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ZnO/Mo0O3 Heterojunction thick films to detect
ppb level Volatile Organic Compounds

Sai Kiran Ayyala, and James A. Covington, Member, IEEE

Abstract— The development of a fast, stable metal oxide-based
VOC sensor for the detection of trace level ppb concentrations,
remains a challenge. Recently, many composite materials have
been investigated to try and develop sensors with these
characteristics. Here, we report on the development of
ZnO/MoOs heterojunction thick film devices, fabricated by a
spin-coating technique, to detect a wide range of VOCs at
application relevant ppb level concentrations. For comparison,
pristine ZnO and pristine MoOs devices were also fabricated.
Sensors were tested at different temperatures and resulting in
an optimum temperature of 380°C. The sensors were tested
towards 11 different VOCs at ppb concentrations. Of all the
sensors tested, the heterojunction devices showed the highest
response to VOCs, with highest sensitivity towards 200 ppb of
ethanol. The results compared well with the pristine materials,
with the response of the ZnO material being 6 times smaller
and MOs 10 times smaller compared to the heterojunction

sensors. The response times of the heterojunction devices was also faster, at around 30 sec for ethanol compared

with 120 sec for pristine materials.

Index Terms— Gas sensors; Metal oxides; Heterojunctions; Volatile Organic Compounds; ppb detection

I.  INTRODUCTION

Over the past decade, the number of toxic chemicals in our

air has been steadily rising [1, 2]. Many VOCs pose a health
risk even at very low concentrations (from a few parts per
billion) if exposed for longer durations [3]. Therefore,
detection of these toxic VOCs at concentrations in ppb (parts-
per-billion) has become ever more important. Compared to
other conventional gas detection approaches, metal oxide
(MOX) based gas sensors have been acknowledged as a cost-
effective yet efficient method to detect VOCs [4, 5]. However,
detecting trace level VOCs has always been a challenge. There
have been several strategies proposed to enhance the
sensitivity of metal oxide semiconductor gas sensors. Over the
last decade, n-p and n-n heterojunction composite materials
have attracted the wide attention of many researchers [6].
Geometrically, heterojunction gas sensors consist of two
different metal oxides that function together as the sensing
material. This may overcome some of the existing inherent
problems of monolithic gas sensors, as the hetero contacts
enable the electron transfer between two different materials
with tuneable bandgap, which can improve the overall
detection mechanism making it a promising approach to detect
VOCs even at trace concentrations [7].
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Molybdenum trioxide (MoQOs) is an n-type material with a
tuneable bandgap of 2.8 - 3.6eV, high electron mobility and
unique layered structure, promoting it as interesting material
for gas sensing [8]. ZnO is a second n-type material has been
previously explored, due to its low electrical resistivity and
high response towards many gases and VOCs. Although pure
MoOs sensors has been previously investigated, the very high
intrinsic resistivity and poor sensor performance has limited
the use of this material [9]. However, the combination of an n-
n heterojunction can lead to a synergy effect, which can
enhance the overall gas sensing performance [10].

There are many previously reported heterojunction devices
tested towards VOCs. For example, o-MoO3-ZnO n-n
heterojunction composites were developed and tested towards
100 ppm ethanol with a sensor response (RJ/Rgq = 11) [11].
MoOs/TiO, core-shell p-n heterojunction was tested towards
10ppm of ethanol with low sensor response (R¢/Ra = 5) [12].
Different percentages of ZnO was incorporated into MoOs by
Navas et.al and tested towards 500 ppm ethanol (Rg/Rs= 175)
[13]. Dayan etal. developed a thick film ZnO:MoO3
heterojunction sensor, but only tested the device to hydrogen
gas [14]. Though the sensor responses for these gas sensors
was relatively high, they all were fabricated using
hydrothermal deposition techniques and were tested only to
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selective VOCs in the parts-per-million concentration range
(ppm). Anupriya et.al. developed a thick film device with a
50:50 weight ratio of WOs-ZnO using a screen-printing
technique. However, these n-n heterojunction sensors were
only tested towards NO, (100ppb - 800ppb, Ra/Ry = 160) and
ethanol (5 — 100 ppm, R./Ry = 38) [15]. They attribute the
equal mole fraction of both the metal oxides as a contributing
factor to this enhanced sensitivity.

To the best of our knowledge, the development of ZnO/Mo0Os
heterojunction thick films by spin-coating method and their
testing to a wide variety of VOCs at ppb concentrations have
not been reported in the literature. In this work, we have
fabricated two different n-type metal oxides as an n-n
heterojunction using photolithography assisted spin-coating
technique. For comparison purposes, pristine ZnO and pristine
MoOs3 thick films were also fabricated in the same method,
and all the sensors are tested to ppb level concentrations of 11
different VOCs.

A. Sensor Fabrication

Alumina substrate (2mm x 2mm), with screen printed gold
electrodes on top and platinum heater at the bottom, were used
for all the sensors. Pristine ZnO, pristine MoO; and
ZnO/Mo0Os; heterojunction metal oxides were deposited using
a photolithography assisted spin-coating technique [16]. ZnO
(99.99% trace metal basis) and MoOs; (99.99% trace metal
basis) were purchased from Sigma Aldrich. Spin coating ink
was formulated by mixing 5gm of ZnO powder and 5g of
MoO; powder with a 1:1 weight ratio along with 25ml of
dirasol-916 (negative photoresist, purchased from Sigma
Aldrich) for ZnO/MoOs heterojunction films. 10 g of ZnO
powder and 10 gm of MoQO; powder were mixed with 20ml of
dirasol-916 ink separately to deposit pristine ZnO and pristine
MoO; films. 10 ml of de-ionised (DI) water was added to each
of these pristine metal oxide mixtures to make it viscous and
homogeneous. Substrates were washed thoroughly in a
sequential decontamination process using Acetone, iso
propanol (IPA), de-ionised (DI) water and dried at room
temperature. The formulated ink was then poured onto the
substrate and after process optimisation, spun at 3000 RPM
for 60 sec on the spin coater (G3P-8, Specialty Coating
Systems, USA) with a ramp-up and ramp-down speed of 500
RPM for 10 sec in order to achieve a uniform film. Substrates
were exposed to UV light for 5 min to keep the exposed area
intact and wash away the unexposed area with DI water.
Deposited films were post baked at 80°C until dry and the
whole deposition process was repeated multiple times to
increase the sensing layer thickness. Finally, all the sensors
were fired at 600°C for 2 hours with a temperature ramp of
5°C per minute.

B. Structural Characterisation

The sample’s surface morphology cross-section was
carried on a scanning electron microscope (SEM) at an
accelerating voltage of 3kV. Energy-dispersity X-ray (EDX)
spectrometry was carried out separately to understand the
composition of the deposited metal oxides. A Bruker D8

Discover powder X-ray diffraction (XRD) instrument was
used with Cu Ka X-ray radiation source and Panalytical High
score and Plus V4.8 software to match the XRD peaks with
the latest ICDD database. X-ray photoelectron spectroscopy
(XPS) using Omicron Multiprobe at the Photoemission
Research Technology Platform, University of Warwick, was
employed to examine the oxidation states present in the metal
oxides. The samples were illuminated with an XMZ1000
monochromatic Al Ko X-ray source (hv = 1486.7 eV). The
produced data were analysed with the CasaXPS package,
using Shirley backgrounds and mixed Gaussian-Lorentzian
(Voigt) lineshapes.

C. Gas Testing

All the sensors are tested towards different VOCs at the
given concentrations as shown in TABLE 1. The respective
ppb concentrations were achieved using a diffusion setup. The
flow over the sensors was controlled using 2 mass flow
controllers (MFCs) capable of supplying 500 mi/min. Both the
gases lines were connected to a zero-air line and are allowed
to flow through 2 molecular sieves (120 ml, type 5A) before
the MFCs. Here one line runs through the headspace vials and
the other runs directly to the sensor holder. The sensors were
placed in a chamber and measured using the AS-330 Sensor
management system (Atmospheric Sensor Ltd, UK). The
system is controlled by software that allows setting the desired
input parameters, including heater temperature, heater
resistance and duration of the gas purge and gives the output
data including the actual operating temperature and sensor
resistance etc. The ppb concentrations emanating from the
diffusion set up for each of the VOCs are calibrated using a

commercial PID (Photo-lonization Detector) from lon
Science, UK (Tiger).
TABLE|
TARGET GASES WITH THE RESPECTIVE CONCENTRATIONS TESTED IN THIS
EXPERIMENT
VOC Gas Concentrations
Acetone(C3HsO) 200 - 800 ppb
Ethanol (C;HsOH) 200 - 800 ppb
Methanol (CH3;0OH) 200 - 800 ppb
Propanol-2 (C3HgO) 200 — 800 ppb
Toluene (C7Hs) 200 — 800 ppb
Hexane (CsH14) 200 — 950 ppb
Xylene-p (CeHa(CHs) 200 — 800 ppb
Ethylbenzene (C¢HsC2Hs) 200 — 800 ppb
Isoprene (CsHg) 50 - 500 ppb
Butyric acid (C4HsO2) 200 - 800 ppb

Isobutylene (C4Hs) 1 ppm and 5 ppm

In our experiments, zero air was used as the carrier gas and the
respective VOCs at the given concentrations are the target gas.
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The gas response is defined as the ratio of sensor resistance in
zero air (Ra) to the sensor resistance in the target gas (Rg).

Il. RESULTS AND DISCUSSION

A. SEM

Topographical and cross-sectional images of the samples are
given in Fig. 1. SEM image Fig. 1 (a). confirms that the ZnO
particles are formed like micro-granules (1-2 pm in diameter)
with a material thickness around 35 pum (+ 0.3 um) (Fig. 1 (b))
measured at 2 different points. MoOs in Fig. 1(c). looks like
micro-grass with the size of the needles around 8-10 pum in
length and 1 um in diameter and the deposited film thickness
of 47 um (£ 0.2 um) (Fig. 1(d)) taken at 2 different points.
Zn0O/Mo0Os heterojunction film shown in Fig. 1 (e) depicts the
morphology of ZnO micro-granules decorated on the surface
of the MoO3 micro-needles making the film thickness around
40 pm (£ 1 pm) (Fig. 1 (f)) taken from 2 different places.
Interestingly, heterojunction material is more porous than the
pristine samples and so were expected to have a higher surface
to volume ratio, potentially offering higher adsorption rates.
These topographical characteristics are optimal for the
detection of gases even at trace concentrations.

@) (b)

(c) (d)

(e) ®
Fig. 1. Scanning Electron Microscope images of (a) ZnO topography,
(b) ZnO cross-section, (c) MoOs topography, (d) MoO; cross-section,
(e) ZnO/MoO; topography, and (f) ZnO/MoO; cross-section

B. EDX

Energy-dispersive X-ray (EDX) analysis was carried out to
report the elemental composition of ZnO, MoOsz; and
ZnO/Mo0Os films, as shown in Fig. 2 (a), (b) and (c),

respectively. The ratio of atomic percentages of Zn (53.95%)
and O (46.05%) is 1:1 for ZnO film and Mo (25%) and O
(75%) is 1:3 for MoO3 samples. The EDX spectra confirm the
Zn (20.72%), Mo (21.24%), and O (57.86%) elements
corresponding to ZnO and MoOs; metal-oxide presence in
Zn0O/MoOs heterojunction film.

@)

(b)

(©
Fig. 2. EDX energy-dispersive patterns of (A) ZnO, (B) MoOs, and (C)
ZnO/MoOs3

C. XRD

The crystal structure of pristine ZnO, pristine MoOs and
ZnO/MoO;3 heterojunction are confirmed using XRD
measurements. The XRD analysis was carried out on the
annealed samples of the respective metal oxides, deposited on
alumina substrates separately. The diffraction peaks of pristine
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ZnO in Fig. 3 (a) shows the formation of a wurtzite type
hexagonal crystal system with a space group: P63mc (IDCC
file no. 04-003-2106) with cell parameters at (A): 3.2501, b
(A): 3.2501, ¢ (A): 5.2071, as observed at [17]. The diffraction
peaks from pristine MoOs; given in Fig. 3 (b) confirms
orthorhombic crystal structure with space group: Pbnm, with
cell parameters of a (A): 3.9616, b (A): 13.8560, ¢ (A): 3.6978
referred to the IDCC file no. 04-012-8070 [18]. As shown in
Fig. 3 (c), the XRD data of the ZnO/MoOs; heterojunction
shows mixed peaks from hexagonal ZnO, orthorhombic
MoOs, and certain peaks of consists of Zn/MoOa4(*). The
heterojunction film has a formation of triclinic type anorthic
crystal structure with cell parameters a (A): 6.9650, b (A):
8.3690, ¢ (A): 9.6930 with an IDCC reference code: 04-018-
2283 having cell volume of 519.91 (106 pm3) and space
group: P-1 [19]. However, the presence of ZnO and MoOs3
peaks validates the formation of the ZnO/MoOs; composite.
The XRD stick pattern of the standard metal oxides as per the
latest IDCC files are given below each plot for reference.
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Fig. 3. XRD diffraction patterns of (a) znO, (b) MoOs;, and (c)
ZnO/MoOs3

D. XPS

The valance states and oxidation numbers of the predominant
elements present in the ZnO/MoQ3 heterojunction metal oxide
film were elucidated by XPS analysis. The measurements
were conducted at room temperature and a take-off angle of
90° with respect to the sample surface. The spectrometer
binding energy scale was calibrated using the Fermi edge of a
polycrystalline Ag sample, measured immediately before
commencing the measurements. The deconvoluted Mo 3d5/2,
Zn 2p3/2, O 1S, and C 1S spectrum are shown in Fig. 4 (a),
(b), (c) and (d), respectively. ZnO peaks from the Zn 2p3/2
region were observed at 1021.48eV. There are different
oxidation states of Mo observed from the heterojunction
sample. The bonding peaks corresponding to Mo (+6) states
are observed at 234.01 eV, Mo (+5) are observed at 236 eV,
and Mo (+4) are observed at binding energy 231.95 eV, as
previously observed at [6, 19, 20]. ZnO was observed at the
Zn 2p3/2 region as shown previously at [22]. From the O 1S
orbital, Zn oxide was observed at 529.77 eV and Mo oxide
was observed at 530.37 eV. There are other peaks observed
due to the atmospheric oxygen present on the heterojunction
film as mentioned in the plot. The C-C/C-H, C-O, C=0, and
O=C-0O peaks are observed in the C 1S region at 285 eV,
286.38 eV, 287.57 eV, and 289.16 eV, respectively. To
prevent the surface from becoming positively charged during
the experiment, a CN10 electron flood gun was used to
neutralise the surface and the spectra subsequently referenced
to the C-C/C-H component of the C 1s region at 285.0 eV.
The appearance of ZnO and MoO; from the XPS survey
spectrum (not shown here) confirms the successful formation
of ZnO and MoQO3; composite that is consistent with elemental

mapping.
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Fig 4. XPS patterns of ZnO/MoO; heterojunctions film (a) Mo 3d5/2,
(b) Zn 2p3/2, (c) O 1s, and (d) C 1S.

E. Gas Testing

The detection mechanism of MOX based gas sensor is chemo-
resistive i.e., the chemisorption/physisorption of gas/vapour
molecules onto the sensing surface, which leads to a change in
the electrical resistance [23]. Generally, the sensors operating
temperature plays a vital role in the sensitivity and response
time of the sensors. Thus initially, ZnO/MoOs sensors were
tested at different heater temperatures from 50°C to 400°C
towards 1ppm isobutylene (ISB) gas in dry air. In addition,
pristine ZnO and pristine MoQOj3 based devices were also tested
over this temperature range, towards the same gas
concentration, to understand the optimum operating
temperature for all the sensors. As shown in Fig. 5 (a), (b),
ZnO/Mo03, pristine ZnO, pristine MoO3 sensors responded
maximum towards ISB at 380°C with a relative response
Ra/Rg = 1.8, 1.14, and 1.07 for 1 ppm ISB, respectively. The
response times for all the gas sensors was quicker at 380°C
than the rest of the temperatures, with the response time less
than 30 sec for ZnO/MoOs sensor (Fig. 5 (d)). However, the
relative response and response time was better for ZnO/MoQO3
devices than the pristine oxides. Furthermore, sensor stability
and repeatability are also important factors to qualify a good
gas sensor. Therefore, the ZnO/MoO; sensor was tested
repeatedly at 1 ppm and 5 ppm of ISB gas. As shown in Fig. 5
(c), the baseline resistance decreases when VVOC gas (reducing
gas) molecules interact with an n-type sensing material (n-n
heterojunction as in this case). The repeatedly stable responses
demonstrate that ZnO/MoOz; is a good choice for
heterojunction gas sensors.
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Fig. 5. (@) Temperature(°C) versus Response (RJ/Ry) of all the
devices, (b) Temperature (°C) versus response time (sec) of all the
devices, (c) Sensitivity graph of ZnO/MoO; heterojunction device
towards 1ppm and 5ppm Isobutylene gas at 380°C, (d) Response time
of ZnO/MoO3 device for one cycle

The heterojunction sensors, along with pristine metal oxides,
were tested on all the other VOCs at ppb level concentrations
at the same operating temperature. Here the vapours tested
were acetone, ethanol, methanol, hexane, propanol-2, toluene,
butyric acid, ethylbenzene, xylene, and isoprene. Fig. 6 (a)
illustrates the relative response (R«/Rg) Vversus ppb
concentrations for all the sensors for the respective target
vapours. The heterojunction sensors responded better than the
pristine sensors towards all the vapours. This enhanced
performance could be attributed to the formation of ZnO and
MoOs heterojunction composite leading to the synergy effect
commonly known as the spill-over. In this effect, a target gas
molecule interacts with one n-type material, which releases
secondary by-products. These by-products undergo adsorption
on the other n-type material and directly affects the sensing
performance. Secondly, as the two different materials have
different energy band gaps, electron transfer occurs from
higher-energy conduction band to low-energy conduction
band until the Fermi levels of both the materials are
equilibrated at the interface of the n-n junction. Thus, resulting
in an ‘accumulation layer’, rather than a depletion layer [23,
24]. This electron transfer phenomenon leads to band bending,
which further enhances the oxygen adsorption rate. Thirdly,
the heterojunction films have a higher porosity, as seen in Fig.
1 (e), helps the gas molecules to penetrate further and
improves the rate of target gas reaction at the active surface
sites throughout the thick film.

The overall performance of the pristine MoO; oxides was poor
compared to the other thick films due to their high intrinsic
resistivity, as shown in Fig. 6 (c), (d). However, the response
was particularly significant towards ethanol and methanol
vapours over the other VOCs. The heterojunction sensor
resistance did not saturate upon target gas introduction due to
the leakage of gas from the diffusion setup. Therefore, we see
a steady slope of resistance at each concentration. The sensors
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response (Ra/Rq) for 200 ppb ethanol and methanol vapours
were 12.84 and 9.27, respectively (Fig. 6 (b)).
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Fig. 6. (a) Relative responses (Ra/Rg) for all the VOC gases at
respective concentrations for ZnO/MoOs device, (B) Relative response
(Ra/Rg) of all the VOCs at 200ppb concentrations, (C) Sensitivity
graph of ZnO/MoQO; device towards Ethanol vapour, (D) Sensitivity
graph of ZnO/MoO; device towards methanol vapour.

F. Gas Sensing Mechanism

It is widely believed that the gas sensing mechanism of a
metal oxide gas sensor is dependent on surface charge
reactions. The chemisorbed atmospheric oxygen ions are
present on the surface of the metal oxides in the form of
peroxides and super-oxides (O-, Oz, O%) based on the
operating temperature where a thin depletion layer is formed
[14].

When reducing gas molecules react with this electron-rich n-
type semiconductor material, the conductance increases, or
resistance decreases (as in this case) due to the transfer of
charge carriers. When the VOC molecules are oxidised on the
surface-adsorbed oxygen species, electrons get released into
the conduction band of the sensing material. When this
phenomenon takes place, the chemisorbed oxygen species exit
the surface of the active layer and free electrons are put back,
thereby decreasing the surface conductivity. Therefore, a
higher response is seen at higher gas concentrations, as more
electrons are generated from the increased gas molecule
reaction [26]. Porosity also plays a major role in achieving an
enhanced sensitivity of the heterojunction oxides [27]. The
SEM images infer that the sensitivity is highly dependent on
the porosity of the heterojunction and that the molybdenum
component provides a porous substrate for the active zinc
component. From the literature, it is evident that the metal
oxide packaging structure plays a significant role in gas
sensing properties. An equal proportion of the composition of
metal oxides in a heterojunction is likely to sit within the
packaging structures, which promotes the electron percolation
pathways that are more dominated at hetero contacts
increasing the contact potential and thus improving the gas
response [15]. From EDX results of the heterojunction films, it
was confirmed that the presence of equal proportions of Mo
and Zn components, which may be an additional factor for this
enhanced gas sensitivity.
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The charges that existed on the n-n heterojunction helps (for
example, ethanol or methanol) gas molecules absorb and
desorb easily onto the sensing material. In the case of ethanol,
the molecules react with oxygen electrons present on the
sensing material and escape through CO; and H,O [28]. In the
case of methanol, (-OH) it tends to lose hydrogen atoms and
pair with oxygen ions present on the active site [29]. One of
the possible reactions of ethanol and methanol are given in
Eq.1 and Eq.2, respectively.

C.HsOH + 600 — 2C0,+2H,0+6¢"  (Eq. 1)

CH;OH+ O —» HCHO+H,0+¢e  (Eq.2)

The tested n-n heterojunction ZnO/MoO3 sensor was showed a
higher response and faster detection towards many VOCs over
those available in the literature, as shown in TABLE 2.

TABLE 2
COMPARISON OF RELATIVE RESPONSES FOR HETEROJUNCTION OXIDES
TOWARDS VOCs
Sensiti  Ref
Material Target Deposition Conc. vity
gases technique (Ra/Ry)
MoOs Ethanol Hydrothermal 200 ppm 7.62 [9]
core-
ZnO
shell
NRs
a- Ethanol Hydrothermal 100 ppm 10 [11]
MoOs/Zn
O
Nanoshe
et
WOs: Ethanol Screen 100 ppm 38 [15]
ZnO printing
ZnO Ethanol Hydrothermal 100 ppm 7 [28]
Nanopart
icles
G- Ethanol Hydrothermal ~ 500ppm 16 [28]
CuO/zZn
O
MoO3 Ethanol Hydrothermal 100 ppm 15 [30]
Nanoshe
ets
Au-MoOs Ethanol Hydrothermal 100 ppm 102 [30]
Nanoco
mposites
h-MoOs Acetone Hydrothermal 1.2 ppm 1.12 [31]
a- Xylene Hydrothermal 100 ppm 6.9 [32]
MoOs/a- and and 3
Fe203 Methanol
MoO3 Ethanol Hydrothermal ~ 500ppm 8.2 [33]
Microrod
s
ZnO/Mo Ethanol Spin-coating 200ppb 12.84  This
O3z Thick and and work
films methanol 9.27

I1l. CONCLUSIONS

In this work, we report on the successful development of an
n-n heterojunction thick film ZnO/Mo0Os, using a spin coating
technique and tested it towards 11 different VOCs, in ppb

concentrations. We have also fabricated pristine ZnO and
pristine MoOs devices to compare the performance of the
sensors with the heterojunction device. SEM-EDX cross-
section images indicate 40um heterojunction thick films were
deposited. EDX confirms the compositions of ZnO and MoOs
materials in the heterojunction. XRD patterns show the
formation of ZnO and MoO; composite with an anorthic
crystal structure. XPS analysis validates the presence of
different oxidation states that are responsible for gas detection
in the heterojunction film. Overall, ZnO/MoOj3 heterojunction
sensors performed better than the pristine oxides. They were
responding maximum at 380°C, with a response time less than
30 sec. Among all the VOCs tested, the response is maximum
for ethanol and methanol gases with the relative response
(R4/Ry) 12.84 and 9.7, respectively. This is the highest
response observed for a thick-film heterojunction sensor at
ppb concentrations making it an excellent alternative for
detecting VOC:s at trace level ppb concentrations.
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