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bstract

ZnO nanostructures were deposited on glass substrates by the aqueous chemical growth technique at mild temperatures (95 ◦C). In general,
owerlike nanostructures are formed, their morphology and dimensions depending on deposition time. Under ultraviolet irradiation and subsequent

xposure to ozone atmosphere, the ZnO samples show electrical current changes of three up to six orders of magnitude at room temperature,
epending on surface morphology, substrate coverage and average thickness. Samples deposited for 5 h exhibit the highest ozone sensor response,
.e. 106, due to their high surface-to-volume ratio. It is concluded that the ZnO nanostructured samples grown by aqueous chemical growth at low
emperatures are promising candidates for semiconductor room temperature ozone sensors.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Gas sensors have a great impact in many areas, such as
nvironmental monitoring, domestic safety, public security,
utomotive applications, air conditioning in airplanes, space-
rafts and houses, sensor networks, etc. [1,2]. The development
f gas sensor devices with optimized stability, selectivity and
ensitivity at room temperature (RT) has been gaining promi-
ence in recent years [3]. The gas sensing properties are related
o the surface state and morphology of the material. Nanos-
ructured materials present new opportunities for enhancing the

roperties and performance of gas sensors because of the much
igher surface-to-volume ratio than that of coarse micrograined
aterials [1,3–5].
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ation for Research & Technology-Hellas, P.O. Box 1527, Vassilika Vouton,
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Semiconductor metal oxides have attracted great attention as
as sensing materials due to their advantageous features, such as
igh sensitivity under ambient conditions, low cost and simplic-
ty in fabrication [1,6]. Among metal oxides, tin dioxide (SnO2)
6] is the one that has received by far more attraction. This is
robably due to its high reactivity to many gaseous species.
owever, this characteristic of SnO2 has also revealed a lack
f selectivity, and thus investigation on other metal oxides has
een considered necessary [7].

Among others, ZnO-based elements have concerned much
ttention as gas sensors because of their chemical sensitivity to
ifferent adsorbed gases, high chemical stability, amenability
o doping, non-toxicity and low cost [5,8,9]. ZnO is an n-type
emiconductor of wurtzite structure (lattice parameters a and c in
he ratio of c/a = 1.633) with a direct bandgap of ∼3.37 eV at RT
10]. The Zn atoms are tetrahedrally coordinated to four O atoms,

here the Zn 3d-electrons hybridize with the O 2p-electrons.
Ozone sensing has been studied for ZnO films produced by

everal physical techniques, such as sputtering [11,12], pulsed
aser deposition (PLD) [13] and molecular beam epitaxy (MBE)

mailto:katsan@iesl.forth.gr
dx.doi.org/10.1016/j.snb.2006.12.033
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14], contrary to chemical techniques that have not been exten-
ively reported before.

Aqueous chemical growth (ACG) is a novel and inexpensive
echnique for depositions at mild temperatures (below 100 ◦C)
15–17]. It does not require complicated setups or high-pressure
ontainers. Furthermore, it is entirely safe and environment
riendly, since water is the only solvent used. In this work, ACG
as applied to create ZnO nanostructures and investigate their
zone sensing characteristics. In particular, the ozone sensing
roperties of flowerlike ZnO nanostructures deposited on glass
ubstrates at low temperatures were studied, in relation with
eposition time and nanostructures’ morphology.

. Experimental details

ZnO nanostructures were grown by ACG on glass sub-
trates using an equimolar (0.01 M) aqueous solution of
n(NO3)2·6H2O and C6H12N4 as a precursor. The solution
nd the substrates were placed in Pyrex glass bottles with
utoclavable screw caps and heated at 95 ◦C for 1, 5, 10 and
0 h. After each induction time, the substrates were thoroughly
ashed with MilliQ water to eliminate residual salts or amino

omplexes, and dried in air at the same temperature. Before
eposition, all substrates were cleaned with spectroscopic grade
ropanol and acetone, washed with MilliQ water and dried
nder a N2 gas flow. The crystal structure of the ZnO nanos-
ructures was determined by X-ray diffraction (XRD) using

Rigaku diffractometer with Cu K� X-rays, while their sur-
ace morphology was observed by a JEOL scanning electron
icroscope (SEM). Finally, the ozone sensing properties of the
nO nanostructures were investigated at RT by electrical mea-

urements, which were performed in a special designed glass
eactor described elsewhere [12]. Briefly, photoreduction was
chieved by exposing the samples directly to the UV light of a
ercury pencil lamp in vacuum for 15 min in order to obtain

t

d

ig. 1. XRD patterns of ZnO nanostructures synthesized by ACG at 95 ◦C on glass su
n glass for 20 h is presented.
tuators B 124 (2007) 187–191

teady state conditions. For the subsequent oxidation, the cham-
er was backfilled with ozone at a pressure of 800 mbar (ozone
oncentration in the chamber was ∼1 ppm). After exposure of
he samples to ozone for 45 min, no further changes of the cur-
ent could be observed. This behavior was completely reversible
hrough many cycles of photoreduction and oxidation. All cur-
ent measurements were carried out at a fixed bias of 1 V at RT.
urrent–voltage (I–V) measurements were always performed
efore the cycling started in order to ensure the ohmic nature of
he contacts. In the present study, the sensor response S of the
amples is defined as the ratio of the electrical current I in the
hotoreduction (Iph) and oxidation (Io) states, i.e. S = Iph/Io.

. Results and discussion

Figs. 1a and b presents typical XRD patterns of ZnO nanos-
ructures grown on glass substrates for 1 and 5 h, respectively.
hey exhibit sharp diffraction peaks, which correspond to the
urtzite ZnO hexagonal P6(3)mc structure. For 1 h growth, only

he first three characteristic peaks of ZnO are clearly present
ossibly due to the initial stage of the reaction, which results in
artial crystallization of the material. For longer growth peri-
ds (≥5 h), however, all the peaks attributed to the wurtzite
nO structure are revealed according to JCPDS card file No.
6-1451 (see Fig. 1(b) for 5 h); no impurities or other phases
ere detected. For 5 h growth, the calculated lattice parameters
alues are a = 3.2490 Å and c = 5.2031 Å. As a result, a ratio of
/a = 1.601 is deduced, which is a value very close to that for the
deal hexagonal structure (c/a = 1.633 [10]). This indicates the
ery good crystallinity of the ZnO samples grown by ACG.

The mean crystallite dimensions (d) of the ZnO nanostruc-

ured samples were calculated using Scherrer’s equation:

= Kλ

(β2 − β2
o)1/2 cos θ (1)

bstrates for (a) 1 h and (b) 5 h. In the inset of (b) the XRD pattern of ZnO grown
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ig. 2. Crystallite dimensions of ZnO nanostructured samples vs. deposition
ime.

here β is the measured broadening of a diffraction line peak
t an angle of 2θ at half its maximum intensity (FWHM) in
adians, βo the instrumental broadening, K = 180/π, λ the X-
ays wavelength (0.154056 nm) and θ is the Bragg diffraction
ngle. By fitting various peaks to Scherrer’s equation, crystallite
ize values between 48 and 56 nm were obtained. The results
re presented as a function of deposition time in Fig. 2 for
θ = 31.74◦. The crystallite size increases with time, indicating
etter crystallinity of the samples grown at longer periods. It
s also noticeable that at 20 h growth the 34.42◦ peak becomes
ominant, revealing a preferred growth orientation along the c-
xis, i.e. the (0 0 2) direction, which is perpendicular to the glass
ubstrate (see inset of Fig. 1(b)).

SEM micrographs of the ZnO nanostructures formed on glass

ubstrates at 1, 5 and 20 h are presented in Fig. 3. For 1 h growth,
ponge-like nanostructures are formed, out of which uniform
haped nanorods emerge; however, only a partial coverage of
he substrate area could be achieved due to the initial stage of

i
T
r
F

ig. 3. SEM images of ZnO nanostructures grown by ACG at 95 ◦C on glass for 1 h
d)). In the inset of (c) the hexagonal shape of the ZnO nanorods is clearly observed.
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he growth (inset of Fig. 3(a)). For 5 h growth, flowerlike nanos-
ructures consisting of nanorods with diameter ranging from 500
o 800 nm and length of ∼7–8 �m are formed (Fig. 3(a)). How-
ver, the size of the flowerlike structures is not uniform and a
ot of single rods (diameter ∼1 �m, length ∼10 �m) are also
resent as one can see in Figs. 3a and b. When the growth time
ncreases to 20 h, the flowerlike architectures develop further
nd become dominant with substrate coverage of about 80%
Fig. 3(c)). They consist of uniform nanorods with a typical
iameter of ∼800 nm and length of several microns (∼7–8 �m).
he average thickness of the ZnO samples increases with growth

ime, as it can be approximately deduced from the side views
f the SEM images (Figs. 3b and d), in accordance with lit-
rature [15]. All nanorods have hexagonal cross-section (for
xample, see the inset of Fig. 3(c) for 20 h growth), implying
he occurrence of the wurtzite ZnO crystal structure as it was
lso demonstrated by XRD.

The electrical current changes for the ZnO nanostructures
n glass under photoreduction and subsequent ozone exposure
re presented in Fig. 4(a). As it can be seen, the as-deposited
nO samples are quite insulating (∼2 × 10−11 to 5 × 10−12 A)

ndicating the low concentration of defects, i.e. oxygen vacan-
ies, in the samples. The current changes are larger in the case
f the 5 h ZnO sample (Fig. 4(a)). Photoreduction causes an
ncrease of the current up to ∼5 orders of magnitude (from
.6 × 10−11 up to 4.7 × 10−6 A), while subsequent ozone treat-
ent results in a current decrease by six orders of magnitude

down to 3.8 × 10−12 A). Four cycles of photoreduction and
xidation clearly demonstrate the reversibility of the current
hanges in the ZnO samples (see Fig. 4(b) for the 5 h case). For
amples grown at 1, 10 and 20 h, the observed current changes
re apparently smaller (Fig. 4(a)). Although Io is almost stable
or all ZnO samples, ranging from 1.7 × 10−11 to 1.7 × 10−12 A,
ph shows a quite large deviation. It is highest for the 5 h sample,

.e. 4.7 × 10 A, and least for the 1 h sample, i.e. 1 × 10 A.
he enhanced Iph value is thus responsible for the higher sensor

esponse towards ozone that is observed for the 5 h sample (see
ig. 5). We shall next attempt to correlate the sensing behaviour

(inset of (a)), 5 h (top view (a), side view (b)) and 20 h (top view (c), side view
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ig. 4. (a) Current changes measured at 1 V for several deposition periods (1,
, 10 and 20 h) and (b) photoreduction and oxidation cycles for the 5 h ZnO
ample.

f the ZnO nanostructures grown by ACG with their morpho-
ogical and structural properties.

The electrical current/conductivity changes in ZnO and other
-type semiconductors under photoreduction and subsequent
xposure in oxidizing gas atmosphere are in general explained by
he formation and annihilation of oxygen vacancies at the metal
xide surface. UV irradiation of the samples with energy larger
han the bonding energy between Zn and O leads to the trans-
ormation of an oxygen atom from a bound state to the gaseous
tate and thus the creation of charged oxygen vacancies (single
r doubly ionized). Therefore, an increase in the free electron
oncentration occurs. Subsequent exposure to oxidizing gases,

uch as O3, leads to annihilation of the charged oxygen vacan-
ies at the metal oxide surface and, hence to a drastic decrease of
he carrier concentration, which can be directly correlated with
he gas concentration [1,3,6].

ig. 5. Ozone sensor response of ZnO samples grown by ACG vs. deposition
ime.
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After 1 h deposition, the ZnO nanostructures are at the initial
tage of their growth, consisting mainly of sponge-like struc-
ures (inset of Fig. 3(a)), and cover only a small percentage
∼35%) of the substrate. It is assumed that the small substrate
overage and the minimal formation of nanostructures lead to
he small current changes observed under subsequent photore-
uction/oxidation cycles (Iph = 1 × 10−8 A, Io = 1.7 × 10−12 A).
t is, in general, believed that the electrical current changes in
emiconductor metal oxide sensors are mainly controlled by
he interactions of UV irradiation and oxidizing gas atmosphere
ith the metal oxide surface [9,11,18,19]. Therefore, the small

urface-to-volume ratio of the 1 h ZnO sample leads to the lowest
value observed (S = 5.9 × 104) among the investigated sample

eries. The 5 h sample, on the other hand, consists of flower-
ike nanostructures and single rods (Figs. 3a and b), reaching a

80% substrate coverage. The formation of flowerlike nanos-
ructures with nanorods of 500–800 nm diameter results in an
ncrease of the surface-to-volume ratio. This in turn leads to
n improvement of S up to six orders of magnitude for the 5 h
ample (S = 1.2 × 106, see Fig. 5). As the growth time increases
urther to 10 and 20 h, the ZnO samples get thicker, the flower-
ike architectures are uniform with nanorods larger in diameter
∼800 nm) and the crystallite size increases. Thus, the surface-
o-volume ratio decreases and consequently the ozone sensor
esponse drops (S ∼ 3.9 × 103).

. Conclusions

ZnO nanostructured samples were prepared on glass by ACG
t different deposition times of 1, 5, 10 and 20 h. The structural
nalysis revealed that the ZnO hexagonal wurtzite is the only
rystallographic phase detectable. Depending on the growth
ime, ZnO sponge-like nanostructures (1 h) transform into flow-
rlike architectures with increasing deposition time (5–20 h).
ll samples show remarkable electrical current changes at RT
nder subsequent photoreduction/oxidation cycles in UV and
zone atmosphere (1 ppm). However, the 5 h sample shows
he maximum sensor response towards ozone due to its high
urface-to-volume ratio. The effect is reproducible after many
hotoreduction/oxidation cycles. It is concluded that the ZnO
anostructured samples grown by ACG are promising candi-
ates for inexpensive RT ozone detection.

cknowledgements

The project is co-funded by the European Social Fund and
ational Resources – EPEAEK II – ARXIMIDIS II.

eferences

[1] M. Franke, T. Koplin, U. Simon, Metal and metal oxide nanoparticles in
chemiresistors: does the nanoscale matter? Small 2 (2006) 36–50.
[2] S. Capone, A. Forleo, L. Francioso, R. Rella, P. Sicilliano, J. Spadavecchia,
D.S. Presicce, A.M. Taurino, Solid state gas sensors: state of the art and
future activities, J. Optoelectron. Adv. Mater. 5 (2003) 1335–1348.

[3] N. Yamazoe, New approaches for improving semiconductor gas sensors,
Sens. Actuators B 5 (1991) 7–19.



nd Ac

[

[

[

[

[

[

[

[

[

[

B

G
o
i
S
C

D
t
m
o
S

E
o
I
G
F

G
v
D
1
L
w
c

G. Kenanakis et al. / Sensors a

[4] A. Gurlo, N. Barsan, M. Ivanovskaya, U. Weimar, W. Gopel, In2O3 and
MoO3–In2O3 thin film semiconductor sensors: interaction with NO2 and
O3, Sens. Actuators B 47 (1998) 92–99.

[5] Y. Ma, W.L. Wang, K.J. Liao, C.Y. Kong, Study on sensitivity of nano-grain
ZnO gas sensors, J. Wide Bandgap Mater. 10 (2002) 113–120.

[6] N. Barsan, U. Weimar, Conduction model of metal oxide gas sensors, J.
Electroceram. 7 (2001) 143–167.

[7] K. Zakrzewska, Mixed oxides as gas sensors, Thin Solid Films 391 (2001)
229–238.

[8] P.T. Moseley, Solid state gas sensors, Meas. Sci. Technol. 8 (1997) 223–237.
[9] Y. Takahashi, M. Kanamori, A. Kondoh, H. Minoura, Y. Ohya, Photo-

conductivity of ultrathin zinc oxide films, Jpn. J. Appl. Phys. 33 (1994)
6611–6615.

10] U. Ozgur, Y.I. Alivov, C. Liu, A. Teke, M.A. Reshchikov, S. Dogan, V.
Avrutin, S.J. Cho, H. Morkoc, A comprehensive review of ZnO materials
and devices, J. Appl. Phys. 98 (2005), 041301-1-103.

11] G. Goncales, A. Pimentel, E. Fortunato, R. Martins, E.L. Queiroz, R.F.
Bianchi, R.M. Faria, UV and ozone influence on the conductivity of ZnO
thin films, J. Non-Cryst. Solids 352 (2006) 1444–1447.

12] M. Bender, E. Gagaoudakis, E. Douloufakis, E. Natsakou, N. Katsarakis, V.
Cimalla, G. Kiriakidis, E. Fortunato, P. Nunes, A. Marques, R. Martins, Pro-
duction and characterization of zinc oxide thin films for room temperature
ozone sensing, Thin Solid Films 418 (2002) 45–50.

13] S. Christoulakis, M. Suchea, E. Koudoumas, M. Katharakis, N. Katsarakis,
G. Kiriakidis, Thickness influence on surface morphology and ozone sens-
ing properties of nanostructured ZnO transparent thin films grown by PLD,
Appl. Surf. Sci. 252 (2006) 5351–5354.

14] B.S. Kang, Y.W. Heo, C. Tien, D.P. Norton, F. Ren, B.P. Gila, S.J. Pearton,
Hydrogen and ozone gas sensing using multiline ZnO nanorods, Appl.
Phys. A 80 (2005) 1029–1032.

15] L. Vayssieres, Growth of arrayed nanorods and nanowires of ZnO from
aqueous solutions, Adv. Mater. 15 (2003) 464–466.

16] Q. Li, V. Kumar, Y. Li, H. Zhang, T.J. Marks, R.P.H. Chang, Fabrication

of ZnO nanorods and nanotubes in aqueous solutions, Chem. Mater. 17
(2005) 1001–1006.

17] X. Liu, Z. Jin, S. Bu, J. Zhao, K. Yu, Preparation of ZnO nanorods and spe-
cial lath-like crystals by aqueous chemical growth (ACG) method, Mater.
Sci. Eng. B-Solid 129 (2006) 139–143.

N
t
o
o

tuators B 124 (2007) 187–191 191

18] T.L. Tansley, D.F. Neely, Adsorption, desorption and conductivity of sput-
tered zinc oxide thin films, Thin Solid Films 121 (1984) 95–107.

19] S. Mishra, C. Ghanshyam, N. Ram, R.P. Bajpai, R.K. Bedi, Detection mech-
anism of metal oxide gas sensor under UV radiation, Sens. Actuators B 97
(2004) 387–390.

iographies

eorge Kenanakis has graduated from the Chemical Engineering Department
f the Polytechnic School of the Aristotle University of Thessaloniki in 2003. He
s finishing his master studies in the Chemistry Department of Crete University.
ince October 2005, he is enrolled as a PhD student in the University of Crete,
hemistry Department.

imitra Vernardou is a researcher at the School of Applied Technology of
he Technological and Educational Institute of Crete, and a lecturer at Depart-

ent of Materials Science and Technology of the University of Crete. She
btained her PhD in 2005 at the Institute for Materials Research of University of
alford.

mmanuel Koudoumas is a professor at the Electrical Engineering Department
f the School of Applied Technology of the Technological and Educational
nstitute of Crete. He obtained his PhD in 1991 at the University of Patras
reece and he has been working for several years as a researcher at IESL/
ORTH.

eorge Kiriakidis received his MSc from UMIST and his PhD from the Uni-
ersity of Salford, UK. Since 1981, he is an assistant professor in the Physics
epartment of the University of Crete, and a senior researcher at FORTH since
985. He has founded and is the leader of the Photonic and Electronic Materials
aboratory at IESL/FORTH and is currently involved in thin-film technology
ith emphasis on transparent conducting oxides for gas sensing and food pro-

essing applications.
ikos Katsarakis is a researcher at IESL/FORTH and an assistant professor at
he School of Applied Technology of the Technological and Educational Institute
f Crete. He obtained his PhD in 1996 at the Institute for Chemical Technology
f Inorganic Materials of the Graz University of Technology, Austria.


	Ozone sensing properties of ZnO nanostructures grown by the aqueous chemical growth technique
	Introduction
	Experimental details
	Results and discussion
	Conclusions
	Acknowledgements
	References


