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Generally, semiconductors such as SnO2, ZnO, and Fe2O3 are mostly used for
gas detection. However, low sensitivity and high operating temperature limit
their optoelectronic application, hence the need for viable alternative semi-
conductors. Vanadium pentoxide (V2O5) was selected for this study because of
its layered structure and different valence states. V2O5 nanostructures were
deposited on preheated glass substrates using the spray pyrolysis technique.
Structural and morphological properties of the V2O5 nanoparticles were
studied using x-ray diffraction (XRD) analysis and field-emission scanning
electron microscopy (FESEM). The results reveal an orthorhombic structure
with preferred orientation along (001) plane and average grain size of
27.179 nm. A V2O5/SiO2/Si gas sensor device was fabricated by depositing the
V2O5 nanostructures on oxidized p-type silicon substrate. The current–voltage
(I–V) characteristic and response of the sensor to different concentrations of
ethanol and acetone gases at different operating temperatures were investi-
gated. The light-enhanced sensor response was also studied under illumina-
tion from a green laser source. The sensing mechanism for the V2O5

nanostructures with and without illumination was also determined. The
sensitivity of the V2O5/SiO2/Si gas sensor to ethanol and acetone was higher at
low operating temperatures (40�C to 50�C). The gas sensor was more sensitive
to ethanol than acetone at room temperature under both dark and illumina-
tion conditions. The results also indicated higher sensitivity under light illu-
mination compared with dark conditions. In addition, the fabricated sensor
exhibited faster response/recovery time for ethanol (43.493 ls/195.42 ls) than
acetone (43.2001 ls/214.17 ls) at exposure duration of 10 min. Therefore, the
application of V2O5 nanostructures is promising for detection of both acetone
and (particularly) ethanol at low operating temperatures.

Key words: Vanadium pentoxide nanostructures, gas sensor, sensitivity,
light illumination, ethanol, acetone

INTRODUCTION

Extensive research is currently being conducted
to develop high-gain and low-noise optical devices.
The physical and chemical properties of semicon-
ducting thin-film materials differ from their bulk
counterparts. Therefore, preparation techniques
and deposition processes used to create thin films

(nanostructures) can change their physical proper-
ties, subsequently affecting their potential applica-
tions. This has now been recognized internationally,
and novel materials with unique intrinsic properties
are being developed.1–5

A gas sensor detects various gases in different
atmospheres, transforming the chemical reactions
to analytically useful detectable signals.6,7 A sensor
may provide different types of output, but typically
produces electrical or optical signals. The efficiency
of a gas sensor depends on the kind of gas, its(Received April 21, 2018; accepted September 11, 2018;
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concentration, the materials of the sensor, and the
output due to the interaction of the gas with the
material on the surface of the sensor.1,7 Tempera-
ture is an important factor that controls such
interaction of gas with materials on the surface of
the sensor.8,9 Each gas has an optimum tempera-
ture for this interaction.10 The operating tempera-
ture also determines the response of thin films in
the gas sensing mechanism.11–13 Thus, increasing
the operation temperature enhances the sensitivity
of the films. However, gas at room temperature has
no effect on the film conductivity, even with increase
in its concentration. Therefore, reducing the oper-
ating temperature of gas sensors while maintaining
their stability and sensitivity is important.14–17

Light illumination is one of the methods used to
improve gas sensitivity at low operating tempera-
tures. Recently, there have been reports of gas
sensors based on photoactivation of metal-oxide
semiconductors.18–20 Moreover, light Illumination
of gas sensors has been shown to be a feasible
alternative for activation of chemical reactions on
the surface of oxides without heating.21–23

Transition-metal oxides can sense gases by
changing their electrical conductance reversibly
when the composition of the surrounding atmo-
sphere is altered, i.e., gas detection based on the
interaction between the surface of the sensing
element and the surrounding gaseous atmo-
sphere.14 Semiconductors such as SnO2, ZnO, and
Fe2O3 are mostly used for such detection of ethanol
gas. However, low sensitivity and high operating
temperature limit their application, hence the need
to explore new and viable alternative materials.
Therefore, vanadium pentoxide (V2O5) has been
suggested for various optoelectronic applications,2,3

particularly as a gas sensor, because of its excep-
tional intrinsic properties.1,4,5 One-dimensional-
structured V2O5 has a promising future for produc-
tion of gas sensors that could be operated at room
temperature.6 As a transition-metal-oxide semicon-
ductor, V2O5 has attracted considerable interest
over the years due to its unique layered structure,
various valence states,6 and wide range of applica-
tions.3,15,16 V2O5 is an n-type semiconductor that is
both stable and has high oxidation state.10,17 Fur-
thermore, V2O5 contains active sites for adsorption
of gaseous molecules on the surface.11 It has many
interesting features, such as layered structure, wide
optical bandgap (2.44 eV), multivalency, and good
chemical and thermal stability. Due to these prop-
erties, vanadium pentoxide is a potential candidate
for gas sensing.11,16

V2O5 thin films can be obtained using different
techniques such as thermal evaporation, the sol–gel
process, magnetron sputtering, chemical vapor depo-
sition, electron beam evaporation, and spray pyrol-
ysis.1,3,5 In this study, V2O5 thin-film nanostructures
were prepared by spray pyrolysis using high-purity
V2O5 powder dissolved in distilled water as precur-
sor. The nanoparticle films were characterized by x-

ray diffraction (XRD) analysis and field-emission
scanning electron microscopy (FESEM). The sensing
performance and efficiency of the resulting gas
sensor based on V2O5 thin film are presented. This
work focuses on light-enhanced gas sensors, i.e.,
activated by a green laser light source. To charac-
terize the sensor performance towards ethanol and
acetone vapors without and with light illumination,
certain parameters were considered, viz. operation
temperature, sensitivity, and response and recovery
times. In view of this, the variation in the output
current of the V2O5-based sensor when exposed to
vapors of ethanol and acetone gases under different
operating temperatures in the dark and under
illumination was investigated to achieve the maxi-
mum response to the gas of interest.

EXPERIMENTAL PROCEDURES

Synthesis and Characterization of V2O5 Thin
Films

V2O5 nanostructures with thickness of 423 nm
were synthesized on glass substrates using pure
V2O5 powder (purity 99.99%) by a spray technique,
as described in a previous report.24 Before the
synthesis, substrates were cleaned with normal
detergent, ethanol, and deionized distilled water.
The spraying nozzle was positioned 28 cm away from
the substrate. The spray flow rate was maintained at
4 ml/min using compressed nitrogen and pressure of
2 bar. The spraying solution contained V2O5 powder
dissolved in deionized water at concentration of
0.1 M. Thin films of brown to yellow color were
obtained at substrate temperature of Ts = 350�C.25

The structural properties of the prepared thin
films were studied using x-ray diffraction (XRD)
analysis (X’Pert PRD model, PANalytical Com-
pany), while their surface morphology was charac-
terized by field-emission scanning electron
microscopy (FESEM, MIRA3 model, TESCAN).

Gas Sensor Construction and Measurements

p-Type Si (100) was used as substrate for fabri-
cation of the sensor device. Atmospheric-pressure
chemical vapor deposition (APCVD) was used for
growth of a 46.7-nm SiO2 layer on the Si substrate.
The APCVD system comprises a quartz reactor with
diameter of 87 mm equipped with different acces-
sories such as heating systems and control systems
for the gas supply tubes. The surface of the silicon
substrate was cleaned using the standard Radio
Corporation of America (RCA) method, then dried
by blowing air and placed at the center of a
horizontal tube furnace.26 The tube was heated to
900�C under wet O2 gas at ambient pressure for 1 h
to enable growth of SiO2 on the Si surface. After-
wards, V2O5 nanostructures were deposited on
SiO2/Si using the spray pyrolysis technique, form-
ing a p-type/insulator/n-type (PIN) structure. Metal
contact areas (front and back) to the sensor were
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formed by depositing high-purity metals onto the
device surfaces via thermal evaporation under high-
vacuum pressure of 10�5 mbar using an Edwards E-
306 coating system. A mask consisting of an inter-
digitated electrode with a 12-finger array was
designed for the front Al contact, while Au was
deposited on the entire back-side area to form the
back contact.25 The final configuration of the V2O5/
SiO2/Si sensor is illustrated in Fig. 1, where the
output FESEM image was examined by Scanning
Probe Image Processor (SPIP) software to probe the
thickness of the V2O5 and SiO2 layers.

To study the gas sensitivity of the sensor based on
the prepared V2O5 nanostructures, an experimental
setup was improvised as illustrated in Fig. 2. The
setup consisted of the main experimental measure-
ments performed on the sensor with two subparts
labeled (a) and (b) for the sensor output measure-
ments, as shown in Fig. 2.

The major components of the setup included a
vacuum chamber (0.023 m3 volume) covered by a
cylindrical glass that allows light transmission to
illuminate the sample, a vacuum pump for expelling
air molecules from the chamber for replacement by
vapor of the tested gas (ethanol or acetone) via two
valves, a gas bottle source containing a liquid
(ethanol or acetone) placed on a hot plate heater to
obtain gas vapor, and a light illumination source
(green laser light source) mounted 68 cm above the
sample with fixed power of 200 mW/m2 with its beam
expanded uniformly to the sensor. The laser beam
was chopped at 362 Hz by a fan to provide an on/off
light reference. The sensor was kept within the
chamber and heated by means of a small heater with
a direct-current (DC) power supply and controlled by
a calibrated K-type thermocouple. A double DC
power supply was used to control the fan chopping
frequency as well as the sensor temperature.

Electrical connections consisting of two copper
wire probes with very low resistance were taken
from the surface and back of the sensor to outside
the chamber. The base of the chamber had two
ports: one ending with a tube connected to the

vacuum system and gas carrier bottles through two
valves, and another used for electrical connection
wires (electric leads, thermocouple, and heater
wires) inside the chamber.25 The output current of
the sensor (connected through these wires) when
exposed to gases under varying conditions was
investigated by connecting the base chamber port
to one of the two subparts (a) or (b), as illustrated in
Fig. 2. Sensitivity measurements of the sensor were
carried out as follows:

1. Connection to subpart (a)

This part was employed for current–voltage (I–V)
measurements, where the device was connected
directly to a picometer voltage source (Keithley
6487). The operation began with I–V measurements
in the dark and at room temperature, with the light
source and fan turned off. The I–V measurements
were carried out when the device was exposed to
vapors of ethanol and acetone gases. The air
molecules were replaced by gas vapor through
reversible opening/closing of the vacuum/gas (V2/
V1) valves using the vacuum pump. The I–V mea-
surements were then repeated, with the light source
(illumination) switched on, but the fan remaining
off. The device was exposed to vapors of ethanol and
acetone gas for 5 min at flow rate of 0.8 L/min for
both cases, viz. in the dark and under illumination.

To determine the optimum operating temperature
for the device under dark conditions with and without
exposure to the two gases, the light source was turned
off while the heater under the device was turned on.
The output current in the dark with no illumination
was measured against temperature for three bias
voltages (1 V, 3 V, and 5 V) when the device was
exposed to the vapors of ethanol and acetone for
duration of 5 min at flow rate of 0.8 L/min.

2. Connection to subpart (b)

This section presents the response and recovery
time measurements, using the sampling circuit and

Fig. 1. (a) Schematic diagram with photographic image of the V2O5/SiO2/Si sensor device in the chamber, and (b) cross-section image obtained
by FESEM showing the thickness of the V2O5 and SiO2 layers.
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a high-resolution oscilloscope. The sampling circuit
comprised the sample, a resistance coupled in series
with the sample, and a DC power supply. The
voltage of the sampling resistor, which reflects the
variation in the photocurrent of the detector, was
continuously recorded by a computerized oscillo-
scope (Tektronix TDS 5104) via acquisition of the
value of the resistance (R) connected in series with
the sample and the current passing through the
resistor as well as the sample. The signals were
then converted to obtain the sensitivity parameters
of the sensor, as shown by subpart (b) in Fig. 2.

For this case, the light source and fan were
turned on, and the variation in the output current
signal versus time (I–t) at DC reverse bias of � 10 V
was measured at room temperature under illumi-
nation without and with the gas vapors (ethanol and
acetone). The device was exposed to the vapors for
different durations (5 min, 10 min, and 15 min) at
constant flow rate of 0.8 L/min to obtain different
concentrations of each exposed gas.

RESULTS AND DISCUSSION

Structural and Morphological
Characterization of V2O5 Thin Films

The XRD spectrum of V2O5 nanostructures syn-
thesized at 350�C is depicted in Fig. 3. The peaks
discernible in the spectrum denote the orthorhombic

V2O5 phase structure with preferred orientation
along (001) lattice plane at 2h = 20.264�, with other
weak signals from (301), (310), (002), (020), and
(321) orientations at 30.308�, 35.265�, 41.150�,
50.603�, and 60.160�, respectively. All peaks are
consistent with the values in standard Joint Com-
mittee on Powder Diffraction Standards (JCPDS)
card no. 41-1426. The obtained results for
orthorhombic V2O5 phase are in conformity with
previous studies on V2O5 nanostructures.27,28 The
average crystallite size of the films was determined
to be approximately 27.179 nm using the recognized
Scherrer’s formula.8

An FESEM image of the deposited V2O5 nanos-
tructures is shown inset in Fig. 3. The V2O5 nanos-
tructures consisted of well-defined large grains. The
nanoparticles were agglomerated with near-spher-
ical shape, being uniformly distributed on the
surface of the substrate without any defects (pin-
holes or cracks). The small nanoparticles were
susceptible to agglomeration, thereby forming lar-
ger nanoparticles that covered the substrate. This
larger surface area improves the reaction between
the V2O5 nanostructures and the exposed gas
molecules as well as the interaction between the
incident light and the film surface, which is impor-
tant for gas sensing.29 Based on the FESEM image,
the average grain size was estimated to be approx-
imately 62.3 nm.

Fig. 2. Experimental setup for gas sensor measurements.
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Sensing Performance

Current–Voltage Characterization of the Sensor

The I–V characteristics of the fabricated V2O5

sensor structure were measured at room tempera-
ture in the range of � 8 V to 8 V; the results are

shown in Fig. 4, where the effects of ethanol,
acetone, and light illumination were investigated.

As observed, the I–V properties of the sensor
measured in the dark with and without gas, and
illuminated with gas, displayed diode-like exponen-
tial conductivity, indicating creation of a junction.3

The forward current fluctuated exponentially with
positive (+) applied bias voltage. In the case where
the sensor was forward biased, flow of large current
across the junction was enabled, as shown in Fig. 4.
For reverse bias, only a small current could flow,
since the reverse bias heightens the barrier. The
small current generated by the reverse bias can
largely be attributed to minority charge carriers
from oxygen vacancies and/or impurities.

Use of the SiO2 layer results in confinement,
which helps development of an efficient device
based on the V2O5/SiO2/Si structure. The presence
of the SiO2 layer might block transport of electrons
from the V2O5 to Si, because the difference in the
energy band offsets in the presence of the SiO2 layer
is slightly higher than that without the SiO2 layer.
The thinner interlayer oxide permits conduction of
carriers by direct tunneling when a high voltage is
applied on the device, so we already have current
passing through the device, as for any other normal
PIN device.30 The ability of current to pass through

Fig. 3. XRD spectrum of V2O5 thin film synthesized on glass sub-
strate via spray pyrolysis at 350�C. Inset shows FESEM image of
V2O5 nanostructures (scale bar 0.2 lm).

Fig. 4. I–V curves of V2O5/SiO2/Si sensor measured at room temperature under various conditions (i.e., dark with no gas, dark with gas, and gas
with illumination). Insets shows the I–V relations at reverse bias in two low current ranges to illustrate the gas effect with (top) and without
illumination (bottom).
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the thin insulator and the effect of the gas on the
number of charge carriers on the surface mean that
the device will respond like any other gas sensor.

It is discernible from the I–V curves that exposure
of the sensor to ethanol and acetone gases increased
the current more under illumination compared with
the dark current at similar bias voltages. This is
because of the chemical interaction between
adsorbed oxygen and the exposed gas, whereby the
oxygen species reinserts the electron and increases
the current. The current increased considerably
when the sensor was exposed to the gases under
illumination due to the increase in free charge
carriers in the form of electron–hole pairs generated
by the light illumination, as shown in the inset to
Fig. 4. The role of illumination includes generation
of electrons, which can be shifted into the conduc-
tion band, and holes that can recombine with
electrons formerly trapped by the chemisorbed
acceptor species, thus activating the desorption of
molecules. In addition, the light provides activation
energy needed for chemical reactions.23 Hence,
combining exposure to gas vapor with light illumi-
nation enhances the increase in conducting current
of the sensor. Accordingly, the type of semiconduc-
tor will determine the behavior of the current
variation or disparity. Therefore, for an n-type
semiconductor, the released or free electrons lead
to resistance reduction.31

It is important to consider the reverse-bias I–V
characteristics shown inset in Fig. 4. Under reverse
bias, the barrier height is so high that no current
can traverse the device except for the extremely
small thermal (saturated) current, where the func-
tion of SiO2 as an insulator is to impede the current
with increase in the applied voltage to a value lower
than the collapse voltage, which indicates the device
time off, causing the noise in the device to decrease.
When the device is exposed to gas or gas under
illumination, the current across the device begins to
increase rapidly due to generation of relatively more
carriers compared with the cases of no gas and in
the dark, producing approximate straight-line
downward curves, as clearly observed in the insets
of Fig. 4, indicating the device time on. It was
recently discovered that this on/off process is very
good for several optoelectronic applications.2,6,31

Operating Temperature of the Sensor

The response of sensors based on metal-oxide
semiconductors is influenced by their operating
temperature. The adsorption of gases is dependent
on the operating surface temperature of the sensing
layer. To determine this temperature, the sensing
response of the sensor was explored as a function of
operating temperature. To achieve this objective,
the current was measured with increase in operat-
ing temperature at three bias voltages (1 V, 3 V,
and 5 V) with and without exposure to ethanol and
acetone gases, as shown in Fig. 5.

It was found that exposure of the sensor to the
gases initiated an increase in current, which was
concomitant with increase in temperature because

Fig. 5. Variation of current versus operating temperature for the
V2O5/SiO2/Si sensor measured without and with gas (ethanol and
acetone vapors) at three bias voltages.
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of the chemical reaction between the gas vapor and
O2 molecules adsorbed onto the sensor surface.31

The maximum current value was observed in the
intermediate temperature range. The current from
the sensor was observed to decline slowly as the
temperature was increased. The sensor response
depends on the speed of the chemical reaction on the
surface of the grains, and the speed at which gas
molecules diffuse to that surface.32 The minor
sensor response at low temperatures is
attributable to weak chemical activation between
adsorbed gas molecules and the film surface due to
the low thermal energy of the target that slows the
reaction process. In the case of very high operating
temperatures, the absorbed gas molecules may
escape before reactions occur. Thus, the sensor
response is constrained by the speed at which gas
molecules diffuse to the surface, which is due to the
complexities of the exothermic reaction at high
temperature and the increased desorption rate of
adsorbed molecules from the surface of grains,
resulting in a weak sensor response.31,32 At inter-
mediate temperatures, the speed of the diffusion
and desorption processes become equal, enabling
the sensor response to attain its maximum value.
For each gas, there is a specific temperature at
which the sensor response reaches its maximum
value.33 In summary, the operating temperature is
related to the reaction and activation energies
between the adsorbed gas molecules and the sensing
layer, which are influenced by the morphology and
energy structure of the sensing material.

Sensitivity of the Sensor

The gas sensitivity (S) of a sensor is described as
the ratio between the change in the output current
from the sensor when exposed to a gas or a gas with
illumination and the current at dark without expo-
sure to gas to the current at dark without exposure
to gas. The sensor sensitivity can be calculated for
these two scenarios, i.e., exposure to gas (Sg) and
exposure to gas with illumination (SgþI), using
Eqs. 1 and 2, respectively12,34:

Sg ¼ Ig � Id

Id
; ð1Þ

SgþI ¼
IgþI � Id

Id
; ð2Þ

where Id, Ig, and IgþI are the current measured in
the dark with no gas, with gas vapor, and with both
gas vapor and illumination, respectively.

Using Eqs. 1 and 2, the relative sensitivity of the
sensor was determined at different operating tem-
peratures without illumination (in the dark) and
with illumination, when exposed to ethanol and
acetone gases, at three forward bias voltages (1 V,
3 V, and 5 V), as shown in Figs. 4 and 5. The
obtained results are summarized in Table I along

with the sensitivities of different V2O5-based gas
sensors reported in literature.6,16,35,36

It can be inferred that light illumination could
improve the sensitivity of the film. The sensor

Fig. 6. Relative sensitivity versus operating temperature of the
V2O5/SiO2/Si sensor measured in the dark with no gas and towards
ethanol and acetone vapors at three bias voltages.
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sensitivity when exposed to ethanol gas was slightly
higher than for acetone, with and without illumi-
nation. At bias voltage of 1 V, the relative sensitiv-
ity of the sensor increased to 68.34% when exposed
to ethanol in the dark and to 623.61% when exposed
to ethanol and illuminated. The relative sensitivity
increased to 27.63% when exposed to acetone and to
253.73% when exposed to acetone and illuminated,
as shown in Table I. These sensitivity results
indicate that illumination enhanced the generation
efficiency of carriers. The net concentration of
carriers with illumination was relatively higher
than those generated with only the gas reaction,
confirming the higher generation of free carriers
and oxygen ionosorption under illumination. In
general, the results show two competing contribu-
tions from light irradiation, i.e., increased electron–
hole pair concentration and increased oxygen
ionosorption.12,32

The effect of the operating temperature on the
sensitivity of the sensor was also determined based
on the aforementioned results (Fig. 5) and Eq. 1.
The relative sensitivity versus operating tempera-
ture of the V2O5/SiO2/Si sensor measured in the
dark with no gas and when exposed to ethanol and
acetone vapor at three bias voltages is shown in
Fig. 6.

Higher sensor sensitivity values were observed at
lower operating temperatures. The optimum oper-
ating temperature range was determined to be 40�C
to 50�C. When the optimum temperature was
exceeded, the sensitivity of the sensor was observed
to decrease gradually until becoming negative at
temperatures > 110�C. These operating tempera-
tures are lower compared with others reported in
previous studies.2,31 All the obtained results
(Table I and Fig. 6) show that the V2O5/SiO2/Si
sensor exhibited higher sensitivity towards ethanol

than acetone, possibly due to faster evacuation of
charge carriers when exposed to ethanol.

Furthermore, the sensing characteristics of the
sensor as a function of time were investigated under
dark conditions and when exposed to light illumina-
tion without and with gas (ethanol and acetone) at
different times (5 min, 10 min, and 20 min) and bias
DC voltage of � 10 V. The output current signal as a
function of time for these conditions is shown in Fig. 7.

The output current–time signals in Fig. 7 were
used to determine the response and recovery times
of the sensor (Fig. 8) at room temperature for each
condition, as summarized in the table in the figure.

From the results in Fig. 8, it can be deduced that
the sensor response increased with increase in the
duration of exposure to both ethanol and acetone
vapors. The best response and recovery times were
obtained at exposure duration of 10 min. The
response and recovery times were determined to
be 43.493 ls and 195.42 ls for ethanol, and
43.2001 ls and 214.17 ls for acetone, respectively.
Furthermore, it was also observed that the response
and recovery times increased with increase in the
duration of exposure to gas, possibly due to the low
vapor and diffusion rate resulting from the satura-
tion effect as well as the increasing pressure inside
the chamber as the gas concentration increased.
The response and recovery times indicate that the
sensor exhibited significant sensing properties
towards ethanol and acetone at low temperature,
supporting the applicability of this sensing device.

SENSING MECHANISMS

PIN Diode Mechanisms

Generally, a PIN diode is a semiconductor device
that consists of an insulator or intrinsic (i) region
sandwiched between a p-type and n-type layer. A

Fig. 7. Repeatability dynamic response (on/off) of the time-dependent photocurrent signal from the V2O5/SiO2/Si sensor at DC bias of � 10 V
when illuminated with light (on/off) with no gas and when exposed to gas vapor for different times (5 min, 10 min, and 20 min) for ethanol (a) and
acetone (b).
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PIN diode operates under what is known as higher-
level injection. In other words, the intrinsic region is
flooded with charge carriers from the p- and n-
regions. Its function can be likened to filling up a
water bucket with a hole on the side. Once the water
reaches the level of the hole, it will begin to pour
out. Similarly, the diode will conduct current once it
reaches an equilibrium point at which the number
of electrons is equal to the number of holes in the
intrinsic region.

When the diode is forward biased, the injected
carrier concentration is typically several orders of
magnitude higher than the intrinsic carrier concen-
tration. Due to this higher-level injection, which in
turn is due to the depletion process, the electric field
extends deeply into (over almost the entire length
of) the region. This electric field helps speed up
transport of the charge carriers from the p to n
region, resulting in faster operation of the diode,
making it a suitable device for high-frequency
operation. The frequency at which a PIN diode
stops to act like a PN diode and starts acting like a
linear variable resistor is called the transition
frequency. The transition frequency is a function

of the thickness of the intrinsic layer. When the PIN
diode is reversed biased, the reverse voltage will
keep on increasing the width of the depletion region
at the N–I junction. It will increase up to the point
at which the entire intrinsic layer is swept or free
from charge carriers. PIN diodes in reverse bias are
used in various devices such as photodetectors and
in high-voltage electronics applications.

The sensitivity of a photodetector is normally
defined by the ratio of the photocurrent to the power
of the incident radiation. A photodiode working in
reverse bias exhibits constant photocurrent with the
reverse voltage, as long as it does not enter the
breakdown region. The dark current is equal to the
reverse saturation current, which may increase
with the reverse voltage. In the case of a PIN
photodetector, the high voltage present in the
depletion region causes photogenerated carriers to
separate and be collected across the reverse-biased
junction. This gives rise to a current flow known as
the photocurrent. The photocurrent may increase
linearly with the applied voltage, while the dark
current may increase linearly at low voltage, then
more than linearly at higher voltage, because of

Fig. 8. Response and recovery times versus gas exposure time for the sensor, as summarized in the table.
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heating effects. Therefore, the ratio will be constant
at low voltage when the heating effect is negligible
but decrease at high voltage because of such heating
effects. One can prove this by measuring the current
as a function of voltage.37

Metal Oxide and Light-Enhanced Metal Oxide
Gas Sensor Mechanisms

In general, the sensing mechanism of metal-oxide
gas sensors is based on exchange of electrons
between adsorbed gas species and the metal oxide.
Transition-metal oxides such as V2O5 are known
metal oxide materials for manufacture of gas sen-
sors.2,22,38 Previous studies reported that the con-
ductivity of a gas sensor is changed by the
chemisorption of oxygen species on the sensor’s
surface.39–44 These studies explained that, when a
metal-oxide sensor is exposed to air, adsorption of
O2 molecules on the surface leads to electron
transfer from the conduction band of the metal
oxide to oxygen molecules, resulting in formation of
O2

� and O� ions and inducing a space-charge region
at the surface, which serves as a potential barrier
for electron conduction, consequently increasing the
surface resistivity. Therefore, exposure of the metal-
oxide surface to air results in lower conductivity.42

When the sensor surface is exposed to a gas (such as
ethanol or acetone), the gas reacts with adsorbed
oxygen, causing the oxygen species to reinject
electrons, and increasing the metal oxide conduc-
tivity.38 When the sensor is exposed again to air,
oxygen from the atmosphere is adsorbed and bonds
with electrons on the surface of the sensor, restoring
the initial resistance value. This means that the
sensor can be used as a switching (on/off) device
with and without gas.7

The surface sensing mechanism of the V2O5

nanostructures towards ethanol or acetone with
and without light illumination can thus be
explained as follows:

When the V2O5 nanostructures are exposed to air,
oxygen molecules from the air are adsorbed onto the
surface, thereby trapping electrons to form adsorbed

oxygen ions through the reaction expressed in
Eq. 3.33,39,40,44

O2ðadsÞ þ e� ¼ O�
2 ð3Þ

These oxygen ions are distributed on the surface of
the V2O5 in the form of VO surface groups. The VO
groups are located on the lowest free energy surface
of V2O5 (001 plane), as confirmed by XRD analysis,
to produce an electron depletion region with high
electric potential.39

When V2O5 thin film is exposed to ethanol
(C2H5OH) gas, the gas molecules react with
adsorbed O2

�, O�, and O2� ions on the surface of
the V2O5 thin film. These reactions increase the
concentration of electrons on the surface of V2O5,
thus decreasing the resistance of the V2O5 layer.
The interaction between ethanol gas and oxygen
species is illustrated by Eqs. 4 to 7.41

O�
2 þ C2H5OHðgÞ ! H2OðgÞ þ 2CO2ðgÞ þ e� ð4Þ

3O�
2 þ C2H5OHðgÞ ! 3H2OðgÞ þ 2CO2ðgÞ þ 3e� ð5Þ

O2�
2 þ C2H5OHðgÞ ! H2OðgÞ þ 2CO2ðgÞ þ 2e� ð6Þ

3O2�
2 þ C2H5OHðgÞ ! 3H2OðgÞ þ 2CO2ðgÞ þ 6e� ð7Þ

A schematic of the surface sensing mechanism of
the V2O5 nanostructures towards ethanol or acetone
is shown in Fig. 9.

The mechanism for light-enhanced sensing by
metal oxides relies on formation of photogenerated
carriers in the gas adsorption/desorption process,
which increases the density of charge carriers
through generation of electron–hole pairs. The
reactions between the generated electron–hole pairs
and oxide species lead to weak bonding of oxygen
species with the oxide surface.22,29 When light
illuminates the metal oxide, chemisorbed oxygen
species are desorbed by interacting with photogen-
erated electrons. Afterward, the resistivity of the
metal oxides decreases due to the reduction in the
thickness of the space-charge layer. Upon exposure

Fig. 9. Schematic of the surface sensing mechanism of V2O5 nanostructures towards ethanol or acetone.
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to a target gas, photogenerated holes recombine
with electrons from the target gas, causing elec-
tron–hole separation, which decreases the resis-
tance across the metal oxide.22 The I–V curves
under light illumination (Fig. 4) show enhanced
current conduction for the sensor, which in turn
enhances the sensing performance when compared
with the dark current, as observed in Table I.

It can be inferred from these results that V2O5/
SiO2/Si is a promising candidate for use in high-
performance commercial gas sensors that are effec-
tive at low temperatures. It can also be suggested
that light illumination is a promising method for
activating the sensitivity of such gas sensors at low
temperature.

CONCLUSIONS

V2O5 thin films were deposited by spray pyrolysis
technique. Structural and morphological characteriza-
tion confirmed that the films were homogeneous and
contained V2O5 phase with nanostructure grain size. A
highly sensitive V2O5/SiO2/Si gas sensor was devel-
oped by depositing V2O5 nanostructures on oxidized p-
type silicon substrate (SiO2/Si). The gas response was
significantly improved when illuminated with a green
laser light source due to the increased density of free
charge carriers. The sensitivity of the sensor towards
ethanol and acetone was higher at low operating
temperatures (40�C to 50�C). The V2O5/SiO2/Si gas
sensor was more sensitive to ethanol than acetone at
room temperature under both dark and illumination
conditions. In addition, the sensor exhibited faster
response/recovery time for ethanol (43.493 ls/
195.42 ls) than acetone (43.2001 ls/214.17 ls) at
exposure duration of 10 min. Therefore, application
of such V2O5 nanostructures is promising for detection
of both acetone and (particularly) ethanol at low
operating temperatures.
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