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Abstract

The hydrogen gas sensing properties of nanodevices based on two ZnO nanowires (NWs)
functionalized/modified with palladium (Pd/ZnO) at room temperature are studied. The main
goal of the study is to find which of the connections—in series or in parallel—is more favorable
to improve the properties of a double NW nanodevice in comparison with a single Pd/ZnO NW-
based nanosensor. An enhancement in gas response is observed in both cases. In the case of
connection in series of two NWs, it is attributed to an increased number of Schottky barriers,
which are directly related to sensor response to gases. In the case of parallel connection of two
NWs, higher electrical currents can flow through the device; it improves the sensor response too;
in addition, this type of device can be more easily integrated in electronics due to higher currents
in passive regime (in air) and is more stable.

1. Introduction

The extraordinary properties of nanostructures are quite attractive for the development of
novel analytical nanodevices that have advantages over traditional microelectronic devices, such
as lower-cost, simpler design, higher performance, selectivity, and sensitivity [1, 2]. In the past
decade, scientists have paid a lot of attention to the integration of semiconducting oxide into
nanodevice applications, in particular, miniature gas sensors and biosensors [2—8]. Nanosensors
exhibit the following main advantages.

(i) Compared to devices based on metal oxide nano- and microstructures which need a high
operating temperature for efficient performance (150-500°C) [9], the nanosensors based on
individual nanostructures can operate properly even at room temperature [2, 3, 5, 6]. This feature
eliminates the necessity to produce and integrate microheaters; as a consequence, it is possible to
reduce the cost and power consumption of the final device [4]. There are publications that
describe efficient gas detection at room temperature of individual nanostructures down to ppb
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level [2, 6]. In addition, it provides the possibility of using organic materials as a sensing
structure for sensor applications [10, 11].

(if) Due to operation at room temperature, the physical and chemical properties of the sensing
material (e.g., NWSs, nanobelts) do not change over time [5]; this feature is strategically important
for long-term stability of gas sensors [12].

(iii) Ultra-low power consumption in a passive state. Due to low currents that pass through a
nanostructure, the power consumption of nanodevices is in the nW range [2—4]. Since portable
devices, e.g., smartphones, are in a rapid progress and extensively used due to commodity and
time saving, the necessity of low-power electronics has become of vital importance [4]. Thus, the
development of nanoelectronic devices can solve this problem.

(iv) Possibility of fabricating miniature low-weight devices. Nanometer sizes of the sensitive
material provide a possibility of designing nanoelectronic systems, such as an electronic nose
(e-nose) with high yield [13]. This is very important for wearable sensors, biomedical and
biological sensors for continuous monitoring of different human body biosignals (glucose,
oxygen saturation, etc.) and quality of environment (fast detection of toxic gases, such as CO and
H.S, or highly inflammable gases, such as H,). Another important example is photodetectors of
ultraviolet (UV) light, especially UV-B (1 = 280-315 nm), which can prevent risk factor of
harmful effect of long exposure to dangerous sun rays.

In the past decades, miniaturization of electronic devices has been successfully
implemented using "bottom-up™ approaches, which have been extensively used to assembly
semiconductor nanostructures into different devices, such as logic gates [14], gas sensors and
biosensors [2, 15], photodetectors [4], etc. The next step of progress was combination and
integration of several nanostructures in the same device; it has significantly extended the
application domain [1, 14]. In the case of gas sensors, only comparison of gas sensing properties
between single and multiple randomly oriented NWSs has been reported [11, 16] and no
comparison of series and parallel connected NWs has yet been made. Zhang et al. [6] have shown
that multiple In,O3 NWs have higher reliability, sensitivity, and fabrication simplicity than those
of single NWs. Khan et al. [16] have reported a higher gas response of multiple ZnO NWs
compared to single NWs. In both cases, the effects can be related to the nanojunctions between
NWs. The formed potential barriers in the nanojunctions are highly sensitive to gas species, and a
higher modulation of device resistance can be obtained [16]. However, to date, there have been
no reports on comparison of the gas sensing properties of NWs connected in parallel and series,
which is very interesting from the fundamental point of view too. Insight into this idea can create
a new paradigm in gas sensor science and engineering for fabrication of novel nanodevices with
improved gas sensing properties and rational assembly/design of sensing devices.

In this study, we describe the gas sensing properties of nanodevices based on two Pd/ZnO
NWs connected in series and parallel in order to find which of the connections is more favorable
for improving the nanodevice performance in comparison with individual Pd/ZnO NWs (reported
in Ref [17]). Our experimental results have shown that connection in series can significantly—
about 2 times—improve the sensing properties of the nanodevice, while connection in parallel is
less effective. The mechanism responsible for gas sensing of both types of devices has been
discussed in detail. The enhancement in response in the case of connection in series can be
attributed to an increased number of Schottky barriers (SBS).
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2. Experimental

The Pd/ZnO NWs were grown by one-step electrochemical deposition (ECD) in a
classical three-electrode electrochemical cell at 90 °C as described in Ref [17, 18]. The F-doped
SnO, (FTO, 10 Q/sq) films were used as substrates and as a working electrode for
electrodepositon [17, 18]. The substrate cleaning procedure was described in Ref [17, 18]. The
dependence of the morphological, structural, optical, and chemical properties on the
concentration of the PdCI, solution added in the electrolyte solution was studied in detail in Ref
[17]. TEM measurements showed the growth of Pd nanoparticles (NPs) onto the ZnO NW
surface [17]. In addition, it was reported by Yang et al. [19] that Pd deposition occurs at high
current efficiency and the process of Pd NP growth can be described by the following equation
[19, 20]:

PdCIZ (aq) +2e” — Pd(s) +4Cl~ 1)

In this study, NWs from samples grown with the addition of 1 uM PdCl; (Alfa Aesar) into
an electrolyte solution were examined. This concentration leads to a 0.6 at% Pd content in
Pd/ZnO samples [17]. Morphological, structural, and chemical studies were performed by SEM,
XRD and EDX techniques as described in [17, 18]. The gas sensing studies were conducted at
room temperature at a 30% relative humidity as described in [3, 4]. Electrical measurements were
continuously recorded using a Keithley 2400 source meter controlled through Lab View software
(National Instruments). The nanosensor was prepared using a FIB/SEM system as described in
Ref [3, 4]. All sensors exhibited a typical n-type behavior; that is, the resistance of the
nanodevices decreased during exposure to H,. Gas response (S) was defined as S = Rair/Rgas,
where R,ir and Rgas are the resistances of the nanodevice in air and under H,.

3. Results and discussion
3.1. Characterization of Pd/ZnO NW arrays

Figures 1la—1c show SEM images of Pd/ZnO NW arrays at different magnifications (from
lower (Fig. 1a) to higher magnification (Fig. 1c)). The NWs are vertically aligned on an FTO
substrate and show a homogenous and uniform coverage. The preferential anisotropic growth is
known to result from differences in growth rates of the different crystal faces of ZnQO, i.e., much
higher growth rate of the (0001) surface than that of the {10 IO} faces [21].

Details of pristine ZnO NW array morphology and the effect of various parameters of
ECD can be found in Ref [18, 22]. The diameter (D) of NWs is in a range of 100-200 nm
(measured using top view images, Fig. 1c), while the length (L) is in a range of 1-3 pum (from
cross-sectional images, not shown here). The density of NWs is =10 NW/me. Figure 1d shows
the XRD pattern of the Pd/ZnO NW arrays recorded in a range of 10°-80° with a scanning step
of 0.02°. All detected diffraction peaks can be attributed to the ZnO crystal phase with a
hexagonal wurtzite structure (PDF#00-036-1451) and the SnO, crystal phase with a tetragonal
structure (PDF#01-088-0297) originated from the FTO (SnO, : F) substrate [17, 18]. Peaks
attributed to Pd, Pd-oxide phase (PdO), or impurities were not observed in the measured XRD
spectra of investigated sample [12]. Higher intensity of the XRD peak corresponding to the (002)
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plane (Fig. 1d) confirms SEM data on the preferential growth of NWs along the c-axis normal to

the substrate (Figs. 1a—1c).
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Fig. 1. (a—c) SEM images of Pd/ZnO nanowire arrays grown by ECD method on an FTO
substrate at different magnifications (from low (a) to high (c)). (d) XRD spectrum of
Pd/ZnO nanowire arrays and FTO (SnO, : F) substrate.

Figure 2 shows the EDX-line scan profile of Zn, O, and Pd taken along (Fig. 2b) and
across (Fig. 2c) the Pd/ZnO NW agglomeration. It was observed that the Zn and O profiles
properly follow the position of Pd/ZnO NWs, which is more clear in the case of line data 3
(Fig. 2c). However, due to the low content of Pd (0.6 at%) on the Pd/ZnO NWs surface, no
detectable changes of Pd profile are observed (see Fig. 2).
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Fig. 2. (a) SEM image of EDX-scanned regions. EDX-line scan profile of Zn, O, and Pd
taken: (b) along; and (c) across the Pd/ZnO NWs.
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3.2. Series and parallel connection of individual Pd/ZnO NWs for nanodevices in gas sensing
applications

Figure 3a shows a device based on two Pd/ZnO NWs connected in series to pre-patterned
Au pads of a SiO,/Si chip by Pt contacts (Device 1). Each NW was designated as NW1 and
NW?2. The D and L values of both NWs are in the same range (diameter D ~ 160 nm and length
L =~ 1 um). Zoomed views of each of the NWs are shown in Figures 3b and 3c. The current—
voltage curves show the formation of double Schottky contacts at the Pt/ZnO interfaces (Fig. 3d).
Since electron affinity ( y ) of ZnO is 4.5 eV and the work function (¢, ) of Ptis 6.1 eV, a SB at

the Pt/ZnO interface was formed (Fig. 3e) [23]. Thus, the schematic structure of Device 1
connected to the measurement unit was represented in Fig. 3f, where Rywi and Rywe denote the
resistance of NW1 and NW2, respectively, and Schottky diodes represents the SBs formed at the
Pd/ZnO interface. Device2 consists of two Pd/ZnO NWs connected in parallel (see Fig. 3g). As
in the case of Devicel, the NWs are designated as NW1 and NW2. The D and L values of both
NWs are in the same range (D = 190 nm and L ~ 1.3 pm). Zoomed views of each of the NWs are
shown in Fig. 3h and Fig. 3i. The same double-Schottky characteristic was observed for Device2
(see Fig. 3j). The respective schematic structure of Device2 connected to the measurement unit is
shown in Fig. 3k.

Next, the gas sensing studies of the fabricated devices (Devices 1 and 2) will be
described. Figure 4a shows the gas response of a single NW nanosensor (curve 1) and two
individual Pd/ZnO NWs connected in series (curve 2) to 100 ppm H, gas at room temperature.
All NWs integrated in the devices are from the same sample (SEM image for the device based on
a single NW is not shown here) and have approximately the same geometrical dimensions
(D~160+5nmand L~ 1=+0.5um). Itis evident that the gas response increases about 2 times
in the case of connection of two individual Pd/ZnO NWs in series compared to a single NW
(S = 105 for a single NW and S = 206 for double NWs connected in series, see Fig. 4a). Only a
slight difference in response time z; and recovery time z4 (defined as necessary times for reaching
and recovering 90% of full response, respectively) was observed. Thus, for the single NW,
7y =~ 28 s and 74 = 31 s, while for the NWs connected in series, 7, = 24 s and 74 = 30 s.

In the case of Device 2, an enhancement in gas response by about 1.3 times was obtained
in the case of connection of two individual Pd/ZnO NWs in parallel compared to a single NW-
based nanosensor (S ~ 95 for a single NW and S = 120 for NWs connected in series, see Fig. 4b).
As in the case of connection in series (Device 1, Fig. 4a), the parallel NWs integrated in devices
(Device 2, Fig. 4b) have approximately the same geometric dimensions (D = 190 + 5 nm and
L~ 1.3 +0.5 um). It is evident that the response and recovery times are not quite different and lie
in a range of =20 s and =30 s, respectively (see Fig. 4b).

The sensitivity obtained for Device 1 and Device 2 is ~200%/ppm and ~120%/ppm,
respectively. These values are lower than those reported for Pd/InP and Pd/SiO,/AlGaN diode-
based sensors [24, 25]; however, the metal-semiconductor-metal (double Schottky) structure
described in this study can be more easily fabricated to the diode-based device reported
previously (since the Ohmic contact is not needed and technological processing steps are
reduced) [26, 27]. In addition, in the case of a double Schottky structure, it is not necessary to
study the optimal reverse bias voltage for higher sensitivity, since it exhibits bi-directional
sensing capabilities and is more suitable for long-term detection for reverse and forward applied
bias voltages [26, 27]. Figure 5 shows the proposed mechanism of the SB height (SBH) variation
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for the Pt/ZnO NW/Pt sensor structure (double Schottky) at equilibrium in vacuum (Fig. 5a), at
an applied bias voltage in vacuum (Fig. 5b), during exposure to ambient air with adsorption of
oxygen ions at the Pt/ZnO interface (Fig. 5c), and during exposure to hydrogen gas with the
formation of a dipole layer at the Pt/ZnO interface (Fig. 5d).

Connection in series

...... D'evice1 ) ' ' ' (d)_

Pt Zn0  (e)

I T Vacuum level

();

(k)

Fig. 3. (&) SEM image of Device 1 based on two Pd/ZnO NWs connected in series and zoomed-in
regions of NW1 (b); and NW2 (c). (d) Current—voltage characteristic of Device 1 in the dark at room
temperature. () Schematic structure of Device 1 connected to the measurement unit. (f) Energy band
diagram of the Pt/ZnO contact. (g) SEM image of Device 2 based on two Pd/ZnO NWs connected in
parallel and zoomed-in regions of NW1 (h); and NW?2 (i). (j) Current—voltage characteristic of Device 2
in the dark at room temperature. (k) Schematic structure of Device 2 connected to the measurement unit.
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Fig. 4. (a) Gas response of a single NW and two Pd/ZnO NWSs connected in series to
100 ppm H, gas (diameter D = 160 nm and length L = 1 um). (b) Gas response of a single
NW and two Pd/ZnO NWs connected in parallel to 100 ppm H, gas (D =~ 190 nm and
L = 1.3 um). Schematics of the sensor structure based on individual Pd/ZnO NWs connected:
(c) in series; and (d) in parallel.
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Fig. 5. Proposed mechanism of the SBH variation for the Pt/ZnO-NW/Pt sensor structure based on energy
band diagrams: (a) at equilibrium in vacuum; (b) at an applied bias voltage in vacuum; (c) during exposure
to ambient air with the adsorption of oxygen ions at the Pt/ZnO interface; and (d) during exposure to
hydrogen gas with the formation of a dipole layer at the Pt/ZnO interface.
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According to theoretical studies, the current density magnitude of the double Schottky
structure at Vpiss IS dominated by the metal/semiconductor contact at a reverse bias voltage
(MSg). Taking into account that the voltage drop across the metal/semiconductor contact at a
forward bias (MSg) is low and the voltage drop across the MSg is close to Vpias, the current
density through the structure exposed to ambient air (Jar) can be expressed as follows [27, 28]:

J, = AT? exp(%} @)

T

where A" is the Richardson’s constant, T is the absolute temperature, ¢, is the effective barrier

height (EBH), A} is the change in EBH of MSg associated with the adsorption of oxygen species

[28] and V7 is the thermal voltage. In the case of exposure of the sensor structure to H, gas mixed
with air, the current density magnitude (Jgs) is still determined by MSg [27, 28]:

Jous # AT? exp(_qjBn _VAR * AR] ®)
T

where A is the change in EBH induced by the dipole layer of MSg as a result of dissociation
and diffusion of hydrogen molecules [27]. At a fixed temperature, the variation in SBH of MSg
(Adgy ) due to H, gas adsorption in the Schottky contact region can be expressed as follows [26,

29]:
_ ‘Jair _ [HZ]
Adgr =V, In(Jgasj_Vp In(F—D_|2 ] 4

where V, is a fitting parameter, F is an equilibrium constant associated with the H* ion coverage
at the Pt/ZnO interface, [H,] is the H, gas concentration (in our case, 100 ppm), and [H2]o is the
intrinsic H, gas concentration in ambient air used for measurements (<0.5 ppm) [26].
Accordingly, the sensor response can be expressed as follows [27]:

. J "
S:hzﬁ:exp A (5)
R. J v,

gas air

The role of Pd NPs in the improvement of hydrogen gas sensing abilities was discussed in
previous work [17]; it was attributed to an electrical sensitization mechanism (formation of a
space charge region around the Pd, i.e., nano-SBs that narrow the conduction channel) and
chemical sensitization mechanism (catalytic dissociation of molecular oxygen by Pd NPs, i.e.,
“spillover effect” which contributes to electron withdrawal from the ZnO NW) [30, 31]. Such
properties of Pd as work function and conductivity are known to be efficiently modulated by the
adsorption of H; gas. For details, see [17].

Next, the main causes of gas response enhancement in the case of series and parallel
connection of two individual Pd/ZnO NWs will be analyzed. First, consider the case where SBs
are excluded from the electrical circuit; that is, Ohmic contacts are formed at both ends of NWs.
Since the nanostructures have approximately equal geometric dimensions in the two cases, on the
assumption that n NWs are connected in series (see Fig. 4c), the following condition can be true:
Rnwiair) = Rawzgir) = ... = Rnwngair) @Nd Rnwigas) = Rnwegas) = --- = Rnwn(gas), Where Rnwiry and
Rnw(gas) are the resistances of NWs exposed to the air and H; gas, respectively. Thus, in the case
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of series connection, the total resistance of the device exposed to the air (Rr(air)series) @nd Hz gas
(Rr(air)series) 1S as follows [32]:

n
RT(air),paraIIeI= z RNWi(air) = nRNW(air) (6)

i=1

n
RT(gas),paraIIeI: Z RNWi(gas) = nRNW(gas) (7)

i=1

Hence, the gas response can be defined as follows [32]:

S — RT(air),series — RNW(air) (8)
RT(gas),series RNW(gas)

In the case of connection in parallel, on the assumption that n NWs are connected in parallel (see

Fig. 4d), the total resistance of the device exposed to the air (Rrir)parae) and Hy gas

(Rr(gas)paralter) 1s as follows [32]:

1

1 =Z 1 _ N (9)
RT(air),series i=1 RNWi(air) RNW(air)
1 :Z 1 _ 1 N (10)
RT(gas),series i=1 RNWi(gas) RNW(gas)
hence, the gas response can be defined as follows [32]:
S — RT(air),parallel — RNW(air) (11)

RT (gas), parallel RNW (gas)

In conclusion, the addition of n number of NWs in series or parallel does not lead to a
significant enhancement in gas response; it is equal to the S value of a single NW. Thus, it is
reasonable to expect that the enhanced response of connected NWs is due to the increased
number of SBs, especially in the case of connection in series. Hu et al. showed that the formed
SB to a single nanostructure can considerably increase gas response due to the higher sensitivity
of the SBH (¢,;) to adsorbed species in the Schottky contact region [15]. In addition, Katoch et

al. [9] showed that a higher number of gas sensitive barriers in a nanomaterial enhance the gas
response. Thus, we can speculate that, in our case, the enhanced response is attributed to an
additional SB in series from the second NW.

However, in the case of connection in parallel, the SBs of NWs are in parallel and the
number of SBs is the same in the two branches of current flow; thus, the slightly enhanced gas
response can be attributed to another factor. Bai et al. [33] and Liu et al. [34] showed that an
increased number of parallel ZnO NWs increase the detected photocurrent due to the increased
number of channels for current flow. Thus, we believe that, in our case, for connection in parallel,
the slight increase in gas response is due to possibility of higher current flow [34]. Further
research is in progress.
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4. Conclusions

The devices based on two individual Pd/ZnO NWs connected in series or in parallel have
been successfully prepared using the Pt-deposition function of FIB/SEM scientific instrument
and studied for gas sensing applications. An enhancement in gas response has been obtained in
both cases. In the case of series connection of two Pd/ZnO NWs, the gas response has increased
about two times, while in the case of connection in parallel, the gas response has increased only
about 1.3 times. Thus, we can conclude that series connection is more efficient and better sensor
performances are related to an increased number of SBs in the branch of current flow which are
highly sensitive to adsorbed species in the contact regions. Thus, the described connection of
nanostructures in series can be proposed as a promising method for rational fabrication of sensor
devices with improved sensing properties.
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