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This paper reports on the integration of zinc oxide nanowires (ZnO NWs) with a silicon on insulator
(SOI) CMOS (complementary metal oxide semiconductor) micro-hotplate for use as an alcohol sensor.
The micro-hotplates consist of a silicon resistive micro-heater embedded within a membrane (composed

Keywords: of silicon oxide and silicon nitride, supported on a silicon substrate) and gold bump bonded aluminum
201 CMOS electrodes that are used to make an ohmic contact with the sensing material. ZnO NWs were grown
ds sensor

by a simple, low-cost hydrothermal method and characterised using SEM, XRD and photoluminiscence
methods. The chemical sensitivity of the on-chip NWs to ethanol vapour (at different humidity levels) was
characterised at two different temperatures namely, 300°C and 400 °C (power consumption was 24 mW
and 33 mW, respectively), and the sensitivity was found to be 0.1%/ppm (response 4.7 at 4363 ppm).
These results show that ZnO NWs are a promising material for use as a CMOS ethanol gas sensor that

Zinc oxide nanowires
Ethanol sensor

offers low cost, low power consumption and integrated circuitry.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Gas sensors have a wide range of applications, including envi-
ronmental monitoring (toxic and inflammable gases), automobiles,
process control (e.g. petrochemical and food industry), personal
safety, medical and even military scenarios. Wide band-gap semi-
conducting metal oxide gas sensors are widely used to detect toxic,
inflammable gases and vapours and have been well documented in
the literature [1-4]. They are low cost and can detect a large range
of gases with high sensitivity at reasonable response times (~s).
The working principle of these semiconductor gas sensors is based
on the change in conductivity of the material upon exposure to a
target gas.

In recent years, there has been increasing interest in inte-
grating gas sensors with silicon CMOS (complementary metal
oxide semiconductor) technology. CMOS comes with the ‘power’ of
miniaturisation and allows the integration of signal conditioning
hardware. The small size means more portability and potentially
lower cost, but conventional metal oxides (in the form of bulk
material) are less effective in such micro-gas sensors, because the
lower surface area results in lower sensitivity and makes them
more prone to poisoning. As a consequence, over the past cou-
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ple of years, there has been a shift in sensor research towards gas
sensing layers with greater surface areas. Nanomaterials are strong
candidates for analytical gas detection, because of their reduced
dimensions that create large surface to volume ratio and hence
exceptionally high surface area, thus offering increased sensitivity
even for a miniaturised sensor. Hence, it is beneficial to combine
the two technologies (CMOS and nano-sensing material) and cre-
ate a ‘smart’ sensor that could lead to lower unit costs than found
in a conventional gas sensor manufacture. The combination is also
additionally useful as the sensor can be combined with on-chip
circuitry for signal conditioning and to compensate for some of
the shortcomings of the sensing material, i.e. drift, non-linearity,
aging.

Among different types of metal oxides nanowires (e.g. tin oxide,
titanium oxide, tungsten oxide), ZnO (zinc oxide) is one of the most
promising, with its direct wide band gap (3.37eV at room tem-
perature) and large exciton binding energy of 60 MeV. ZnO NWs
are n-type semiconductors with high thermal stability. ZnO thin or
thick films gas sensors have been widely investigated [5-8]. Vari-
ous nanocrystalline morphologies of ZnO (e.g. nanowire, nanorod)
grown for gas sensing using high temperature chemical vapour
deposition techniques can also be found in the literature [9-17];
however the high temperatures (more than 500 °C) necessary for
the growth of ZnO NWs are not suitable for a CMOS substrate.
There are a few reports of growing ZnO nanostructures for the
purpose of gas sensing using a low temperature hydrothermal
method [18-23], though these have been deposited on a non-
CMOS substrate. It has also been shown that ZnO thin/thick film


http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:ss778@eng.cam.ac.uk
dx.doi.org/10.1016/j.snb.2010.01.009

560 S. Santra et al. / Sensors and Actuators B 146 (2010) 559-565

(a) Spreading plate

ZnO Nanowires

PMOS NMOS

5 um)
N+ N+
< sl Ps
350 pm Silicon P+
micro-heater  BOX N well Pwell
b
2 Membrane
Micro-heater +
interdigitated
electrode
]
ARRLN
75 um
Bl Taaeiliracks

Fig. 1. (a) Cross-sectional view of the ultrathin (5 wm) SOI micro-hotplate and the
CMOS electronic cells. (b) An optical microscope picture of the fabricated micro-
hotplate with interdigitated electrode.

nanostructures can detect ethanol vapour [10-14,18,22,23], NO,
[7,15,16,21], H, [12,16,18-20], NH3 [5,20], humidity [9,15] and
oxygen [17], however most of the measurements were carried out
in dry air.

In this paper, we report on the first integration of ZnO NWs
(grown using hydrothermal method) on a fully processed CMOS
substrate. The NWs were grown on a thin (5 pm) SOI (silicon on
insulator) membrane. The crystallinity, structure and morphology
of the present ZnO NWs were characterised and their sensitivity to
ethanol vapour in humid air has been evaluated.

2. Micro-hotplate fabrication

Our CMOS sensor structure comprises a resistive micro-heater
(or micro-hotplate) integrated within the silicon of an SOI sub-
strate. The top metal layer from the CMOS process is used to form
interdigitated electrodes to contact to the resistive sensing layer.
The micro-hotplates were designed in Cadence software (v5.0)
and fabricated at a commercial foundry (XFAB, Germany) using a
1.0 um SOI CMOS process. The cross-sectional view and the optical
microscope picture of the fabricated device are shown in Fig. 1(a)
and (b), respectively. The micro-hotplate comprises of a silicon
nitride/silicon dioxide membrane of radius 282 pwm in which a sil-
icon resistive heater of radius 75 wm is embedded, formed from
n-doped single crystal silicon. This micro-heater is also used as a
temperature sensor because its resistance increases almost linearly
as a function of temperature. Post-CMOS, the micro-heater is ther-
mally isolated from the substrate using a Deep Reactive lon Etching
(DRIE) process at a commercial MEMS (Micro-Electro Mechani-
cal System) foundry (Silex Microsystem, Sweden) to produce near
vertical sides and hence minimises the chip size and reduces the
power consumption. A buried oxide layer was used as an etch stop.
The membrane and micro-heater shapes are circular to reduce the
stress found at the corners of a square membrane.

Aluminum interdigitated electrodes tend to form an oxide when
exposed to air, leading to a poor electrical contact with the sensing
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Fig. 2. Power consumption versus temperature plot of the silicon micro-heater with
and without ZnO nanowires.

material. Therefore, electroless (bump bonding) plating was carried
out at the wafer level to deposit nickel followed by gold (Pac Tech,
Germany) on top of the aluminum electrodes.

The micro-heaters were characterised on several devices across
the wafer and also from wafer to wafer. It was found that a temper-
ature of 400 °C (shown in Fig. 2) can be obtained with 23 + 2 mW of
DC power (this measurement was done without any sensing mate-
rial on the devices). The devices showed excellent reproducibility
on different wafers (maximum variation found was less than 3%).

3. ZnO NWs growth and characterisation

For sensing material growth, a thin ZnO seed layer was
sputter deposited (~5nm) on selective areas of our CMOS
devices and defined using a metal shadow mask. Follow-
ing seed layer deposition, these devices were dipped in an
equimolar (25 mM) aqueous solution of zinc nitrate hexahydrate
(Zn(NO3),-6H,0, Sigma-Aldrich) and hexamethylenetetramine
(HMTA, Sigma Aldrich) and were kept at 90 °C for 2 h [24,25]. The
devices were removed from the solution at the end of the growth,
rinsed in deionised (DI) water and dried under nitrogen flow. The
advantage of this method is that ZnO NWs can be simultaneously
grown on more than one micro-hotplate and hence can be extended
to provide an inexpensive approach for wafer level fabrication.

The current-voltage (I/V) characteristics of ZnO NWs were mea-
sured at different temperatures (shown in Fig. 3) in laboratory air.
The linear I/V characteristic confirms good ohmic contact between
the sensing material (ZnO NWs) and the electrodes. This is impor-
tant for the sensor measurements since the sensitivity of a gas
sensor can be maximized when the metal-semiconductor junction
is ohmic or has a negligible resistance. The power consumption of
the devices in the presence of the sensing material was measured
and a power of 33 mW was found to be necessary to reach 400°C
(as shown in Fig. 2) — which indicates an extra 10 mW compared to
devices without sensing material.

The surface morphologies of the ZnO NWs with their size distri-
bution were characterised using a field emission scanning electron
microscope (FESEM) (JEOL 6340F, operated at 5kV) as shown in
Fig. 4(a). The nanowires are nearly vertically aligned as shown in
Fig. 4(b). High resolution SEM images (Fig. 4(b)), revealed that the
NW length and diameters are approximately, 400 nm and 70 nm,
respectively. Fig. 4(c) shows an X-ray diffraction (XRD) pattern of
the ZnO NWs using a Philips PW1730 diffractometer with CuKo
radiation. In XRD spectrum there is a strong peak around 34.8° cor-
responding to the (00 02) spacing of the wurtzite structure of ZnO,
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Fig. 3. [-V characteristics of ZnO NWs measured in air at different temperatures.
indicating preferential alignment in the c-axis direction. Although
preferentially aligned, the NWs were found to be interconnected,

providing paths for electrical transport between the electrode pads.
We further investigated the structure of the ZnO NWs by photo-
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Fig. 4. (a) Top view of the SEM images of the ZnO NWs on interdigitated elec-
trode and (b) magnified view of NWs. (¢) XRD pattern of ZnO nanowires on CMOS
substrate. Substrate effects have been removed.
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Fig. 5. Photoluminiscence spectra of hydrothermally grown ZnO nanowire.

luminescence (PL) measurements that were performed at room
temperature with the 266 nm line of an Nd:YAG laser. A high inten-
sity ultraviolet (UV) emission peak at 380nm and a broad peak
at ~600nm can be seen clearly in Fig. 5. The UV emission peak
usually originates from the near band-edge emission of the wide
band gap from the recombination of the free excitons. The broad
peak includes the impurities and structural defects, like oxygen
vacancies, which are not negligible in our case. For the gas sen-
sor application, the high number of oxygen vacancies is beneficial,
as this can increase the interaction between the gas molecules and
the ZnO NWs.

4. Ethanol test results and discussions

Chemical testing was performed at the Sensor Research Labo-
ratory (SRL), Warwick University (UK). Here there are custom test
facilities that can be used to expose sensors to specific vapours in
clean air at specified water vapour levels.

The sensor was bonded onto a ceramic package (16 pin DIL,
Spectrum Semiconductor, USA) and mounted in a stainless steel
chamber kept at 30 + 1°C within a Dri-bloc™ heater. The chamber
was connected to a custom-made test and measurement system
interfaced to a National Instruments DAQ card within a PC so that
the data acquisition was recorded automatically using commer-
cial Labview software. The sensors were operated with a constant
current with the voltage drop across the sensors monitored.

The sensors were heated locally by the silicon micro-heater,
which is just underneath the sensing material area. Sensors were
kept at two different temperatures (300 +5°Cand 400 +10°C). The
measurements were carried out at six different concentrations of
ethanol vapour in 3000 ppm (parts per million) humid air. The sen-
sors were first exposed to filtered air to create a baseline signal for
25 min, then exposed to ethanol vapour (at the same humidity) for
25 min. This was repeated for the six different ethanol concentra-
tions.

The ZnO NWs response at different ethanol concentrations
(809-4563 ppm) were measured, as shown in Fig. 6(a) at two dif-
ferent temperatures, 300 °C and 400 °C. Here, the sensor resistance
increases with exposure to ethanol vapour. A magnified view of
809 ppm response at 400 °C operation is shown in Fig. 6(b). The
response time (which is defined as the 90% of the full response)
is slow and varies from 200s to 125s as we increased the con-
centrations from 809 ppm to 4563 ppm and recovery time is
approximately 10 min. But the recovery time can be improved
by increasing the temperature of the NWs, as also shown in
Fig. 6(a).
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Fig. 6. (a) Change in resistance of the fabricated ZnO NWs ethanol gas sensor
at different temperatures and different concentrations at a constant humidity of
3000 ppm and (b) magnified view of the response of 809 ppm at 400 °C operation.

The response of the sensor is defined in this work as R, /Rg where
R, is the baseline resistance of ZnO NWs in the presence of humid
airand Ry is the resistance in presence of ethanol and humid air. The
response increases with the increase in ethanol concentration. The
sensitivity values (response per unit concentration) are 0.2%/ppm
(2) and 0.1%/ppm (4.7) at 809 ppm and 4563 ppm, respectively
(response values are shown in brackets).

It is well known that the sensing mechanism for most semicon-
ducting oxide gas sensors is surface-controlled and is controlled by
the species and amount of oxygen ions (0,45, O3a4s~ and 0,4s%7)
on the surface. An oxygen molecule adsorbs on the surface of the
ZnO NWs upon air exposure. As a result, an oxygen ion is formed by
capturing an electron from the conduction band and there is a for-
mation of depletion layers on the surface regions. It is well known
that at temperatures between 100 °C and 500 °C the adsorption of
oxygen leads to ionised molecular (05,45~ ) or atomic species (0,45~
and 0,4,27), depending on the temperature. The reaction kinetics
can be described as follows:

O2gas <> O2ads (1)
O2ads + €~ < Ogads™ (2)
O2ads <> 20,45 (3)
Oags + €7 < Oa4s~ (4)
Oags™ +€~ < 0952~ (5)

When these sensors are exposed to ethanol (reducing gas) at
high temperatures (>200°C, 0,45~ and 0,42~ are main adsorbed
species), the gas reacts with the surface oxygen species and releases
the trapped electrons back to conduction band increasing the con-
ductivity of the ZnO NWs. The reaction between the ethanol and
ionic oxygen species is described by

CH3CH,0H, 45 + 60,45~ — 2C05 + 3H,0 + 6e~ (6)

CH3CH0H, 45 + 60,45~ — 2CO5 + 3H,0 + 12e~ (7)
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Fig. 7. Response of the ZnO NWs measured at different humidities (3000 ppm,
4500 ppm, 6570 ppm and 9853 ppm).

Most of the measurements reported in the literature
[9,10,12,16-21,23] are performed in dry air. So the effect of
water concentration on the response of ZnO NWs sensors exposed
to ethanol in air was investigated, as would be used in a real life
instrument. The reaction kinetics of water and ZnO is described
by:

H20 + Znjy; + Oy < (HO-Znyy) + (OpaH)™ + €7 (8)

The vapour response has been measured at four different
humidity values (3000 ppm, 4500 ppm, 6570 ppm and 9853 ppm
~10-40% relative humidity at 20 °C). It was found that an increase
in water concentration caused a decrease in the sensor response, as
shown in Fig. 7. It was also reported in the literature [9,15] that the
ZnO NWs are used as a humidity sensors. So when the measure-
ments were performed in the presence of humidity, it is proposed
that ethanol vapour is in competition for sites with the water. As the
ethanol concentration increases the sites preferentially bond with
the ethanol over the water, with the ethanol replacing the water
within the ZnO NWs.

o« %
=)
60
40 5000 QQé
4000 o~
(§O
&
&
N
g
N
Huri o, 4000 &
Midity, (pPM) 2000 &

Fig. 8. The effect of water concentration on the response of ZnO NWs sensors to
ethanol vapour in air at 400 °C.
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Fig. 9. Response of the ZnO NWs measured as a function of ethanol concentration
at different relative humidities.

Hence, we can combine the expression for the response to
ethanol concentration with the effect of water concentration on
the change in resistance, using a competitive binding model:

AR ~ kwaw I'Gy + kEbEFCE _ aCwy + bCf (9)
T\ T T kwCw +keCE ] T\ T+ kwCw + keCE

where aw and bg are sensitivity coefficients to water and ethanol,
kw and kg are binding coefficients, I" is the number of bind-
ing sites, Gy and Cg are the concentrations of water and ethanol
vapour, respectively, a=kwawlI', b=kgagl'. In Fig. 8, the sen-
sor response, to ethanol concentration and the effect of water
concentration has been approximated to a competitive binding
model.

The measured responses were calculated with different concen-
trations at different humidities as shown in Fig. 9. The response
of the semiconducting gas sensor can usually be represented as:
S =AP§, where Pg is the target gas partial pressure, which is in
direct proportion to its concentration, A is the prefactor and g is
the exponent on Pg [26,27]. Generally, the ideal value of 8 is 0.5,
which is derived from the surface interaction between oxygen ions
and the reducing gas, such as ethanol. In our case, the value of 8
varies from 0.4440.04 to 0.40+£0.04 as we changed the humid-
ity from 3000 ppm to 9853 ppm, determined by the power law fit
shown by the solid line in Fig. 9.

5. Conclusions

This paper describes a novel method for the growth of ZnO NWs
on SOI CMOS membranes. This method, as shown, is simple, eco-
nomical, CMOS compatible and hence ideal for large scale wafer
level production. The basic gas sensor device is a micro-hotplate
structure containing a silicon micro-heater embedded in a thin
dielectric membrane, which allows us to achieve high temperatures
with low power consumption. SEM, XRD and photoluminescence
methods were utilized for the structural characterisation of the
ZnO NWs. Electrical characterisation shows good ohmic contact
between the NWs and the electrodes. The sensors were exposed to
different concentrations of ethanol vapour in air (relative humid-
ity 3000 ppm) and the sensitivities of 0.2%/ppm and 0.1%/ppm at
809 ppm and 4563 ppm, respectively, were observed. The response
was much better at 400 °C compared to 300 °C. The measurements
were repeated at four different humidities and it was found that

humidity has a significant effect on ethanol detection through the
tested range. We believe this ZnO NW growth on fully processed
CMOS substrate could potentially be used as a low-cost ethanol
microsensor.
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