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Abstract

Zinc oxide based field-effect devices prepared for gas sensing applications are studied. For this purpose, bottom-gate transistors were
fabricated using Pd as source and drain interdigitated electrodes with gate lengths varying from 0.3 to 2 um. Thin (50 nm) zinc oxide films
were grown with the aid of pulsed laser deposition (PLD) at room temperature and served as active and sensing layer. AFM and XRD
analysis demonstrated the polycrystalline nature of the c-axis oriented ZnO films with nanoscale grain size (20-40 nm) with relatively
high average roughness. Electrical and gas sensing measurements from the above-mentioned devices are presented.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Metal-oxide-semiconductors are widely used as gas sen-
sors, because of their inherent good sensitivity to gases like
CO, H,, NOy and hydrocarbons. Amongst these materials,
zinc oxide is one of the most popular ones, mainly due to
its good properties even if deposited at lower temperatures,
thus giving the possibility to be integrated on cheaper and
flexible substrates [1,2]. Moreover, zinc oxide surface pre-
sents high sensitivity to both reducing and oxidizing gases
as its conductivity is highly dependent on oxygen and/or
on zinc interstitials deficiency or abundance, both
enhanced by chemical reactions that occur within the grain
boundaries [3]. By using field-effect devices it is possible to
achieve higher gas sensitivity at relatively low tempera-
tures, thus enabling low-power gas sensor integration in
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wireless sensor networks for which power consumption is
of major importance.

Several methods have been proposed to grow good qual-
ity thin zinc oxide films, including chemical vapour deposi-
tion [4], spray pyrolysis [5], reactive evaporation [6], DC
and RF sputtering [7,8] and pulsed laser deposition
(PLD) [9]. For the formation of c-axis grown stoichiome-
tric ZnO, all the above-mentioned methods require a sub-
strate temperature higher than 200 °C which in some
cases is incompatible with the fabrication process (i.e.
cheap substrates, lift-off process etc.). However, compared
to the other methods, PLD presents a wider process win-
dow that may lead to improved ZnO quality even at tem-
peratures below 200 °C [9], and therefore it is a good
candidate for such applications.

In this work, we present our investigations on field-effect
transistors having thin ZnO as active layer that was grown
at room temperature by pulsed laser deposition. We will
also present the first results of the fabricated gas sensors
operating at room temperature.
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2. Experimental

Bottom-gate field-effect devices with ZnO as active layer
were fabricated. A 100 nm — thick thermal oxide was grown
at 1000 °C on highly doped silicon wafers. Backside metal-
lization by RF-sputtering of Ti/Au was performed and pat-
terned Ti/Au contact pads were deposited on the front side
via lift-off process. Palladium electrodes were evaporated
and lift-off process with E-beam lithography was used to
obtain the cross-fingered structure shown in Fig. 1. Several
structures were fabricated with interdigitated distance that
varied from 0.3 to 2 um in order to obtain transistors of
various gate lengths. As an active layer, a 50 nm-thick zinc
oxide layer was grown by pulsed laser deposition at room
temperature on the top of the interdigitated electrodes
using lift-off process. Finally, devices with channel width
of around 1 mm were obtained (21 intra-electrode chan-
nels x 50 um). Several thermal annealing conditions (400—
600 °C, in air) were tested in order to optimize the electrical
performance of the devices. XRD and AFM investigations
allowed us to study the ZnO bulk and surface properties
and the electrical measurements were performed with an
HP4140B picoamperometer.

3. Results and discussion
3.1. Zinc oxide structural properties

Fig. 2 shows AFM pictures of the as-deposited thin ZnO
film that was grown on oxidized silicon wafer. It is demon-
strated that these films are polycrystalline ([101] and [002]
oriented crystallites as supported by XRD analysis) with an
average grain size of around 2040 nm which is not effec-
tively affected by the annealing process, mainly due to the
relatively low temperature (400 °C) that was used. This is
in accordance with previous studies that have been made
at this temperature range [10].

Concerning surface roughness, it is seen that annealed
ZnO exhibits a slightly less rough surface compared to
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Fig. 1. SEM picture of a ZnO FET structure (top view).

Fig. 2. AFM pictures of Pulsed Laser Deposited ZnO as-deposited.

the as-deposited sample. In Fig. 3 we plotted the average
surface roughness as a function of the annealing time.
The ZnO films exhibit high average roughness of around
22 nm which decreases as annealing time at 400 °C
increases, reaching a value of around 15 nm for annealing
time more than an hour. Since these films will serve as
gas sensors, the high surface roughness of ZnO provides
a high surface-to-volume ratio which enhances the chemi-
cal active area of the film.

3.2. Electrical properties

Fig. 4 shows the transfer characteristics for devices with
various gate lengths (0.6, 1.3,1.7 and 2 um). The transistors
exhibit n-type conduction, as it is well known for ZnO lay-
ers. Ion/Iorr ratio in the order of 10°-10° is achieved for
most of the devices. In addition, threshold voltage lies in
the range of 5-10 V and the subthreshold swing is higher
than 3 V/dec. These last observations indicate the presence
of a poor interface between ZnO and SiO, and/or the high
defect density in the ZnO layer, especially within the grain
boundaries. It is known that the work function of Pd is
much higher (more than thermal energy) than electron
affinity of ZnO, and thus the contact between these two
materials is proven to be Schottky one [11].

Thus, a Schottky barrier is formed at ZnO/Pd interface
which is dependent on the potential applied at both ends of
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Fig. 3. Average roughness of thin ZnO films measured with AFM as a
function of the annealing time at 400 °C in air.
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Fig. 4. Transfer characteristics of ZnO FETs for different gate lengths.

the barrier as well as the Fermi level positioning on the
semiconductor side (i.e. ZnO). The drain current is limited
by the Schottky potential barrier and as the gate bias volt-
age Vgs becomes positive (Vgs = 20 V) the Ips—Vpg curve
approaches the ohmic behavior (not shown here). Due to
this mechanism, no current saturation was observed at
the output characteristics of the fabricated devices.

3.3. Gas sensing experiments

FET sensors were placed in a chamber with a continu-
ous flow of nitrogen. An external heater was adjusted to
the sensor and NO was introduced when the drain current
was stabilized. Fig. 5 demonstrates the normalized drain
current with (Vps=0.1V and Vgg=0V) as a function
of time when 100 ppm of NO were introduced in the cham-
ber at various temperatures. The drain current decrease is
observed at all temperatures while this decrease is more
pronounced at the higher temperature of 150 °C. At this
temperature range it is known that [12] gaseous NO is
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Fig. 5. Normalized drain current as a function of time for various sensor
temperatures at presence of nitric oxide in nitrogen.

chemisorbed at the ZnO surface and grain boundaries fol-
lowing the reaction:

Nogas + Vo — Vo — Ou4s + 1/2N2 (1)

where Vg is the oxygen vacancy and O,y the adsorbed
oxygen atom.

As a result, when ZnO FET is in NO environment, oxy-
gen vacancy concentration is reduced, leading to a decrease
of electrons in the conduction band. This mechanism is
reflected to the drain current decrease. Finally, it has to
be mentioned that drain current reduction seems to be
depended on the NO concentration and that for NO con-
centration values more than 100 ppm, device surface seems
to be saturated, at least for the temperature range studied.

4. Conclusion

Field-effect transistors have been developed having thin
zinc oxide as active layer and palladium as source/drain
electrodes for gas sensor applications. ZnO was grown by
pulsed laser deposition at room temperature. Transistors
with gate lengths from 2 pm down to 0.6 um were studied
in terms of electrical and gas sensing performance. It was
found that the devices exhibit a high Ion/Iopr ratio, even
though the drain current is strongly limited by the Pd/
ZnO Schottky contact. Finally, the sensors demonstrated
good sensitivity on nitrogen monoxide within moderate
temperature range.
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