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a b s t r a c t

Zinc oxide is an interesting material for bio and chemical sensors. It is a semiconducting metal oxide
with potential as an integrated multisensing sensor platform, which simultaneously detects parameters
like change in field effect, mass and surface resistivity. In this investigation we have used resistive sen-
sor measurements regarding the oxygen gas sensitivity in order to characterize sensing layers based
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on electrochemically produced ZnO nanoparticles and PE–MOCVD grown ZnO films. Proper anneal-
ing procedures were developed in order to get stable sensing properties and the oxygen sensitivity
towards operation temperature was investigated. The ZnO nanoparticles showed a considerably increased
response to oxygen as compared to the films. Preliminary investigations were also performed regarding
the selectivity to other gases present in car exhausts or flue gases.

© 2009 Elsevier B.V. All rights reserved.

as sensor

. Introduction

Chemical sensors with metal oxides as sensing material have
een around for a long time as a low cost alternative for gas detec-
ion devices. However, they have, to some extent, suffered from
imitations in sensitivity, selectivity and stability when compared
o more expensive alternatives. Recent advances in nanotechnology
nd nanomaterials have fostered fabrication techniques that can
e harnessed to increase the response and performance of these
aterials [1,2]. This is because their performance is governed by

he exposed surface area; the gas sensing mechanism being due to
eactions that occur at the sensor surface. So, increasing the active
urface area will likely increase the sensor performance.

Many recent reports have shown that by carefully controlling
he nanostructure of metal oxide sensing layers greatly improved
ensing properties can be achieved. Rella et al. showed that SnO2
lms yield a better response to NO2 and CO when the grain size
as kept below 10 nm [3]. Yamazoe and Shimanoe have stud-

ed the role of shape and size of nanocrystals for the response
o oxygen of semiconducting materials [4]. Growth of nanowires,
anorods and nanobelts has demonstrated that the high surface

o volume ratio gives these nanostructures enhanced sensor qual-
ties [2,5]. The most common methods to produce sensing layers
equire thermal treatment of the film, which, unfortunately, causes
rain growth and has a detrimental effect on the surface to vol-

∗ Corresponding author. Tel.: +46 13 281252; fax: +46 13 288969.
E-mail address: jenser@ifm.liu.se (J. Eriksson).

925-4005/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.snb.2008.10.072
ume ratio of the sensing layer [6]. Nanostructures, like nanorods
or nanoparticles, that exhibit a high degree of crystallinity suffer
less from this drawback and should enable production of sen-
sor devices with good long-term stability [2,7,8]. A multitude of
metal oxides can potentially be used for these types of sensors,
including tin, indium, titanium and zinc oxides. The metal oxide
surfaces of these materials also exhibit good long-term stability
while operating under physiological conditions [9]. Other examples
of well established sensor technologies, which recently have bene-
fited from nanotechnology implemented in sensing layers are field
effect sensors [10] and quartz crystal microbalance, QCM, sensors
[11].

ZnO is an interesting material for bio and chemical sensors since
it is a semiconductor with a band gap of 3.4 eV and with an oxygen
containing surface. Field effect transistor (FET) devices based on sil-
icon or silicon carbide require the growth of an oxide, e.g. silicon
dioxide, to serve as gas sensors [12]. Gas sensing of, e.g. reducing
gases like hydrogen, ammonia and hydrocarbons on these Si- or
SiC-FET devices involves dissociation of the molecules on a cat-
alytic metal and adsorption of hydrogen on oxygen atoms on the
silicon dioxide surface forming OH groups [13]. The OH groups are
strong dipoles on the oxide surface of FET devices and are detected
through the electric field induced in the insulator, which changes
the electrical characteristics of the transistor. The most attractive

properties of ZnO as a sensing material is its multisensing mech-
anisms for gases, since it can be operated as a FET gas sensor, the
piezoelectric properties enables a resonator and at the same time
surface resistivity changes can be measured. Furthermore, we have
previously taken advantage of the oxygen atoms present in the sur-

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:jenser@ifm.liu.se
dx.doi.org/10.1016/j.snb.2008.10.072
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Fig. 1. Schematic view of a SiC/SiO2 device with (a) a film of PE–MOCVD grown ZnO
(b) a ZnO nanoparticle layer. (c) A mounted sample: glued to a ceramic heater, the
J. Eriksson et al. / Sensors an

ace of the ZnO when we performed successful functionalization
f the ZnO with biomolecules as a step towards a multifunctional
ransducer for biosensor devices [14,15].

In view of this, we report here a study of the oxygen sensing
apabilities of different types of ZnO layers with the main focus to
nvestigate the influence of surface morphology on the gas sensing
apabilities. The purpose of this study is not to fabricate an oxygen
ensor, but rather to use the oxygen sensing capabilities of different
ensing layers as a means to evaluate their sensing characteristics
nd to further add to the understanding of these materials. Compar-
son of the gas sensing properties has been performed for different
ize and shape of nanostructures, as described earlier in this sec-
ion [2–5]. Here we compare the gas sensing behaviour of films and
anoparticles, which we think are of fundamental interest. The gas
ensing capabilities of polycrystalline ZnO thin films have thus been
ompared to those of layers comprising electrochemically produced
nO nanoparticles with a high degree of crystallinity. The high crys-
allinity of the nanoparticles should allow for devices with long
urability. These films were deposited on top of SiC/SiO2 structures.
hanges in resistance, in response to variations in gas concentra-
ion, have been measured in order to characterize the materials
y their optimal operating temperature, sensitivity, stability and
eversibility of the response.

. Experimental

.1. Samples

Fig. 1a and b shows a schematic illustration of the two types of
tructures that have been investigated in this study. Both types of
ensors consist of a ZnO layer deposited on top of a SiC/SiO2 struc-
ure. The purpose of the SiO2 layer is to make sure that any change in
esistance detected between the contacts originates from resistance
ariations in the film being studied, and not the underlying SiC. The
nly difference between the two structures is that for the films the
ontacts are added on top of the ZnO layer, while for the nanoparti-
les the contacts are deposited directly on top of the SiO2 layer. The
ontacts, between which the resistance is measured, were made
y either thermal evaporation or sputtering of a bilayer of Ti/Pt or
i/Au (10/300 nm) through a shadow mask. Prior to deposition, the
urface was cleaned and sonicated in acetone for 10 min, followed
y 10 min of UV/ozone treatment to remove organic contaminants.
ontact distances ranging from 200 �m to 2 mm have been studied.
he SiC/SiO2 structures were manufactured by thermal oxidation of
H-SiC, yielding 30 nm of SiO2, followed by deposition of an LPCVD
itride layer, which is subsequently reoxidized, resulting in a top
iO2 layer of about 50 nm, and a total insulator thickness of about
0 nm.

.2. ZnO thin film fabrication

The ZnO films were prepared by the PE-MOCVD (plasma
nhanced metalorganic chemical vapour deposition) technique on
iC/SiO2 substrates. PE-MOCVD has been previously suggested as
ne of the most suitable techniques for low-temperature, high-
uality deposition of ZnO thin films using low cost and non-toxic
etalorganic precursors, here acetylacetonate (Zn(Acac)2). For
ore details, please see Refs. [16,17]. Before deposition, the sub-

trates were cleaned in acetone (10 min) and ethanol (10 min),
hen rinsed in deionized water and blow-dried with nitrogen.

ecently we have investigated the structural, morphological, elec-
rical and optical properties of pure ZnO films deposited within a
ide temperature range on different substrates [18]. Scanning elec-

ron microscopy (SEM) was used to reveal the uniformity of the
lms and quality of the film/substrate interface (Leo 1550 Gem-
blue device is a temperature sensor, (a so-called Pt 100 element, that is a Pt resistor
of 100 � at room temperature), bonding wires connect the contacts of the sample
to the pins in the holder. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of the article.)

ini SEM). The surface morphology was examined by atomic force
microscopy (AFM–Veeco Digital Instruments Nanoscope 3100) in
tapping mode. For the films in this study the substrate tempera-
ture was Tsub = 350◦C, which promotes the columnar growth of the
polycrystalline film with a characteristic grain size of ≈35 ± 15 nm,
and a surface root means square roughness Rq = 1.5 ± 0.5 nm [19].
The total layer thickness was ≈250 ± 30 nm.

2.3. Nanoparticle synthesis—EDOC
Electrochemical deposition under oxidizing conditions, EDOC,
is an efficient method for the synthesis of nanocrystalline metal
oxide particles. When properly controlled, it yields well-defined
synthesis products with narrow particle size distributions and a
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igh degree of crystallinity [20,21]. In the case of ZnO particles the
node in the electrochemical cell, from which the oxide particles
re to be formed, is made of zinc. An organic solvent, 2-propanol
Scharlau. Chemie S.A.), together with a quaternary ammonium salt,
BAB (tetrabutylammonium bromide, Fluka) is used as electrolyte.
he ammonium salt acts both as a medium for current transport
nd as capping molecules for the nanoparticles formed. The metal
ons migrate to the cathode consisting of inert stainless steel, where
eduction and formation of metal particles occur. To render the par-
icles soluble in a non-polar solvent 1.25 ml of oleic acid (KEBO
B) was added as a capping agent. Bubbling air into the solution
auses immediate oxidation of the particles. The particle size can
e controlled by the current density at the cathode. Lower currents
ield larger particles and vice versa. Here the current density at the
athode was kept at 1.5 mA/cm2. More details can be found in Ref.
10].

Using 0.5–2 �l, this solution was drop deposited onto the
iC/SiO2 devices by means of a 0.5 �l micropipette in order to
roduce sensing layers of nanoparticles. The devices were subse-
uently heated as described in Section 4.1.2 in order to remove the
rganic capping material.

The size and crystallinity of the nanoparticles were studied by
oth X-ray powder diffraction (Philips APD powder diffractometer,
u K� radiation) and transmission electron microscopy (FEI Tecnai
2 operated at 200 kV). The effects of the annealing procedure were
haracterized by thermogravimetric analysis.

.4. Sensor mounting

The sensor structure was glued onto a ceramic heater together
ith a temperature sensor for temperature control. The contacts

f the heater and the temperature sensor were welded to the pins
f a 16 pin header. Electric contacts were made from the sensor
o the pins with gold wire bonding. A mounted sensor device is
hown in Fig. 1c. During measurements the sensor was enclosed
n an aluminium flow cell, with a 1 cm3 space over the sensors,
hrough which the gas was carried across the sensor surface. During
he measurements the flow cell was connected to a box with all the
ecessary electronics for measuring resistance as well as measuring
nd controlling the temperature of the sensor devices.

.5. Gas sensitivity measurements

Gas sensing measurements were conducted under laboratory
onditions, using an in-house gas mixing system that comprised
ass flow controllers (Bronkhurst High-tech B.V. Netherlands,
odel F-201C-RA-11-V 100 and 20 ml/min). Sensing characteristics

n terms of sensor signal, response and sensitivity [22] were studied
hrough the detection of oxygen concentrations ranging from 1 to
00% oxygen in a background of nitrogen. Since this was performed
t close to atmospheric pressure this means that 0–1.00 atmosphere
f oxygen and 1.00–0 atmosphere of nitrogen was added to main-
ain a constant total flow of 100 ml/min. The temperature of the
lms was varied from 150 to 550 ◦C. The resistance was measured
sing a Keithley 2000 multimeter configured in the two wire mode.

The response is defined as

= Rg

RN2

(1)

here Rg is the resistance under test gas exposure and RN2 is the
esistance in the nitrogen carrier gas in the absence of test gas.
The sensors were exposed to O2 pulses to test the sensitivity
f different sensing layers. Two types of O2 test procedures were
erformed, one for ‘low’ and one for ‘high’ concentrations. The low
oncentration test procedure was as follows: the O2 concentration
as varied in two ways, 1, 2, 3, 4, 5, and 8% O2 in N2, each pulse
Fig. 2. Effects of annealing at 500 ◦C of a ZnO film device in an ambiance of oxygen
pulses (1–10%) with nitrogen as the carrier gas.

lasted for 5 min and pulses were separated in time by 60 min in the
carrier gas, or steps of 1% from 1 to 10 and then back to 1% again, in
5 min pulses with 10 min between pulses. For high concentrations
the procedure was exactly the same except that the O2 percentage
was increased by a factor of 10. These tests were performed with
N2 as carrier gas.

The sensing layers yielding the best response to O2 were also pre-
liminary tested for response to 250 ppm of NH3, C3H6, H2, CO and
NO. These measurements were performed against a background of
21% O2 in N2 (to simulate normal air conditions) with test pulses
lasting for 5 min and with 60 min between each pulse.

The total flow rate was always kept at 100 ml/min.

3. Principle of operation and annealing procedures

3.1. Sensing mechanism

The electrical resistance of a metal oxide semiconductor changes
in the presence of various gases. ZnO is a wide band gap semicon-
ductor with excess metal ions, or oxygen vacancies that serve as
electron donors (n-type). When ambient oxygen molecules adsorb
on the ZnO surface they act as acceptors and ionize by taking up
one or two electrons from the conduction band and thus ionosorb
as O−/O2−. This causes an electron depletion region to form in the
material which increases the materials resistance [6,23,24].

In the presence of a reducing gas this process is reversed. The
reducing gas reacts with the ionosorbed oxygen, releasing one or
two electrons back into the conduction band and thus decreasing
the resistance of the material.

3.2. Sensor operation

Two processes are assumed to take place when ZnO is subjected
to oxygen at elevated temperatures: diffusion into the bulk of the
material and absorption at sites, probably vacancies, in the bulk of
the material (which is ascribed to the drift in the baseline, defined
as the sensor signal in nitrogen) and adsorption on the surface of
the material (which is responsible for the sensor response).

Fig. 2 shows the sensor signal, that is, the resistance variation

versus time of an unannealed film of polycrystalline ZnO during
exposure to oxygen pulses from 1 to 10% at 500 ◦C. In the begin-
ning the resistance shows a rather high initial value which directly
falls to a low value and then stays below 1 M�. However, after
about 200 min the sensor begins to respond significantly to oxy-
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Fig. 3. Thermogravimetric analysis, TGA, in air or N2 ambiance, respectively, from
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oom temperature up to 600 C, with a temperature increase rate of 20 C/min. The
pikes seen around 300 ◦C are artefacts due to residues from earlier measurements
ropping onto the sample during the measurement.

en. From now on the resistance has reached a new baseline at
3 M�. A possible explanation is that deep energy level sites, most

ikely bulk oxygen vacancies are filled. That means, oxygen dif-

uses into the bulk of the material in a non-reversible process and
he diffusion depth is determined by the temperature. Once these
eep energy level sites are filled, oxygen starts to interact with the
urface sites, which represent shallow energy levels and thus are
eversible as seen after 200 min in Fig. 2. The behaviour in Fig. 2

ig. 4. (a) Plan view TEM image of as produced ZnO nanoparticles (dark areas represent p
c) 550 ◦C.
ators B 137 (2009) 94–102 97

was not observed for the ZnO nanoparticles, probably because they
had to be annealed at >500 ◦C before operation in order to remove
the organic capping molecules.

Depending on the material, the resistivity is determined by the
barrier height at the grain boundaries for polycrystalline material
or by the carrier concentration for single crystalline material. In
both cases, a reduction of free charge carriers (through reduction
of the O vacancies) would lead to an increase of the resistivity. In the
sensor configuration used here we measure only surface resistivity.
At a certain point of oxygen exposure the bulk absorption saturates
and any change in resistance is now due only to surface adsorption,
which is readily reversible as described above. When this point is
reached the device can be operated as a gas sensor.

3.3. Investigation of annealing procedures

The resistance as a function of temperature showed differ-
ent behaviour during the initial measurements (oxygen pulses as
described in Section 2.5) depending on the type of film and the
annealing temperatures (in air) they had seen. The polycrystalline
films behave as a typical semiconductor; increasing the tempera-
ture reduces the resistance, and the reduction begins to saturate
as the temperature gets sufficiently high. Grain growth at elevated
temperature causes some hysteresis effect when going back down
in temperature.

For the particles, annealing at temperatures ≥520 ◦C was nec-
essary. When testing particles initially annealed at <500 ◦C at

temperatures above 500 C, the first oxygen pulse larger than
≈10% caused a dramatic, sudden, irreversible and for the gas sens-
ing properties detrimental reduction of the resistance. This could
be due to charring of organic material remaining after insuffi-
cient annealing. Particles annealed at ≥520 ◦C did not exhibit this

articles) and SEM images of nanoparticles (light areas) annealed up to (b) 450 and
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phase transition of ZnO taking place in certain temperature regions
ig. 5. Cross sectional SEM image a polycrystalline ZnO/SIO2/SiC sample (a) and AFM
mages of the sample surface (b).

eaction. Their R(T) behaviour still differs from that of the polycrys-
alline films when going back down in temperature; for the films

he resistance is permanently increased, whereas for the high tem-
erature annealed particles it is permanently reduced. To better
nderstand the difference between nanoparticles annealed at dif-

erent temperatures, thermogravimetric analysis was performed.

ig. 6. X-ray diffractograms of as-prepared ZnO nanoparticles and nanoparticles
hat have been heat treated at 200, 400 and 600 ◦C, for 14 h at each temperature.
ators B 137 (2009) 94–102

3.4. Thermogravimetric analysis

To obtain films of ZnO nanoparticles the organic material (oleic
acid) added in the synthesis has to be removed by an appropri-
ate heat treatment. Furthermore, in order to minimize the particle
agglomeration induced by annealing, the temperature should not
be too high. Fig. 3 shows thermogravimetric analysis curves for
samples heated from room temperature up to 600 ◦C, with a tem-
perature increase rate of 20 ◦C/min. These samples were prepared
through drop deposition of 22 �l of the as produced ZnO nanopar-
ticles in solution (toluene) onto 7 mm × 7 mm Si/SiO2 tablets. Filled
circles in Fig. 3 represent a sample measured in air and squares
measurements in pure N2.

The TGA curves show that there are several different processes
contributing to the complete dissipation of the organic material.
The first process appears to start at ≈120 ◦C, and the fact that it is
present in both curves hints towards it being pyrolysis. It is proba-
bly due to the destruction of the ester bond between the oleic acid
surface OH groups, resulting in a release of CO2 (this has not been
confirmed). A second process apparent between 250 and 500 ◦C is
likely due to the decomposition of hydrocarbons in the oleic acid.
Both curves indicate that the oleic acid is completely removed at
about 500 ◦C. This may explain the behaviour described in Section
3.3 for the nanoparticle material. The oleic acid had not been com-
pletely removed, and so exposure to oxygen at temperatures above
500 ◦C causes the remaining organic material to char instead of
decompose as it would during the slow increase of the temperature
during annealing.

Initially the films were only annealed up to 500 ◦C. However,
sensors fitted with such layers did not work well, for the reason dis-
cussed above. When the annealing temperature was raised to 520
or 550 ◦C the sensing capabilities increased significantly, indicating
that 520 ◦C is enough to remove all of the oleic acid. Interestingly,
the films annealed at 550 ◦C were significantly less sensitive than
those annealed at 520 ◦C. The inferior sensitivity of the former could
be due to agglomeration of the particles, reducing the surface to
volume ratio, which in turn reduces the sensitivity. SEM studies,
as reported in Section 4.1.1, confirmed the agglomeration. A further
possibility is that the change in resistivity is, at least in part, due to a
but no such transition was observed in XRD studies.
Based on these findings in Sections 3.2–4, annealing of the

devices, both nanoparticle and polycrystalline film based, in this

Fig. 7. Sensor signal, that is resistance, versus time for ZnO nanoparticles, annealed
at 520 ◦C, exposed to 1–80% O2/N2 with N2 in between pulses at 450 ◦C.
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Fig. 8. The sensor signal, that is the resistance, versus time of ZnO nanoparti

tudy was performed in air up to 520 ◦C; with 1 h dwelling periods
t 350, 450 and 520 ◦C, and a heating rate of 2◦/min.

. Results

.1. Characterization of sensing layers

.1.1. SEM, TEM and AFM imaging
As seen in the TEM image in Fig. 4a, the as-synthesized nanopar-

icles are about 5 nm in diameter. This is in agreement with what has
een previously reported [25,26]. SEM images of samples annealed
t 450 ◦C, see Fig. 4b, show particle growth to some extent and
or an annealing at 550 ◦C, see Fig. 4c, that the particles aggregate
nd grow from about 5 to ≈50–100 nm. This is consistent with the
esults of Berber et al. [21] who reported a growth in ZnO particle
ize from 8 to 80 nm after annealing at 550 ◦C.

For the analysis of ZnO films, the SEM profile, see Fig. 5a, shows
olumnar structure resulting in a nanostructured surface topogra-
hy revealed in an AFM image, see Fig. 5b.

.1.2. X-ray diffraction spectroscopy
Fig. 6 shows X-ray diffractograms for ZnO nanoparticles after

ubjection to different heat treatments (as-prepared, 200, 400 and
00 ◦C). The as-prepared nanoparticles are only ∼5 nm in diameter
as observed by TEM) resulting in very broad diffraction peaks of
ow intensities. As the annealing temperature increases, the crys-
als grow, producing the well-defined hexagonal ZnO diffraction
attern.

.2. Gas response

.2.1. Nanoparticles
Eleven sensors with sensing layers of nanoparticles were tested.

ariations in film thickness (actual thickness was not measured,
ut three different solution volumes, 0.5, 1.0 and 2.0 �l, were
pplied) and inter-electrode (contact) distance (200–2000 �m) did
ot appear to affect the sensitivity. However, a smaller contact dis-
ance was found preferable since the resistance for sensors with
larger contact separation was too high to be measured at tem-
eratures lower than ≈400 ◦C. The nanoparticle samples that had
een annealed at sufficiently high temperatures (520 ◦C, procedure
escribed in Section 3.4) showed a reversible response to oxygen
ver the range of 1–80% at temperatures ranging from 250 to 550 ◦C.
verall, the nanoparticle samples were considerably more stable
itially annealed at 520 ◦C, exposed to 1–8% oxygen at (a) 450 and (b) 550 ◦C.

than the samples based on films. After some initial drift they usu-
ally level out and maintain a stable baseline. Fig. 7 shows the signal
of a very stable sensor with a 1.0 �l layer of nanoparticles and a con-
tact distance in the finger electrode of 500 �m operated at 450 ◦C
under exposure to oxygen concentrations from 1 to 80%.

Fig. 8 shows the sensor signal for a sample with nanoparticles
(contacts separated by 200 �m, 0.5 �l ZnO nanoparticles), annealed
up to 520 ◦C. The sample was exposed to oxygen pulses, varying in
concentration from 1 to 8%, in steps of 1% and with nitrogen as a
carrier gas, at 450 ◦C, see Fig. 8a and at 550 ◦C, see Fig. 8b. After
some initial drift during the first hour of testing (not shown in the
figure), the sensor reached a stable baseline. A comparison of the
results from measurements at 450 and 550 ◦C suggests that there is
a trade-off between sensitivity and drift/response/relaxation time.
At 450 ◦C the response is higher but the relaxation time is longer.
Using �res as the time it takes to reach 90% of the full response,
and �rec as the time it takes for the signal to recover to within 10%
of its original baseline, �res > 5 and �rec ≈ 16.5 min at 450 ◦C, while
�res ≈ 1 and �rec ≈ 2.5 min at 550 ◦C. Thus, too fast variations in oxy-
gen concentration at 450 ◦C induce a drift in the baseline. The speed
of response is significantly higher at 550 ◦C and the drift is thus
reduced, however, at the cost of a reduced response, see Fig. 8b.

Fig. 9 shows the oxygen response (Rg/RN2 ) for a sensor with
nanoparticles at five different temperatures between 250 and
550 ◦C. From 250 up to 500 ◦C the response steadily increases,
while above this temperature (550 ◦C) it rapidly and irreversibly
decreases. Most likely agglomeration of the ZnO nanoparticles at
550 ◦C is the reason for the decrease in oxygen sensitivity at this
temperature, as discussed in 3.3 and studied in 4.1.

4.2.2. Polycrystalline films
The polycrystalline films exhibited an overall lower response

than the particles. They were also less stable, with a drifting and
often rather noisy baseline, see Fig. 10. The baseline drift some-
times fluctuated and for some samples did not reach a stable value.
At 500 ◦C the polycrystalline films needed ≈12 h to reach a stable
baseline, which may have been shorter for a higher annealing tem-
perature. Another problem encountered with the films was that
exposure to high oxygen concentrations seemed to reduce the sen-

sitivity in subsequent measurements at lower concentrations.

Fig. 10 shows the signal of a sensor with a polycrystalline film
operated at 450 ◦C, after initial annealing at 550 ◦C under exposure
to oxygen concentrations from 1 to 80%. Compared to a similar test
for a sensing layer of particles, see Fig. 7, the baseline is significantly



100 J. Eriksson et al. / Sensors and Actuators B 137 (2009) 94–102

F
f

n
(

4

R
t
5
r
t
c
t
a
c
D
e

Z

F
1

ig. 9. The sensor response, Rg/RN2 , versus O2 concentration for nanoparticles at
our different temperatures from 250 to 550 ◦C.

oisier, shows a bit more drift and the response, as defined in Eq.
1), is lower.

.2.3. Oxygen sensitivity
Illustrated in Fig. 11a and b is a comparison of the O2 response,

g/RN2 , versus oxygen partial pressure in oxygen/nitrogen gas mix-
ures (total pressure ≈ 1 atm.) of films versus particles at 450 and
00 ◦C, for the samples that gave the highest response in their
espective category. Both the response and the sensitivity, of which
he latter is the slope of the response versus oxygen concentration
urve [22] is significantly higher for the nanoparticles as compared
o the devices based on ZnO films. The marked data points in Fig. 11a
nd b represent the experimentally measured signal and the solid
urves the fitted Langmuir isotherm for dissociative adsorption.
issociative O adsorption on ZnO is suggested already from the
2
quilibrium equation and in Ref. [26]:

nO1−x(s) + x

2
O2(ad) = ZnO(s) (2)

ig. 10. Sensor signal, resistance, versus time for a polycrystalline film exposed to
–80% O2 at 450 ◦C.
Fig. 11. Response versus O2 concentration for ZnO film and ZnO nanoparticles from
(a) 1–80% at 450 ◦C (b) 1–8% at 500 ◦C (circles: nanoparticles, squares: ZnO film). The
lines represent Langmuir plot fits.

Assuming the measured signal to be proportional to �, the frac-
tional coverage of the surface sites available for oxygen adsorption,
i.e. Rg/RN2 = ˛� with 0 ≤ � ≤ 1, the Langmuir isotherm reads

Rg

RN2

= ˛
√

Kp

1 +
√

Kp
(3)

In Eq. (3) ˛ is a scale constant representing the (theoretical) max-
imum value for the response, i.e. for a saturated system for which
� ≈ 1. The constant K is the ratio between the rate constants for oxy-
gen adsorption, ka, and desorption, kd (K = ka/kd), respectively, and
p is the oxygen partial pressure. The least squares values obtained
for ˛ and K for the ZnO film and nanoparticles at 450 and 500 ◦C are
given in Table 1.
As seen in Figs. 11a and b and in Table 1, the measured response
versus pressure is higher at 500 ◦C than at 450 ◦C, corresponding
to higher ˛ values for both film and particles at the former tem-
perature. Also, the ˛ values are considerably larger for the particles

Table 1
Constants in the Langmuir isotherm in Eq. (3).

450 ◦C
ZnO film ZnO nanoparticles

˛ 3.11 15.4
K 2.03 0.603

500 ◦C
˛ 7.33 369
K 11.4 2.68 × 10−3
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ig. 12. ZnO nanoparticles, response to 250 ppm CO, NH3, NO, C3H6 and H2 (two
ulses of each gas) at 450 ◦C.

han those for the film at both temperatures. (Note in Fig. 11b that
t 500 ◦C the response was measured only up to P = 0.08 atm.) Inter-
stingly, while for the film the rate constant for adsorption is larger
han that for desorption (K > 1), the opposite is true for the parti-
les (K < 1). It is possible that states of lower energy are available
n the surface region of the films, while these are not present in
he nanoparticle film, since the stoichiometry probably is closer
o ideal. States of lower energy will result in faster adsorption as
ong as the diffusion is not a limiting factor, but longer desorption
ime. It would of course be interesting to test also single crystalline
nO films. A lower sensitivity may for example be compensated by
etter long-term stability for high temperature operation.

.2.4. Response to other gases
The response of a sensor device with ZnO nanoparticles to stan-

ard gas molecules like CO, NH3, NO, C3H6 and H2 present in car
xhausts or flue gases was investigated at 450 ◦C in a constant O2
oncentration of 21% (in N2), see Fig. 12. This is a preliminary inves-
igation. We have chosen a low concentration of the tested gases,
50 ppm, for which the response of the devices is not likely to sat-
rate. The device responded significantly to all the gases tested,
ith the highest response level to propene and the response to
O in the opposite direction as compared to the other gases. It

s interesting to note that the speed of response is much faster
or these gases as compared to the speed of response to oxygen,
ompare Figs. 8a, 10 and 12. This hints towards the possibility of
ifferent sensing mechanisms for oxygen and other gas species. It

s likely that the reducing gases interact with adsorbed oxygen on
he sensor surface [27]. Reducing gas molecules, which react with
dsorbed oxygen ions will become oxidized, while the oxygen ion
ives back electrons to the ZnO surface and the resistivity of the
ensor material will decrease, as seen in Fig. 12. An exception here
s the response to NH3 in Fig. 12, where the sensor does not return
o the base line in between the exposures. This also seems to affect
o some extent the response to the following NO pulses. In order
o get a total picture of the response pattern of the ZnO nanopar-
icle sensor this investigation should be performed for different
oncentrations and at different temperatures, and it is especially

nteresting to study if the other gases also give a Langmuir response.
urthermore, e.g. DRIFT (Diffuse Reflectance Transform Infrared)
pectroscopy should be used in order to reveal the adsorbed species
n the sensor surface during gas exposure at different temperatures
13,28]. However, the main interest in this paper is the compari-

[
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son between sensors based on ZnO nanoparticles and films. Since
the nanoparticles have shown to be the superior sensor material of
the two, these preliminary investigations of the response to other
gases were performed with nanoparticles as the sensing layer, In
future studies a comparison of the gas response between sensors
with nanoparticles of different size will be interesting to further
elucidate the particle size effect. Preliminary results has shown
that doping by, e.g. Ga yield ZnO sensing layers interesting to study
regarding gas sensitivity to e.g. NO2 [29]. In the future we will also
produce devices for field effect measurements on ZnO with mul-
tifunctional sensor devices as the goal. Preliminary results of field
effect measurements can be found in Ref. [14].

5. Conclusions

Differently structured ZnO materials were characterized due to
their interesting multiparameter sensing properties. The resistance
change to oxygen in nitrogen was used to compare the sensing
behaviour of ZnO nanoparticles and ZnO films. We have shown that
it is possible to use ZnO nanoparticles as sensing layers for chemical
gas sensors, and that they yield higher sensitivity and stability than
sensing layers of polycrystalline ZnO films. The higher sensitivity is
ascribed to a larger surface to volume ratio, and the higher stability
to the generally more stable single crystalline nanoparticles. The
ZnO films tested here showed a columnar polycrystalline structure.
Single crystalline films may have different properties. Annealing
procedures for optimal stability and sensitivity were studied and
established. The ZnO nanoparticles showed a reversible response
to oxygen over a range of 1–80%, at temperatures ranging from 250
to 550 ◦C. The optimal operating temperature, in terms of oxygen
response, was found at 500 ◦C. The ZnO nanoparticles were also
preliminary tested for reducing gases and found sensitive for NO,
CO, propene and NH3, for the last three ones with a response in the
opposite direction as compared to oxygen.
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