ppm
at 500, 400 and 350°C in dry air for a 600 s exposure

This journal is © The Royal Society of Chemistry 2012

Mechanism

Initially, at elevated temperatures, oxygen species are adsorbed
onto the surface, forming O(,qs) species and removing electrons
from the material, this leads to the formation of a depleti
region. In the presence of a reducing gas (R), oxygen i<
removed from the surface, reintroducing trapped electrons inw
the material, decreasing the size of the depletion region and
increasing the conductivity. This can be generally described as:

Oz(g) +2¢” 920»(ad5)
Rig) + O'aas) PRO) + €

Doping In*" in the place on Zn?' increases the conductivity of
the material, due to increased electron density. Therefore
indium doping facilitates the creation of O species and
electrons are more readily available at the sensor surface. It is
well known that the responsiveness of gas sensors relates
directly to the number of O 4, species at the sensor surface™®.
With increased conductivity in indium-doped materials, more
O’aasy species are formed, meaning a larger change 1.
magnitude is possible as there are more positions for reducing
gases to react at the sensor surface.

However, too much doping will lead to the screening effect
induced by the surface doped ion aggregation, which is
unfavourable to the gas diffusion into the sensing films, leading

. - 40,47
a decrease in the responsiveness of sensors™ .

Different magnitudes of response are observed at different
operating temperatures. There are a number of reasons for this.
The adsorption and desorption of oxygen and analyte gasses.
which control the baseline resistance and magnitude of gas
response, are greatly affected by the surface temperature of t'

sensor, residence time on the sensor surface is partly
determined by the temperature and reactions at the surface
occurring too fast or slow can lead to detrimental effects on t..

sensor response. Physical properties of the material such as;
Debye length, work function and charge carrier concentration
are also affected by the temperature. These sensors show go d
levels of reproducibility, with all results showing less than 3%

variation in identical tests.

J. Name., 2012, 00, 1-3 | 7
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To all gases tested, IZO samples with 1 and 3% doping show
poor results, this is attributed to a combination of the decrease
in conductivity, the formation of a secondary In,O3 phase and to
changes in the microstructure and agglomeration of grains in
higher doped samples.

Undoped ZnO responses are consistent with studies both from
our laboratory® and others®. Indium doped ZnO of 0.5% was
found to be the most responsive, with a response of Ry/R =
288.4 to 80 ppm of ethanol. Low doping levels of Indium in
ZnO materials show larger responses to similar concentrations
of ethanol than SnOzso, FeZO351 and WO352_

Conclusions

A series of ZnO and indium doped ZnO sensors were
synthesised and manufactured. This is, to our knowledge, the
first example of thick films IZO materials being used for
ethanol vapour detection. Low doping levels of indium in zinc
oxide showed an increase in the responsiveness to ethanol
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