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Abstract
We report a ZnO/Silicon nanowire (ZnO/Si NWs) heterojunction array-based NO gas sensor
operating at room temperature with an extremely high response (noise limited response ∼10 ppb).
The sensor shows very high selectivity towards NO gas sensing and limited perturbation in response
due to the presence of moisture. The sensor has been fabricated by using cost-effective chemical
processing that is compatible with wafer-level processing. The vertically aligned Si NWs array has
been made by an electroless etching method and the ZnO nanostructure was made by chemical
solution deposition and spin-coating. Extensive cross-sectional electron microscopy and composition
analysis by line EDS allowed us to make a physical model. The electrical characteristic of the model
was to fit the I–V data before and after exposure to gas and essential changes in electrical parameters
were obtained. This was then explained based on a proposal for the mechanism of gas sensing. We
observe that the heterostructure leads to a synergetic effect where the sensing response is more than
the sum total of the individual components, namely the ZnO and the Si NWs. The response is much
enhanced in the p-n junction when the n-ZnO nanostructure interfaces with p-Si NW compared to
that in the n-n junction formed by ZnO on n-Si NW.

1. Introduction

Gas sensors play an important role in the direct monitoring of
the environment. Gas sensors, particularly those based on
solid state devices are commercially available and are widely
used [1]. In recent years, in addition to hazardous gas mon-
itoring, new vistas for application are opening up for solid
state gas sensors for use in healthcare, such as exhaled breath
analysis [2, 3]. Use in exhaled breath analysis has challenging
requirement that it in most cases the sensor would need
detection capability below 1 ppm. While chemiresistors based

on oxides still form the main stay of solid state gas sensors,
they have limitations of detection capability below 10 ppm
and also selectivity limitations. In such sensors, more often
than not, there is a need for heated operation, thus requiring
additional heater arrangements as well as enhanced power
consumption. For sensors working on a tight power budget
(e.g., portable handheld detectors, space applications etc.),
heated operation is indeed a bottle-neck.

Recently, different nanostructured materials are being
used and they hold promises of better performance and even
unheated operation [4, 5]. Enhanced surface to volume ratio,
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higher gas diffusion rate and enhanced reactivity are some of
the factors that make nanostructured materials an improved
device material for gas sensing. Interesting device concepts
based on nanostructured materials such as heterostructure and
core–shell structure have been proposed recently that go
beyond conventional chemiresistors [6, 7]. These devices are
expected to be compact, have low power consumption and
also enhanced detection capability.

Si nanowire (NW) arrays and porous silicon have
attracted much attention recently as a new generation of
enabling sensor materials that can be integrated with other
active materials to make heterostructures or FET-type device
structures that can be used for gas sensing with enhanced
capability [8–10]. Si NWs have a relatively high carrier
mobility ∼200–350 cm2/Vs and can be tuned to have a
desired conductivity by suitable doping. Si NW can also be
easily integrated into a heterojunction with different materials
like gas sensitive oxides. In this context, we specially refer to
the very recent work [11] where a silicon nanowires/TiO2

core–shell heterojunction-based CH4 gas senor with low
power consumption has been reported that can be utilized as
an unheated sensor and has a gas detection capability down to
10 ppm. A ZnO nanorod/porous silicon nanowire hybrid
structure-based room temperature NO2 gas sensor has been
reported with a gas detection capability down to 5 ppm [12].

In this paper we report a ZnO/silicon nanowire (ZnO/Si
NWs) heterojunction diode array-based nitric oxide (NO) gas
sensor that can show a calibrated detection capability at least
down to 0.5 ppm (with dry N2 as the ambience gas) with a
noise-limited resolution down to 10 ppb. The sensor also
shows excellent selectivity and can be operated in an unhe-
ated operation with a reasonable response time. The hetero-
structure device has been tested both as a p-n junction with
p-type NWs array and as an n-n junction with an n-type NW
array. Better performance has been obtained with the p-n
junction array. ZnO has been selected as the active gas sen-
sitive material because of the ease of synthesis, high carrier
mobility and stability. The ease of fabrication of the sensor
from Si wafers and ZnO by simple chemical processing and
need of around a few μW powers for its operation makes it
viable for large-scale use.

It is noted that both ZnO and Si-NW arrays can act as NO
sensors albeit with much less sensitivity but the hetero-
structure builds a synergy that leads to much enhanced sen-
sitivity that can be obtained from either of the materials. A
mechanism has been proposed for operation of the sensor and
been validated by numerical simulation. The simulation
shows the essentiality of the heterojunction in the enhance-
ment of sensitivity over that expected from the chemiresistor
mechanism.

Nitric oxide (NO) gas is one of the gases emitted from
the combustion of fossil fuels and takes part in the formation
of various other nitrogen oxides which are harmful and
hazardous environmental pollutants and cause acid rain. NO
gas is also responsible for ozone depletion by converting
ozone to nitrogen dioxide and oxygen. NO is an extremely
hazardous gas when inhaled [13]. Various safety standards
suggest that inhaling NO at 100 ppm level can cause

immediate danger. Inhaling NO at 25 ppm has a safety limit
of 8 h. Thus it is important to monitor NO closely in places
where humans/animals can get exposed to the gas.

NO is also a biologically significant molecule and can be
utilized as a primary signalling molecule (present in exhaled
breath) for non-invasive diagnosis of certain pulmonary dis-
eases such as asthma, bronchitis, airflow limitation leading
and chronic obstructive pulmonary disease (COPD). How-
ever, detection of NO in exhaled breath for diagnosis would
need a detection capability well below one ppm. Conven-
tional metal oxide-based chemiresistor sensors do not meet
this requirement. Thus a portable NO unheated gas sensor that
can reach sub-ppm capability of detection and can be fabri-
cated without the use of costly fabrication facilities will be of
a high utility. The sensor reported here meets these criteria.
Noise limited sensing resolution down to tens of ppb, reported
in this paper, is indeed a major advancement towards the
utilization of the sensor in exhaled breath analysis for
diagnostics.

2. Experimental section

2.1. Fabrication of ZnO/Si NWs heterostructure

High-density vertically aligned p-type Si NWs (p-Si NWs)
were fabricated by Ag-assisted electroless etching (EE)
methods from p-type (100) silicon substrates with resistivity
of 1–10Ω-cm. We have also made n-n junction based devices
from vertically aligned n-type Si NWs (n-Si NW) using a
similar process using n-type undoped silicon with resistivity
of >1000Ω-cm.

The overall fabrication process of ZnO/p-Si NW het-
erostructure and gas sensing measurement is shown sche-
matically in figure 1. The silicon wafers were cut and cleaned
following a standard Si wafer cleaning process and dilute HF
solution etch to remove any oxide layers on the surface. The
cleaned Si wafers were immersed in EE solution containing
AgNO3 and HF for 1 h at temperature of 30 °C. At the end of
etching process, the samples were rinsed with deionised water
and immersed in dilute HNO3 to remove the thin Ag layer on
the top of the nanowires arrays. Samples were then rinsed in
deionised water and dried with dry nitrogen [14].

The ZnO top layer was deposited by the chemical solu-
tion deposition method (CSD) [15]. ZnO was deposited from
zinc acetate dehydrates (Zn(CH3CO2)2. 2H2O) in an ethanol
and diethanolamine (HN(CH2CH2OH)2) solution at 70 °C on
the prefabricated vertically aligned Si NW array by spin
coating the solution at 2000 rpm. Post deposition drying and
heating was done at 120 °C. The process of spin coating the
solution was repeated to obtain the desired thickness of ZnO
of ≈350 nm. The ZnO coated Si NW array was finally
annealed for 4 h at 450 °C to get proper crystalline phase of
ZnO as revealed by both x-ray diffraction and electron
diffraction taken in a transmission electron microscope
(figure S1 in the supplementary information is available
online at stacks.iop.org/NANO/30/305501/mmedia).
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2.2. Structural characterization of the device

The characterization of the ZnO/ Si NW heterostructure was
done by x-ray powder diffraction. X-ray diffraction (XRD)
studies were carried out with an X’pert pro diffractometer
(PANalytical). The nanostructured complete device was also
studied using scanning electron microscopy (SEM) (Quanta
FEG 250) and cross-sectional transmission electron micro-
scopy (TEM) (Tecnai G2, TF-20, FEI Make) as well as
energy dispersive x-ray spectroscopy (EDS). The lamellar for
the cross-sectional electron microscopy was made from the
actual device using a focused ion beam (FIB) set-up with Ga
ions of energy ranging from 16–30 KeV. The imaging of the
cross-section of the device enables us to make a proper
physical model that we utilized to make a model based
simulation.

2.3. Measurement of gas sensing properties

For electrical measurements, Cr/Au contact pads are depos-
ited on the top ZnO layer of the ZnO/p-Si NWs hetero-
structure device by thermal evaporation through a hard mask.
The length and width of the channel is 2 mm×2 mm.

The gas sensing properties were measured in a high
vacuum (HV) custom-made chamber at room temperature.
The chamber was initially pumped down to a base pressure
10−6 mbar by a turbomolecular pump and flashed by dry
nitrogen (N2) a number of times. After initial cleaning a fixed
number of moles of dry N2 was admitted to the chamber. The
sensor is biased with 0.5 V and the current and resistance of
the sensor are recorded over time until it is stable. The I–V
curve is also measured. After getting stable values of the
device current at a given bias a known mole of nitric oxide
(NO) gas was injected into the chamber and the changed
device current was measured. The I–V curves after gas
exposure were also measured. The measurements were done
using a source-meter.

By repeating the measurements several times the changes
of current/resistance with time under different concentrations
of NO were recorded. Data was taken in the controlled NO
concentration range of 0.5–200 ppm (in dry N2 ambience).
We have tested a number gas sensing devices made in similar
fashion to establish the reproducibility of the sensors. (The
sensor is also stable under dry air. NO is known to react with

oxygen to form NO2. Due to this instability of NO in air, we
did all the measurements in dry N2).

From the device current I (at a given bias V), the device
resistance was obtained. The performance of the gas sensor
device is quantified by the normalized response Ř defined as:

%
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where R0 and Rg are the measured electrical resistances of gas
sensing devices in dry nitrogen environment and on exposure
to nitric oxide (NO) respectively. In this definition when the
device resistance increases (decreases) on gas exposure Ř is
positive (negative).

3. Results

3.1. Structural characterization

A SEM side-view of vertically aligned Si NWs arrays syn-
thesized by the Ag-assisted electroless etching method was
shown in figure 2(a). Figure 2(b) shows the transmission
electron microscopy (TEM) image of the single uncoated Si
NW with a diameter of ∼80 nm. The lengths and diameters of
nanowires as depicted from SEM are about ∼2.5–3 μm and
80–100 nm respectively. A side-view SEM image of the ZnO
nanostructured film deposited on that vertically aligned Si
NWs is shown in figure 2(c). The image shows a thick top
layer of the ZnO film on the Si NWs. Figure 2(d) shows the
TEM image of ZnO coated single Si NW. The Si NW has a
thin layer of ZnO nanostructured film where the particle size
varies in the range 20 nm to 30 nm.

Figure 1. A schematic diagram of the fabrication step of ZnO/Si
NWs heterostructure and devices uses for gas sensing.

Figure 2. (a) Cross-sectional SEM image of vertically aligned Si
NWs. (b) TEM image of a single Si NW. (c) A side view (SEM
image) of ZnO nanostructured film on Si NWs array. (d) TEM image
of a single ZnO coated Si NW.
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The x-ray diffraction (XRD) pattern of the ZnO coated Si
NWs film is shown in figure 3 and it is shown that the
orientation of the Si NWs is along the (100) plane same as the
Si substrate. The nanostructured ZnO film shows it is poly-
crystalline in nature.

3.2. Cross-sectional TEM and SEM of the device lamellar

In order to establish the physical structure of the Si NW
heterostructure gas senor device, we have done cross-sec-
tional SEM, TEM along with elemental analysis (EDS). The
FIB technique for cross-sectional sample preparation has been
used for the above investigations and the lamella of the ZnO
coated Si NW was made [16]. Figure 4 shows the cross-
sectional SEM of the device. There is a clear top ZnO layer on
the NWs array, which is followed by the array of ZnO

nanoparticle/nanostructured film coated Si NWs and the un-
etched substrate. (An EDS line scan is given in the in sup-
plementary information figure S2).

Scanning tunnelling electron microscopy high angle
annular dark-field (STEM HAADF) imaging of the cross-
section lamellar is shown in figure 5(a). A composition profile
of the device was obtained by line EDS and the data are
shown in figure 5(b). The line scan of the ZnO/Si NW shows
the contents of Si, Zn and O. The concentration of the ZnO
layer is a maximum of about 350 nm on the top of Si NW and
then concentration decreases as the thickness increases or as
the Si NW region starts. STEM-EDS mapping taken on the
lamellar and the electron diffraction patterns are shown in the
supplementary data. The electron diffraction patterns show
that the NWs retain their crystallinity and the nanoparticles in
the ZnO film have a crystalline nature.

Figures 6(a)–(c) shows the STEM-EDS mapping for the
silicon K shell, zinc L shell and oxygen K shell of ZnO coated
Si NW respectively. The STEM EDS mapping on a portion of

Figure 3. The XRD of ZnO/Si NWs film.

Figure 4. SEM image of the FIB cross-section lamella of ZnO/Si
NWs. The top ZnO layer and the ZnO coated Si NWs are visible.

Figure 5. (a) Shows the cross-sectional STEM-HAADF image taken
on the lamellar of the device. (b) Elemental composition of ZnO
coated Si NWs taken by an EDS line scan.
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ZnO coated Si NW (marked by red box in figure 5(a)) shows
presence of Zn and O throughout the length Si NW.

This establishes that there is a layer of ZnO all around the
Si NWs. Zinc L shell mapping (figure 6(b)) as well as oxygen
K shell mapping (figure 6(c)) show that concentrations of zinc
and oxygen are the highest on the top of the Si NWs due to
the thick ZnO film.

From a detailed analysis of cross-sectional microscopy
and the compositional analysis, a physical model is proposed
below (figure 7). The device has a layer of ZnO making
heterostructure with Si NWs. The top layer of ZnO takes part
in electrical current conduction. The Si NWs also have an all-
round layer of ZnO that also acts as ‘chemical sensing gate’ to
modulate the depletion layer on the surface of the NW. The
all-around layer does not take part in the current conduction.
In the same figure, we show a schematic electrical model that
we will use for simulation and will be discussed later on.

3.3. Sensing performances

Figure 8 shows the response of the device ZnO/p-Si NW
on exposure to NO gas in the low concentration range
2 ppm–10 ppm. The data show the response as a function of
time when the gas is turned ON (gas injected into chamber)
and OFF (when chamber flashed of NO and dry N2 admitted).
In the same graph, we also show the data on the ZnO/n-Si
NW array. For the device on p-Si NW, the device current
increases leading to decrease of the device resistance on
exposure to gas. This makes Ř negative. As shown in the
figure 8 an opposite behaviour is seen in the ZnO/n-Si NW

device on gas exposure where the device current decreases
(and device resistance increases) Ř is positive. The response
Ř on the n-Si device is sufficiently muted (explained later on).
In view of the superior performance of the device made on
p-Si NW array, we investigated this device thoroughly in the
remaining part of the paper.

In figure 9 the response of the ZnO/p-Si NW sensor on
exposure to only 0.5 ppm NO is shown. This shows that even
in an unheated operation the sensor can respond to an expo-
sure as small as 0.5 ppm in around 100–120 s (90% of full
value). From the response we can also estimate the noise
limited response. We find that the sensors (limited by device
current noise) can detect a concentration as low as 10 ppb.
This clearly establishes the efficacy of the present sensor in
determining a low concentration of NO in sub-ppm regime.
The sensor performance observed is much better than that of a
metal oxide-based chemiresistor sensor reported to date.

Figure 6. STEM EDS mapping of (a) silicon (K shell) (b) zinc (L
shell) (c) oxygen (K shell) of the ZnO coated Si NWs.

Figure 7. A physical model of the sensor with schematic of the
electrical model embedded on SEM with it.

Figure 8. Gas response of the ZnO/Si-NW array in the low
concentration range ( �10 ppm). The upper panel shows the
response of the device made from p-Si and the lower one that made
from n-Si.

Figure 9.Variation of response Ř of ZnO/p-Si NW device with time
when exposed to 0.5 ppm concentration of NO.
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Figure 10 shows the room temperature absolute gas
response |Ř|, when data in the device are taken successively
for exposure to different NO concentration ranging from
0.5 ppm to 200 ppm. Before each exposure the chamber has
been pumped out, flashed and a fresh ambience of dry N2 was
created. At a low concentration of NO (<30 ppm) the
response has a linear dependence on concentration and it
tends to saturation beyond that. At 200 ppm |Ř| approaches a
substantial value ∼80%. We have prepared a number of
devices and tested them for exposure to 10 ppm. This estab-
lishes that the fabrication process makes sensors that can be
used with calibration transferability from one device to the
other (The data is given in supplementary information,
figure S3).

3.4. Response time for NO sensing

In figure 11 we show the sensor response time as a function of
gas concentration. The response rise time τrise is defined as
the time from the start of gas flow to 90% of full value. The
recovery time τrecovery is defined as time to recover from the
full value to 90% of final no-exposure value. The rise time
τrise is ≈130–140 s for concentration �10 ppm and it reduces
to about 60 s for concentration reaching 30 ppm and then
gradually reduces to about 40 s at the highest concentration
measured. The recovery time has an opposite dependence on
concentration. τrecovery is smallest for lowest concentration
and highest for largest concentration. This may be understood
form the fact that at larger concentration there are more
molecules to react at a given time leading to smaller τrise
However, in the recovery period the gas absorbed in the
sensor has to diffuse out. The larger the concentration, the
more the depth of penetration and the more the out diffusion
time leading to larger τrecovery. One report of the NO sensor
[16] by using a ZnO nanorod thin film has the response rise
time (τrise) of about 8 min operated at 200 °C temperature
which is a much higher response rise time than our present
sensor.

3.5. Selectivity of the sensor for NO sensing

The performance of device (response) is not so much degra-
ded with the moisture in the environment. Figure 12 shows
the variation of gas response with different values of humidity
at 10 ppm NO gas concentration. From the data it is seen that
the response decreases somewhat with increased humidity. In
particular at 10 ppm of NO the absolute gas response is about
35% at a humidity of 10% RH while the absolute response
decreased to 24% at a humidity of 90% RH.

Selectivity for a specific reason is an important property
of any gas sensor. To check selectivity towards NO gas of
ZnO/p-Si NWs sensor, the sensor has been tested by expo-
sure to different types of gases. Figure 13 shows the selective
gas sensor response when exposed to different types of gases
like NH3, CH4, H2S and water vapour (H2O). The gas
response of the device is also tested with other oxidizing gas
like NO2. From data it can be seen that ZnO/p-Si NW sensor
showed maximum response of about −80% and −6% to
200 ppm of NO and NO2 respectively, while the response to
200 ppm NH3, H2S and CH4 are 10%, 6% and 1% respec-
tively and response is 2.5% for water vapour (RH>95%). It

Figure 10. Room temperature absolute gas response |Ř| for exposure
to different NO concentration ranging from 0.5 ppm to 200 ppm.

Figure 11. Variation of unheated sensor response time and recovery
time with different concentration of NO gas.

Figure 12. The humidity dependence of absolute gas response of
ZnO/Si NWs device to 10 ppm of NO gas concentration.
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can be concluded that the ZnO/p-Si NWs sensor has a high
selectivity for response towards NO gas.

3.6. Essentiality of the ZnO/Si NW heterostructure for
enhanced performance

To understand the importance of the ZnO/Si NW hetero-
structure for the sensing of NO gas we measured the con-
ductive response at room temperature for ZnO nanostructured
films as well as p-Si NWs. Both the parts have been reported
to show NO response [17, 18]. The data is given in figure 14.
The absolute values of the response data |Ř| are shown in
figure 14 for exposure of 10 ppm of NO.

The ZnO/p-Si NW p-n heterojunction structure shows a
large response of 35%, the other two samples show very small
response limited to within 5%. This layer clearly indicates the
essentiality of the ZnO/p-Si NW heterostructure in giving
rise to such a high response. The junction thus has a
‘synergetic’ effect that the junction device has a response that
is not only larger than the individual parts (ZnO and p-Si NW

array) but it is even larger than the sum total of the individual
response.

4. Discussions

The data presented above clearly establishes that the p-Si
NW/ZnO heterojunction array, which forms an array of nano
sized (p-n) junctions, leads to a very sensitive gas detector as
demonstrated for the gas NO. In this section we make an
electrical model of the device and then make an analysis of
the device model by simulation of the device electrical
characteristics using COMSOL® multiphysics software. The
physical model proposed is given in figure 7 that has been
obtained from detailed cross-sectional microscopy. The
electrical model is laid out on the same figure, which is an
array of p-n junctions and resistor arrays.

The figure shows the junction (marked by symbol of p-n
junction) where the p-part is the p-Si NW and n part is the
ZnO film that is n-type. The top ZnO layer whose resistance is
lumped into resistance RA. Similarly the Si substrate on which
the wire array stands has a lumped resistance RD. The series
resistances RB and RC are associated with the ZnO layers
close to the junction and the p-Si NW respectively. The
resistance RC is that part of the Si-NW that has an all around
ZnO around it. In the circuit, RC1 and RC2 are two contact
resistances coming from the contacting interface between
metal and semiconductor which gives asymmetry in the
conductivity curve.

4.1. Simulation of device

The measured I–V curves of the device without NO and with
5 ppm of NO exposure are shown in figure 15. The com-
parison of the simulation results with the experiment identi-
fies the materials parameters that enhance the device
response.

Figures 15(a) and (b) show the simulated I–V curves
agree well with the experimental data both before and after
exposure to NO. The characteristics values of the parameters
for the best fits obtained from the simulation are given in
table 1.

Figure 13.Gas sensing response of ZnO/p-Si NWs sensor to various
gases.

Figure 14. Comparison of absolute gas sensing response |Ř| of ZnO/
p-Si NWs, ZnO and p-Si NWs to 10 ppm of NO gas at room
temperature.

Table 1. Characteristics value of ZnO/Si NW p-n heterojunction
before and after nitric oxide (NO) gas exposure of 5 ppm.

Characteristics of ZnO/Si
NWs p-n junction Before gas expose After gas expose

Saturation current (I0) 5.35×10−9 Amp 1.05×10−8 Amp
Ideality factor (η) 1.13 1.36
Resistance of ZnO (RA) 645 kΩ 395 kΩ
Series resistance of p-n
junction (RB)

130 kΩ 75 kΩ

Series resistance of p-n
junction (RC)

105 kΩ 50 kΩ

Resistance of Si NWs
arrays (RD)

25 kΩ 20 kΩ
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From table 1, it can be seen that all the parameters
undergo change in the electrical model and this leads to
enhancement of current in the device on gas exposure. The
values of p-n junction reverse saturation current (I0) increases
from 5.35×10−9 to nearly 10−8 A, an enhancement of about
49%. The resistance of the ZnO top layer film (RA) also
reduces by 39%. However, the largest enhancement in the
device current are contributed by drops in resistances RB and
RC (42% and 52% respectively) which comes from ZnO
coating around the NWs. (Note: The electrical model analysis
is based on finite number of resistors and p-n junctions which
are meant to capture the essential physical process. In a real
device there are larger number of resistors and p-n junctions.
Thus the quantification of parameters from the model that we
obtained from finite number of circuit elements will be treated
as suggestive than rigorous). The main inference from the
simulation is that the observed high performances of the
sensor device depends on change in resistances of the con-
stituents as well change in the reverse saturation current at the

ZnO/p-Si NW p-n junction. The reverse saturation current
mainly arises from the drift current which comes from the
minority carriers and is n ,i

2µ where ni is the intrinsic carrier
concentration. The sensing mechanism proposed below pro-
poses that these changes come from the enhancement of
carrier density in the sensor on gas exposure.

4.2. Proposed sensing mechanism

In order to explain the gas sensing performances of the
device, the following gas sensing mechanism is proposed. A
p-n heterojunction is formed at the interface between the
p-type Si NWs and ZnO. Due to the strong oxidizing nature
of NO gas molecule, a chemical reaction can take place
between ZnO and silicon with NO gas molecules. The elec-
tron affinity of silicon can be modulated by nitric oxide (NO)
attachment because NO has an unpaired electron and can
withdraw an electron. When a strong oxidizing gas like NO is
exposed to ZnO/Si NWs p-n heterojunction samples, the
concentration of minority charge carrier electrons decreases
and the majority carrier holes increase according to the fol-
lowing reactions [17]

NO e NO 2gas ads+ - - ( )
2NO 2O N 3ads ads 2 gas +- - ( )

2NO e O N O. 4ads ads 2+  +- - - ( )

As the Fermi level of ZnO is lower than that of the p-Si NW,
electrons will flow from the conduction band of p-Si NWs to
conduction band of n-ZnO which favours charge transfer
from nanowire to gas molecule. As the electron affinity of
ZnO is higher than that of silicon, this leads to the increase of
the majority charge carrier concentration in silicon. Also due
to a higher electron affinity of NO gas, charge transfer is
stimulated that leads to the enhancement of the hole accu-
mulation layer which decreases the electrical resistance upon
exposure to NO gas. From figure 8 it is seen that for the
device made on p-Si NW, the response Ř is negative because
the hole is transferred from ZnO to p-Si NW through
the ZnO/p-Si NW interface, and as a result the resistance of
the constituent components (given in table 1) decrease upon
exposure to NO gas. In the device made on the n-Si NW, the
gas response Ř is positive because the electron is transferred
through the ZnO/Si NW interface from n-Si NW to ZnO.
This decreases the carrier concentration of n-Si NWs leading
to resistance increments. From the gas response behaviour of
ZnO/p-Si NWs and ZnO/n-Si NWs it is clear that the
dominant conductive path should be Si NWs. In this ZnO/Si
NWs heterojunction device, the junction between ZnO and
silicon plays the key role that leads to high detectivity
(∼10 ppb) of NO gas.

5. Conclusions

In summary, we showed that a functional oxide (ZnO) and
semiconductor (Si) NW-based heterojunction array-based
NO gas sensor can lead to extremely high sensitivity even in

Figure 15. (a) Simulation I–V data fitted with experimental data
before NO gas exposure. (b) Simulation I–V data fitted with
experimental data after NO gas exposure of ZnO/p-Si NWs sensor.
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room temperature operation with high selectivity for
detection. The sensor has a calibrated response of at least
0.5 ppm and a noise limited resolution of ∼10 ppb. This
makes it suitable for use in disease diagnosis based on
exhaled breath analysis along with conventional applica-
tions in monitoring the environment for hazardous gas
alerts. The sensor has been fabricated by using cost-effective
chemical processing that is compatible with wafer-level
processing. Based on model analysis by simulation of the
I–V data before and after exposure to gas we could identify
the changes in the electrical parameter that leads to sensing.
We proposed a simple gas sensing mechanism stated above.
We observe that the heterostructure leads to a synergetic
enhancement of the gas sensing which is more than the sum
total of responses of the individual components, namely the
ZnO and the Si NWs.
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