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A Model for the Impact of the Nanostructure
Size on its Gas Sensing Properties

Mohammad R. Alenezi® T. H. Alzanki® A. M. Almeshal?® A. S. Alshammari” M.
J. Beliatis,* S. J. Henley  and S. R. P. Silva *

The size of a metal oxide nanostructure plays a key role in its performance as a gas sensor. ZnO
nanostructures with different morphologies including nanowires at different diameters and nanodisks at
different thicknesses were synthesized hydrothermally. Gas sensors based on individual nanostructures
with different sizes were fabricated and their sensing properties were compared and investigated.
Nanowires with smaller diameter size and higher surface to volume ratio showed enhanced gas sensing
performance. Also, as the nanodisk thickness gets closer to the thickness of the ZnO depletion layer,
the sensitivity increases significantly due to the semi complete depletion of the nanostructure. Our
results were explained using a modified general formula for ZnO ethanol sensor. The formula was
established based on the chemical reaction between ethanol molecules and oxygen ions and
considering the effect of the surface to volume ratio as well as the depletion region of the
nanostructure. This work can be simply generalized for other metal oxides to enhance their

performa nce as gas sensors.

Introduction

Air pollution is significantly responsible for different health
problems including respiratory infections, heart disease, COPD,
stroke and lung cancer. Children living in developing countries
have the highest death rate in population caused by indoor and
outdoor air pollution.2 Air pollution worries many countries and
the need for clean environment is vital for human health. Based
on the World Health Organization reports, the Indian nation
faces the greatest challenge and has the highest death rate
because of air pollution.? In the European Union, air pollution
is said to lower the expected life time by 9 months.? Therefore,
gas sensors that can detect explosives and toxic gases are very
important. Also, the performance of the available gas sensors
must be improved in term of sensitivity, selectivity, stability,
and speed of response to face these great challenges.

Gas sensors based on metal oxides have been broadly
investigated for different reasons including ease of production
and low cost. Nevertheless, the gas sensing properties of these
sensors depend greatly on their size, morphology and structure
of the sensing materials. That is why it is very challenging for
gas sensors based on bulk materials to attain high sensing
performance. On the other hand, nanostructured metal oxides
provide a sensible alternative to achieve the required
performance. Nanostructured gas sensors based on different
metal oxides have been widely studied in recent years.>™®
Among them, ZnO has received the greatest deal of attention
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due to the significant progress and development in the
controlled synthesis of many of its nanostructures.”'? In our
previous reports, the synthesis techniques as well as the sensing
properties of sensors based on ZnO nanostructures with
different morphologies including nanowires (NWs), nanodisks,
nanobrushes, hierarchical nanodisks, nanoleaves, and
nanoflakes were presented.'”!” Moreover, the role of the
exposed polar facets of the nanostructure on its performance as
a gas sensor was investigated in another report.’® Even though,
there are reports on nanostructured metal oxide gas sensors, a
deeper understanding of the impact of the nanostructure size on
its performance as a gas sensor is still needed.

Our studies as well as many in the literature concluded that the
morphology and size of nanostructure used in the sensor have a
strong impact on its response characteristics. Different models
have been presented trying to explain sensor response
characteristics. A contact controlled model® and surface-
depletion controlled model™ were proposed to explain the
enhanced ethanol gas sensing properties of nanostructures.
Similarly, Chen et al?' have used space-charge model to
explain ultrahigh sensitivity to ethanol of ZnO flowers
consisting from 15 nm thick nanowires. The density functional
theory (DFT) was also applied to better understand the sensing
mechanism of ZnO nanostructures.?? The outcome of this study
was an exponential formula of ZnO sensor response. Based on
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that, Hongsith and co-workers tried to generalize a formula of
ZnO gas sensors based on ethanol adsorption mechanism.?

In this report, a general formula for ZnO ethanol sensor is
established by considering ethanol molecules reacting with
oxygen ions and taking the surface depletion layer in account.
The developed general formula is then used to explain the
enhancement in sensitivity resulting from increased surface-to-
volume ratio and surface depletion layer for one-dimensional
(1-D) NWs and two-dimensional (2-D) nanodisks. This work
can be simply generalized for other metal oxides.

Gas Sensing

The key concept behind the working principle of gas sensors
based on metal oxide semiconductors is the observed impact of
the interaction of gas molecules with exposed surfaces of the
metal oxide, which is a process related to the chemisorbed
oxygen on the surface. At low temperatures, only molecular
oxygen is adsorbed on the semiconductor surface holding
electrons from the conduction band. However, at higher
temperatures 100-450 °C both ionized molecular (O,) and
atomic (O~, O%) oxygen forms can exist on the surface of the
semiconductor.?*

To explain the interaction between oxygen ions and gas
molecules, the general model presented by Hongsith and co-
workers of ethanol gas on the surface of an n-type ZnO is
used.® When ethanol molecules interact with oxygen ions on
the ZnO surface, electrons are liberated and sent back to the
conduction band as represented in the following reactions in
Egs. (1) and (2) for O~ and O%", respectively.

k
CH3CH,OH + 0 4 = C,H,0+H,0+1e” (1)

k
CH5CH,OH + 0%y, —3 C,H,0 + H,0 + 2™ 2)

Consequently, the rate equations for the electron density can be
produced as follow:

d_rtl = kgn(T)[0445]1 [CH3CH, OH]? (3)
= kgn(T) [Oads] % [CH3CH20H]1/2 (4)
% - kEth(T)[ (itc)lﬁ]b[CH3CH20H]b (5)

In eq. (5), (n) is the electron density, (b) can take the value of 1
for singly charged oxygen and 0.5 for doubly charged oxygen,
and kgy(T) represents the reaction rate constant.

By solving the integration of eq (5), n can presented as follow:

n = kg (D] (6)

ion
ads

CH3 CHZ OH] t+ N

In this case the electron concentration in air is (ny). It is
assumed that both carrier concentrations n and nq under ethanol
and air are independent of time at equilibrium.
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Therefore, Eq. (6) can become

. _ab
n = Tekgen(T)[092] [CH;CH,O0H]Pt + 1y (7)
where Ty is a time constant and the carrier-concentration n =
/R, where R is the resistance and o is a proportionality factor.
Substituting it in Eq. (7) gives the following eq:

b
1 FtkEth(T)[O,llodT;] [CH3CH20H]bt+ 1

(8)

Rg a Rq

The sensor sensitivity, S; = RJ/R; where R, is the sensor
resistance in air, and Ry is the sensor resistance under ethanol
gas. Thus,

 re  Tekpen(]0f%] TeH,cH 0mPe

(9)

Rg No

Eq (9) can be rewritten in a compressed form relating the
sensitivity to ethanol concentration (Cg) as follow:?

Sg=aCf +1 (10)

where a is a parameter and eq (10) can be represented as:
log(s g~ 1)

From this relation it can be realized that log (Sq —1) is linearly
related to log Cq with a slope of b value.

As stated before, the increased surface area is the key factor
behind the enhancement observed when nanomaterials are used
as sensing materials. In fact, the density of adsorbed oxygen
ions is predominantly controlled by the surface-to-volume ratio
of the nanostructure. Therefore, it should be considered in the
formula of the sensitivity. The following equation shows the
dependence of the density of adsorbed oxygen ions on the
surface-to-volume ratio of the structure.

=loga+ blogCy (112)

[oign] = 22

(12)
where o, is the oxygen ion density, (S/V) is a surface area ratio
per volume of material (V,), and V; is the volume of the system.
The substitution of Eq. (12) onto Eq. (9) gives the sensitivity as
follow

b

R, _ ltkEe h(T)[—UO(S/V)Vm]

Sy =5 =

ch+1 (13

No

The width of the surface charge region (W) is represented
below.

W =Ly (eVy/KT) 2 (14)

where Ly is the Debye length and Vi is band bending induced by

the adsorbates. The Debye length is used to scale the depletion
region of the NW. At a distance that is equal to several Debye
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lengths from the surface of the NW, the carriers’ density is
equal to the bulk value. Therefore, for large enough NWs (>
2L4) bulk characteristics are assumed. The following equation
is used to evaluate the Debye length.

(15)

where & is the relative dielectric permittivity of the
nanostructure and n is the charge-carrier density. It is clear that
as the Lg4 increases with temperature and decays with growing
density of donor defects.

Experimental

The preparation of ZnO NWs and nanodisks is reported
before.* Briefly, ZnO NWSs were produced through a seed
layer assisted hydrothermal synthesis method using a mixture
solution of zinc nitrate, hexamethylenetetramine (HMTA),
Ammonium  hydroxide and polyethylenimine (PEI) (end-
capped, molecular weight 800 g/mol LS, Aldrich). On the other
hand, ZnO nanodisks were produced hydrothermally using a
mixture solution of zinc sulphate and HMTA.

The morphology and crystal structure of as-prepared products
were observed using Philips XL-20 scanning electron
microscope at 10 kV. Photoluminescence (PL) spectroscopy
was performed at room temperature using a Cary Eclipse
spectrometer with an excitation wavelength of 325 nm. The
surface composition of the ZnO samples were determined using
PHI QUANTUM 2000 photoelectron spectrometer (XPS) using
a monochromatic magnesium X-ray source. The binding
energies were calibrated with respect to the signal for
adventitious carbon (binding energy of 284.6 eV).

Three NW gas sensors were fabricated based on individual
NWs with diameters of 400, 150, and 85 nm on SiO2/Si
substrates with pre-patterned gold electrodes. The spacing
between the electrodes was 5 um. Moreover, three nanodisk gas
sensors were also fabricated based on individual nanodisks with
thicknesses of 150, 100, and 50 nm on SiO,/Si substrates with
pre-patterned gold electrodes. The spacing between the
electrodes was 2.5 pm. Before measurement, sensors fabricated
were further aged at 200 °C for 2 days to improve the stability
before testing. The gas sensing properties were measured using
a home-made gas sensing chamber attached to a Keithley 4200
semiconductor analyzer.

The sensor response, Sg, is defined as Sg = 14/l,, where Ig is the
sensor current value in the tested gas environment and la is the
current value in air. The measurements were done under fixed
bias. The response time, t,, is defined as the time required for
the current to reach 90% of the equilibrium value after injecting
the gas, and the recovery time, ty, is defined as the time
necessary for the sensor to return to 10% above the original
current value in air after releasing the gas from the test
chamber.

Results and discussion

This joumnal is © The Royal Society of Chemistry 2012
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First, the impact of the diameter size of the ZnO NW on its
performance as gas sensor is investigated by studying and
comparing gas sensors fabricated based on NWs with different
diameters (400, 150, and 85 nm). The operating temperature is
an important parameter that affects the performance of ZnO gas
sensors greatly. All fabricated ZnO sensors have been tested at
a range of temperatures in order to find the optimum working
temperature for Ethanol detection. We observed that the
sensitivity toward ethanol of all ZnO NW sensors increases as
the operating temperature increases up to 300 °C and decreases
with any further increase in the operating temperature. The
reason behind this phenomenon is that metal-oxide sensors
must get enough thermal energy to activate. At low working
temperatures, ZnO NWs are not chemically active and
subsequently cannot sense ethanol. Conversely, when the
working temperature is relatively high, there would be a
significant  increase in  activation which  forces ethanol
molecules adsorbed on the ZnO surface to leave the surface
without exchanging charges. Meaning that, ZnO sensors in this
case are also less sensitive.”®

Figure 1 shows an SEM image of a sensor based on a 400 nm
ZnO NW (ZNW,q) as well as its ethanol gas sensing
characteristics at 300 °C for different concentration levels. For
ethanol at levels of 100, 300 and 500 ppm, the ZNW,y sensor
responses are 4.3, 9, and 13.4, respectively (figure 1(a)). Figure
1(c) show plots of log (S; —1) versus log C4 for the ZNW,g
sensor where a linear relationship as described by Eq. (11) is
observed. The value of b of this sensor is 0.560. This value
suggests that the dominant adsorbed oxygen species at the
surface of the ZNW,qo sensor are O% ijons. 1824
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Figure 1 (a) Ethanol gas sensing characteristics, (b) an SEM image and (c) log (Sg -
1) vs. log Cg plot of the ZNW 40 gas sensor.

Figure 2 shows an SEM image of a sensor based on a 150 nm
ZnO NW (ZNWy5) as well as its ethanol gas sensing
characteristics at 300 °C for different concentration levels. For
ethanol at levels of 100, 300 and 500 ppm, the ZNW,5q sensor
responses are 7, 15, and 22.5, respectively (figure 2(a)). Figure
2(c) show plots of log (Sy —1) versus log C, for the ZNWis,
sensor where a linear relationship as described by Eq. (11) is
observed. The value of b of this sensor is 0.5665 which
suggests that the O% ions are the dominant adsorbed oxygen
species at the surface of the ZNW,g,.182%
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Figure 2 (a) Ethanol gas sensing characteristics, (b) an SEM image and (c) log (Sg -
1) vs. log Cg plot of the ZNW 150 gas sensor.

Figure 3 shows an SEM image of a sensor based on an 85 nm
ZnO NW (ZNWsg) as well as its ethanol gas sensing
characteristics at 300 °C for different concentration levels. For
ethanol at levels of 100, 300 and 500 ppm, the ZNWs5, sensor
responses are 11.2, 21.4, and 33, respectively (figure 3(a)).
Figure 3(c) show plots of log (S; —1) versus log C4 for the
ZNWegs sensor where a linear relationship as described by Eqg.
(11) is observed. The value of b of this sensor is 0.5722
suggesting O ions species on the surface of the ZNWsgs
sensor. 1824
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Figure 3 (a) Ethanol gas sensing characteristics, (b) an SEM image and (c) log (Sg -
1) vs. log Cg plot of the ZNWgs gas sensor.

The diameters of the ZNW,q, ZNW,5, and ZNWegs are fairly
greater than the Debye length. Therefore, in this case the impact
of the depletion region is limited and the surface-to-volume
ratio (S/V) of these nanostructures is expected to be the
predominant factor in the gas sensing performance represented
in Eq. (13).2 The dependence of sensitivity on the diameter of
the NW can be clarified by calculating the surface-to-volume
ratio and applying them in Eq. (16) for the sensor sensitivity
ratio.'®

Sg(ZNWg)-1
Sg(ZNWy)-1

(S/V)B] [DA]b

1
(S/V)a Dp (16)
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Table 1 presents the calculated sensitivity ratios of each two
sensors at different ethanol concentrations of 100, 300, and 500
as well as their corresponding experimental results. Compared
with their corresponding surface-to-volume ratios presented in
the last row, a good agreement is noticed. Hence, it is
concluded that the increase in the surface-to-volume ratio
enhances the sensitivity. Furthermore, comparing the sensor
response characteristics of the three tested sensors ZNW g,
ZNW,5, and ZNWgs depicted in figures 1(b), 2(b) and 3(b),
respectively, it is clear that increasing the surface-to-volume
ratio of the NW also enhances the speed of response and
recovery.

Table 1 Thesensitivity ratios of the NW sensors compared to their surface-
to-volume ratios.

Sensitivity
Ratio S;(ZNWgs) —1 | S,(ZNWs) — 1 | S,(ZNWys0) — 1
Sg(ZNWyoo) =1 | Sg(ZNWis0) — 1 | Sg(ZNW,g) — 1
Ethano
Concentrath
100 ppm 2.48 1.36 1.8
300 ppm 2.55 1.45 1.73
500 ppm 2.42 1.39 1.69
DA 0.5
D_] 2.17 1.33 1.633
B

In the rest of this section, the impact of the thickness of the
ZnO nanodisk on its performance as gas sensor is investigated
by comparing sensors fabricated based on nanodisks with

different thicknesses. Figures 4(a)-(c) show SEM images of
ZnO nanostructured gas sensors based on individual ZnO
nanodisks  with thicknesses of 150, 100, and 50 nm,

respectively. Plots of the sensitivity of the three ZnO nanodisk
gas sensors (ZNDiso, ZNDyge, and ZNDsg) versus ethanol gas
concentrations under the optimum operating temperature of 350
°C are shown in figure 4(d).

For ethanol at concentration levels of 100, 300 and 500 ppm,
the ZNDjso sensor responses are 12, 21, and 28, respectively.
The responses of the ZNDjy to the same levels of ethanol
concentrations are 19, 33, and 45, respectively. The third gas
sensor based on the thinnest ZNDg, showed the highest gas
responses of 166, 298, and 403 to ethanol concentrations of
100, 300, and 500, respectively.

Figure 4(e) show plots of log (Sy —1) versus log Cq for the three
devices where linear relationships are observed. The value of b
of the ZNDj5y, ZNDygy, and ZNDsy sensors are 0.523, 0.519,
and 0.538, respectively. These values suggest that the dominant
adsorbed oxygen species at the surface of the three ZND
sensors are O?” ions. At constant temperatures, the existence of
these ions on the nanodisk surface builds a depletion layer by
seizing electrons from the conduction band dropping the
conductivity of the ZnO nanodisk.'®

Applying the same model used in the NWs case which
considering only  the surface-to-volume ratio of the
nanostructure, the sensitivity ratio of the nanodisk sensors with

This journal is © The RoyalSociety of Chemistry 2012
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Sensitivity Sg(ZNWipo) — 1 S,(ZNWy) — 1 S,(ZNDsy) — 1
Ethanol Ratio S4(ZNWiso) = 1 Sg(ZNWyg0) — 1 S4(ZND;5o) — 1
Concentration
100 ppm 1.70 8.70 13.90
300 ppm 1.65 9.06 14.20
500 ppm 1.60 8.97 14.40
0.5
Thy 1.22 1.41 1.73
Th,
05
Thy ( Tha )(ThB — ZL“) 157 9.55 15.01
Th,l \Th,-2L, Thy

different thicknesses, Thisg, Thyg, and Thsy can be represented

as follow:
Sg(Tha) =1 _ [(s/Ma]” _ [The]*®
Sg(Thg)—1 [(S/V)B] - [ThA] (17)

The sensitivity ratios that are calculated using equation (17) and
those based on our experimental results are shown in table 2.
On one hand, the difference between the calculated and
measured sensitivity ratios of ZNDjsp and ZNDyq is around 35
%. On the other hand, the differences between the calculated
and measured sensitivity ratios when comparing the sensitivity
of ZNDsy with those of ZNDqgy and ZNDys5q are 532 % and 719
%, respectively. A significant variation in the differences in the
three cases is observed. The calculations that are obtained using
surface-to-volume ratio model are only acceptable for the
sensitivity ratio between ZNDjs5o and ZND;o. The calculations
for the other two cases involving ZNDs, are not satisfactory and
the applied model must be improved. The calculated Debye
length of ZnO (Lg) is 23 nm which is comparable to the values
reported in the literature about 30 nm.?®? Since the value of
2Ly = 46 nm, it is suspected that the reason behind the observed
significant variation is that the thickness of the ZNDsy is
comparable to twice the Debye length. Hence, in the following
section the model is developed to consider the influence of the
surface-to-volume ratio as well as the effect of the depletion
region.

As discussed earlier, under ethanol environment its gas
molecules react with oxygen ions on the ZnO nanodisk surface
resulting in more free electrons. This lowers the width of the
depletion layer and enhances the conductivity of the ZnO
nanodisk subsequently. Therefore, the density of carriers has a
significant impact on the thickness of the conductivity channel,
and is represented using (Lg) as follow:

(Th-2Lgq)

n:no Th

(18)

where n, is the density of carriers concentration of intrinsic
material, 7 represents the density of carriers in the depletion
region, and Th is thickness of the ZnO nanodisk. Hence, we can

represent the impact of the surface-to-volume ratio along with

This joumnal is © The Royal Society of Chemistry 2012

that of the depletion region on
nanodisk sensor as follow:

the response of the ZnO

b
a0(S/V)Vm
P L ¢ (75)+1  (19)
La) ™ R, ngy 9 \Th-2Ly4
N
— L]
-
.
o A
; I ’ { iw
"\;, pL -‘: -.\
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S, =13.85C0582 4 500 1 _,_2nD1so
A e 2ND1SD 400 ——ZND100 A
—_ » ZND100 —-7ZNDSO__— "
".‘ ZND50 §°° e
of /-.
P Z%U ~
2} 5, = 172005, e
g . 100
_— P .v""
— S a1
— S, = 1.07C0523 0
10 100 200 300 400 500
(d) 100 IOg Cg (e) Ethanol concentration

Figure 4 SEM images of the (a) ZNDiso, (b) ZND1go, and (c) ZNDso; (d) Sensitivity
versus ethanol gas concentration, and (e) log (Sg -1) vs. log Cg plot of the ZND gas
sensors.

The sensitivity ratio considering the influence of the surface-to-
volume ratio as well as the effect of the depletion region
between two sensors that are based on two nanodisks with
different thicknesses is represented as follow:

Sg(Tha)—-1 [(S/V)A]b ( Tha )(ThB—ZLd) _
Sg(ThB)—l (s/V)p Tha—2Lg Thp
] (o) ()

Thg Tha—2Lg Thp

The calculated sensitivity ratios of the three nanodisk sensors as
well as the experimental results are shown in table 2. It is
evident that after considering the effect of the depletion region
the calculated results are in a good agreement with the

experimental measurements in all cases. The difference
between the calculated and measured sensitivity ratios between

(20)
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ZNDisy and ZNDjg is only 5 % now. Furthermore, the
differences between the calculated and measured sensitivity
ratios when comparing the sensitivity of ZNDs, with those of
ZNDiy and ZNDyso are 6.7 % and 5.6 %, respectively. The
ZNDs, sensor with a thickness value that is comparable to twice
the Debye length wvalue (2Lg) showed an outstanding
performance. These results suggest that the sensitivity
enhancement of the ZnO nanodisk sensor is prominent when
the thickness of the nanodisk is close to 50 nm.

Figure 5 presents the ZNDsg, sensor response to ethanol
concentration levels from 1 to 500 ppm. The ZNDsy sensor
demonstrates impressive response characteristics in comparison
with the rest of the tested ZnO nanostructures in this study as
well as those reported in the literature.2** The response time
and recovery time of the ZNDg, sensor to 5 ppm ethanol are
about 10 and 13 s, respectively. With the increase in ethanol
concentration, the response time decreases gradually. The
response times are calculated to be approximately 8 s for 20
ppm acetone and 4 s for 100 ppm. The decrease in response
time can be explained by the variation of the saturation time
(the time required for complete coverage of the sensor surface
by the ethanol molecules) and the mean residence period of
acetone molecules on the ZNDsy surface. When the
concentration of ethanol is low, the reaction between ethanol
molecules and oxygen species occurs in a relatively long period
of time which slows the response of the sensor. On the other
hand, when ethanol concentration is at higher level, the time
needed for the reaction is decreased causing the response time
to be shorter.

]
g B
= (=3
40 E S 7
400 R
20 £ = 4
g 300 : £ ot
g 0 E : 4 1
£ 2 T
200 T T . &
o= 1 4
100 : £ = R
£ E = N8
0 i Rl ]
0 200 400 600 800 1000
Time (s)

Figure 5 The ZNDsy sensor response vs. time curve to ethanol concentration
levels from 1to 500 ppm.

ZnO NW and ZND nanostructures obviously have different
morphologies and exposed facets, which allow them to have
different physical and chemical properties.® The NW is a 1D
structure with nonpolar exposed facet as can be seen from the
NW SEM images shown in figures 1-3. On the other hand, the
ZND is 2D structure with polar exposed facets as shown in
figure 4. Polar exposed facets can be more active and have a
higher ability to absorb oxygen as we found from the following

6 | RSC Advances., 2012, 00, 1-3

PL and XPS analysis, which affect gas sensing properties
greatly .28

XPS analysis was performed to investigate surface structure of
the two ZnO nanostructures. Figure 6a shows the Zn 2p XPS
peaks of ZnO NWs and ZNDs. The two Zn 2p XPS peaks are
similar for their position and distribution. On the contrary, we
noted a difference in their corresponding O 1s XPS peaks. In
both peaks are asymmetric and show a visible shoulder. As
presented in figure 6b-c both O 1s XPS peaks can be
decomposed into three Gaussian components centered at ~
530.1 eV (Op), 5315 eV (Oy), and 532.5 eV (Oc¢). The O
element of O 1s spectrum is ascriced to O% ions on wurtzite
structure of hexagonal Zn?* ion array, surrounded by Zn atoms
with their full complement of nearest-neighbour O% ions. The
binding energy element Oy is due to O ions in oxygen-
deficient regions within the matrix of ZnO. Finally, the O¢
element is ascribed to chemisorbed and dissociated oxygen
species.’® Hence, we can use the Oc¢ intensity of the different
ZnO nanostructures to measure the oxygen-chemisorbed ability
of their different exposed facets. The percentages of the O
element in the two nanostructures are approximately 3%
(ZNWs) and 15% (ZNDs). This means that ZNDs with polar
exposed facets may absorb more oxygen species than ZnO
NWs with nonpolar exposed facets. XPS analysis also suggests
that nanostructures with polar exposed facets like ZNDs have
better gas sensing properties than nanostructures with nonpolar
exposed facets like NWs.

Page 6 of 8
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Figure 6 (a) Zn 2p XPS spectra peaks of ZNWs and ZNDs, (b) O 1s XPS spectra of
ZNDs, (c) O 1s XPS spectra of ZnO NWs, and (d) Room temperature PL spectra of
ZnO NWs and ZNDs.

Figure 6d shows the PL spectra of the ZnO NWs and ZNDs.
From the plots, we can see two bands for each ZnO
nanostructure. The first band is a luminescence band centered at
386 nm and the second is a broadband in the region of 450-850
nm. The intensity of the broad luminescence band for the ZNDs
is obviously greater than that of the NWs. While the peak
centered at 386 nm of ZNWs is higher in intensity.’®® This

This journal is © The RoyalSociety of Chemistry 2012
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later peak centered at 386 nm (3.22 eV) is usually ascribed to
the near band-edge emission of ZnO (3.37 eV) and the free
excitons recombination. Conversely, the broad band in the
visible light region is considered an indication of the surface
oxygen vacancies. Therefore, this analysis shows that ZND has
more chemisorbed oxygen on its surface than the NWs, which
means that ZND sensor is more sensitive than the NW sensor.
This difference in the abilitiess of ZnO NWs and ZNDs to
absorb oxygen species may explain why each nanostructure has
a specific optimum operating temperature (300 °C for the ZnO
NWs and 350 °C for ZNDs). When the operating temperature is
low, ZnO sensors show low conductivity, which increases as
the operating temperature increase because of the increase in
electron density by thermal excitation. With further increase in
operating temperature (around 175 °C), the conductivity
increases due to oxygen adsorptions on the nanostructure
surface. The oxygen chemisorption process at this stage
decreases the density of free electrons and challenge the
thermal excitation of electrons. This challenge of the two
conflicting processes carry on to the complete coverage of
nanostructure surface with chemisorbed oxygen species and
ZnO sensors demonstrate the maximum sensitivity. No more
oxygen can be chemosorbed after this stage and any increase in
the operating temperature will only excite electrons thermally
and cuase the sensitivity to decrease. Hence, the optimum
operating temperature of ZND sensor is greater than that of the
NW sensor due to the higher ability of ZND to absorb oxygen
species.!518

Furthermore, the ZND gas sensor is tested at the operating
temperature of 350 °C under a range of reducing gases
including methanol, ethanol, acetone, toluene, ammonia, and
carbon monoxide. All gases were injected at the concentration
level of 100 ppm. The sensitivity values to the tested gases are
demonstrated in figure 7. The sensitivity of the ZND sensor
toward ammonia and carbon monoxide was low, while it was
very high toward ethanol, methanol, and acetone. This variation
in sensitivity toward different gases may originate from the
effect of operating temperature. Different gases may have
different optimum operating temperatures.

Conclusions

In conclusion, ZnO nanostructures with different morphologies
including nanowires at different diameters and nanodisks at
different thicknesses were synthesized through low temperature
hydrothermal method. Gas sensors based on individual
nanostructures with different sizes were fabricated and their

performances were compared and investigated. NWs with
smaller diameters and higher surface to volume ratios
demonstrated improved sensitivity toward ethanol and faster

response and recovery characteristics. Moreover, gas sensors
fabricated based on nanodisks with thicknesses closer to the
thickness of ZnO depletion layer, showed significant increase
in sensitivity. This is attributed to the semi complete depletion
of the nanodisk. These results were explained based on a
general formula for ZnO ethanol sensor that is established by

This joumnal is © The Royal Society of Chemistry 2012
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considering a chemical reaction between ethanol molecule and
oxygen ions. This work can be generalized for other metal
oxides to enhance their performance as gas sensors.

60 -
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Figure 7 Responses of the ZND gas sensor to 50 ppm of various gases operated at
350 °C.
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