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Electron beam lithography was used to fabricate platinum m-contacts over tungsten oxide

nanorods formed on a mica substrate. This made possible the measurement of sensorial

response of these self-assembled tungsten oxide nanorods to hydrogen gas for the first

time. The nanorods were prepared by thermal evaporation from an oxide source. Conse-

quently, two types of conductometric sensors were assembled: a) percolating network of

nanorods and b) set of individually contacted WO3 nanorods. The preparation procedures

are described in detail and the comparison of response of both types of assemblies is given.

The first sensorial measurements revealed a good response of the b) type of sensor and the

minimum repeatedly detected concentration of H2 was 50 ppm.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

In recent years, electrical sources based on hydrogen tech-

nologies have been attracting much attention as one of the

most promising clean energy sources for the future. Devices

using hydrogen as a fuel produce only water as a product and

therefore do not require anymonitoring for toxic pollutants in

contrast to conventional combustion engines. However, there

is a considerable demand for development of sensors that are

able to monitor H2 concentration on the ppm scale. Such

highly sensitive sensors are a necessity not only for the safe
viar).
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handling and storage of the hydrogen fuel but they are also a

key requirement for precise control of the hydrogen gas

dosing for vulnerable energy sources such as fuel cells [1,2].

One of the promising materials capable of detection on the

ppm scale is tungsten oxide. WO3 was proved to be sensitive

to a broad range of both oxidizing and reducing gases such as

NO2 [3,4], O3 [5], H2S [4], C2H6O [5,6] and H2 [6e12]. Similarly, as

in the case of other metal oxides used for gas sensor appli-

cations, there is a considerable effort to improve both the

selectivity and sensitivity of tungsten oxide based sensors.

This is preferably achieved by using various dopants (Pd, Pt,

Au) [5,7e11,13] and/or by reducing the dimensions of the
evier Ltd. All rights reserved.
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sensitive material. Such reduction is done by utilizing thin

layers prepared by various methods [14e18] or complexes

formed by nano-objects such as nano-rods [3], wires [10,19],

sheets [20] or clusters [21]. The formation of nano-sized

tungsten oxide brings new properties to the material which

leads to improvement of the gas sensing properties.

In this work we describe the utilization of a unique system

of tungsten oxide nanorods.Wewere able to prepare platinum

m-contacts by electron beam lithography (EBL). This enabled

us to measure sensorial response to hydrogen for the first

time. Moreover not only the conductivity of a percolating

network of the nanorods was measured but also the response

of a set of individually contacted nanorods could be recorded.

The nanorods were grown epitaxially on cleaved mica

surface by thermal evaporation of WO3 powder [22,23]. The

initial phase of growth was affected by the potassium present

on the cleaved surface of the mica. In the beginning, thin rods

were formed by hexagonal tungsten bronze KxWO3

(0.13 < x < 0.33). After depleting potassium contained in mica,

rods grow both in thickness and height, forming monoclinic

WO3. In Refs. [22,24], we reported high-resolution trans-

mission electron microscopy (HR-TEM) and reflection high-

energy electron diffraction (RHEED) studies that revealed

this two-step growth of WO3 rods. The detailed study in

Ref. [25] including x-ray diffraction analyses (XRD) and SEM

imaging also confirms the monoclinic structure of the pre-

pared nanorods. Fig. 1 shows a sketch of the two types of

nanorods with their typical dimensions.

It was proved in the references [26,27] that the rods are

electrically conductive and therefore suitable for conducto-

metric gas sensing experiments. Previously, this system was

studied as a NO2 sensor equipped with gold contacts prepared

by optical lithography [3]. However the used assembly allowed

measurement only of dense percolating network of nanorods.
Fig. 1 e Schematic drawing of the tungsten oxide nanorods

grown by thermal evaporation on the muscovite mica

surface. At first, tiny rods of hexagonal tungsten bronze

(KxWO3, where x < 0.3) grow. Thereafter, wider and thicker

rods formed bymonoclinic WO3 grow on top of some of the

tiny rods. Typical dimensions are denoted in the drawing.
The unique growth mechanism which occur only on mica al-

lows the growth of nanorod network with various dimensions

and also density. Moreover the instrumental setup is very

simple and does not require time-consuming and expensive

nanofabrication methods for preparing of nanorods.

Recently, we developed a simple method of preparation of

metal (Au) nanowires on clean cleavedmica by electron beam

lithography (EBL) [28]. Since the substrate is poorly conductive

the EBL process had to be precisely optimized. Here, the elec-

tron beam lithographymethodwas adapted for preparation of

platinum m-wires aligned with prepared WO3 rods. This

allowed to contact individually a series of rods and thus to

assemblea functional prototypeof a conductometrichydrogen

sensor. Using this arrangement we were able to measure the

sensorial response of this unique system to hydrogen for the

first time. The minimum detected concentration was 50 ppm.
Experimental method

Sensing device preparation

WO3 nanorods were self-assembled on the surface of as-

cleaved muscovite substrate during a vapor deposition pro-

cess. The deposition was carried out using a planar source of

WO3 heated to 600 �C placed at a distance of 1 mm from the

mica plate with dimensions of 10 � 14 mm2 in the ambient

atmosphere. The deposition timewas 10min and temperature

of mica was measured to be around 400 �C. Further details of

the experimental setup can be found in Ref. [23].

The morphology of the prepared nanorods was observed

by a scanning electron microscope (SEM) Mira 3 (Tescan) in

both backscattered (BSE) and secondary (SE) electron modes

using electrons of primary energy of 30 keV.

The cleaved surface of mica suffers from inhomogeneity

which leads to the existence of isolated areas with various

densities of the WO3 nanorods. Therefore it was necessary to

make a reconnaissance of the sample surface and to identify

suitable samples for further processing. On the basis of the

SEM imaging, several samples were selected. The main crite-

rionwas the existence of a homogeneous coverage of themica

surface with the nanorods.

Furthermore, the mica substrates were equipped with two

parallel platinum macro-contacts (electrodes) with an inner

distance of 800 mm in order to measure the conductivity of the

samples. The electrodes were sputter deposited through a

shielding mask made of a steel sheet. The edges of the

shielding mask did not fit the substrate absolutely tightly so

the margins of the deposited contacts were not sharp-ended,

and there was a gradient of material thickness observable in

SEM. The width of not-covered area between the contacts

varied from 400 to 700 mm. The sputtering process was carried

out in the coating device MED 020 (Bal-Tec) using an unbal-

anced magnetron in dc mode with a metal Pt target (99.996%

purity, 50 mm diameter). The targetesubstrate distance was

90 mm. Argon at a pressure of 0.8 Pa was used as a working

gas, the discharge current was kept at 15mA. The thickness of

the deposited layer was controlled by a quartz thickness

monitor; 70 nm of platinum was deposited at a rate of 3 nm/

min.
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Fig. 2 e Schematic drawing (multiple scaling) of exposed

EBL pattern. There are 50 pairs of lines going opposite to

each other from the pre-sputtered Pt contacts and

overlapping in the central area.
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Subsequently, the selected samples were processed by

means of electron beam lithography (EBL) allowing us to

precisely place the m-wires to overlap the WO3 nanorods in

order to ensure their electrical connection to the macro-

contacts. A double-layer resist film was spin-coated onto the

samples. Polymethylmethacrylate (PMMA) of two different

molecular weights diluted in anisole was used as a resist

material. The preparation parameters of the resist double

layer can be found in Table 1.

The EBL exposition of the resist-coated sample was carried

out using a dedicated DrawBeam software module directly in

the SEM chamber at a working distance of 9 mm. An electron

beam of 30 keV primary energy and current value of 200 pA

was focused to a spot of 4 nm in diameter. The applied dose for

creating the linear structures was 12 nC/cm. Since the SEM is

digitally operated the lines were exposed as a series of points

with 60 nm spacing and 360 ms dwell time. A scheme of

geometrical arrangement of the exposed pattern is shown in

Fig. 2. The development process was performed by rinsing the

samplewith isopropyl alcohol:water (3:7) solution for 40 s. The

developed structures were consequently coated by 30 nm of Pt

using the same setup as for the deposition of the electrodes.

The process was completed by ultrasonically assisted lift-off

in acetone with duration of 20 s. The schematic drawing of

the sample preparation process flow is sketched in Fig. 3.

The samples were cautiously investigated by SEM after

most of the process steps. This enabled us to pick proper

samples for sensor measurements. Two types of samples

were examined:

a) “Network” type samples were equipped only with macro-

scopic electrodes, see Fig. 3b. It was the case when the

concentration of the rods was sufficiently high to form a

percolating networkwith dimensions of the uniformly rod-

covered areas large enough for deposition of the platinum

macro-contacts. Therefore it was possible to perform the

two-point conductivity measurements.

b) “Individual-rod” type samples were processed by EBL to

equip the macroscopic electrodes by overlapping platinum

m-wires, see Fig. 3f. Pitch and orientation of the Pt m-wires

were adjusted individually for each sample with respect to

length and orientation of the nanorods. This approach,

suitable also for samples which do not form a percolating

network of the rods, ensured the contact to both ends of

averaged sized nanorods.
Table 1 e Parameters of spin-coating (double layered
PMMA on cleaved mica).

Spin-coating parameter Bottom layer Top layer

Thickness 240 nm 40 nm

MW
a 120 K 996 K

Solution conc.b 5% wt. 1% wt.

Speed 2 krpm 6 krpm

Duration 60 s

Acceleration duration 8 s

Soft-bake temp. 195 �C

a Relative molecular weight.
b PMMA diluted in anisole.
Measurement of gas sensing properties

A self-designed station for sensor-testing was built to test

conductometric sensors in a form of thin layers or nano-

structured materials contacted by macroscopic electrodes.

The sample was placed in a stainless steel chromium-coated

chamber with volume of approximately 9 cm3. The sensor

was heated by a Boralectric® heating element (Tectra) encased

with a thermocouple-monitored copper heating plate. The

temperature can be controlled within the range from room

temperature up to 400 �C. Three mass flow controllers (Alicat

Scientific, various flow ranges) were used to regulate the

portions of N2, O2 and H2 gases in testing atmosphere which

was introduced into the chamber in the continuous-flow

regime. The exhaust of the system is open to the atmo-

spheric pressure. In order to eliminate the thermal effects, the

total flow was kept at a constant value of 120 sccm during all

measurements, i.e., for all concentrations and all working

temperatures.

The electrical contact was realized by gold-plated spring-

loaded tips which were pressed to the platinum contacts on

the sample. The resistance measurements were conducted in

the regime of constant voltage of 5 V and 1.2 V for the network

and individual-rods types of the samples, respectively.

Voltage and current were monitored by A/D converter (14 bit,

2 kS/s).

All sampleswere tested separately using a similar protocol.

Prior to the measurement the samples were heated up to

300 �C and kept at this temperature for two hours. Constant

flow of synthetic air was let into the chamber already during

the heating. Afterwards, the sample was exposed to progres-

sively changing concentrations of hydrogen with total gas

flow unchanged. Each sample was tested at several working

temperatures. Synthetic air was replaced by clean N2 for

reference measurements. The sensing response S of the

sensor to concentration c of H2 was evaluated by using the

relation:

S ¼ R0 � Rc

Rc
; (1)

where R0 is the resistance of the sample in synthetic air and

Rc is the resistance of the sample to concentration c of H2.

The saturation values R0 and Rc were obtained by fitting the

time dependencies of recovery process and response,

respectively.
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Fig. 3 e Process flow of the sample preparation (of EBL

pattern). (a) mica substrate with grown WO3 nanorods, (b)

sputter deposited Pt contacts, (c) spin-coated double-layer

resist PMMA, (d) exposition and development, (e) Pt layer

deposited, (f) resist stripped by ultrasonically assisted lift-

off.
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Results and discussion

EBL and SEM results

Fig. 4 shows SEM micrographs of both types of the prepared

sensors taken in the SE mode. The image contrast is given by

charging effects on the mica substrate due to its poor con-

ductivity contrary to tungsten oxide nanorods. Therefore

bright pillow-shaped patterns are visible. Normally, this effect

is undesirable for acquiring SEM micrographs, and other im-

aging modes must be used (e.g. BSE mode, low vacuum SEM)

which often suffers from poorer resolution. In Fig. 5 there is a

comparison of SE and BSE images of the individual-rod type

sensor surface. Clearly the BSE image (Fig. 5b) cannot display

all the rods visible in the SE mode due to the surface charge

highlighting (Fig. 5a).

The micrographs shown in Figs. 3e5 demonstrate that the

surface charge is led away by the nanorods connected to the Pt

m-wires. This is a direct proof of conductive junctions between

the wires and the tungsten oxide nanorods. The nanorods

which do not touch the grounded Pt m-wires are clouded over

with the surface charge as it can be seen in the area labeled

“A” of Fig. 6. Moreover, rods in the area labeled “B” demon-

strate the fact that the mutual junctions between two nano-

rods are conductive, too. This is in good correspondence with

conductivity atomic force microscopy measurements pre-

sented in Ref. [27].
Fig. 4 e SEM (SE mode) micrograph of the prepared sensor.

The edge of the Pt macro contact is visible on the right

hand side. The top half of the image represents the typical

appearance of a network type of sample with percolating

dense network of nanorods. The bottom part of the image

shows Pt m-wires crossing an individual-rod type of

sample, where most of rods are connected directly to the

metal m-wires. The bright texture appears due to the

charging effects (discussed in text).
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Fig. 5 e SEM micrographs of the same area in the middle of

the lithographically prepared sensor taken in different

view modes. Surface charging effect observable in

secondary electron mode (a) highlights the rods which are

indistinguishable in the view of backscattered electrons (b).

Fig. 6 e SEM micrographs of the Pt m-wires contacting the

WO3 nanorods. In the area labeled A there are rods which

are not in contact with any grounded object and therefore

they are flooded by the surface charge appearing as white

pattern in SE. The rods present in the area B are connected

to other rods grounded by Pt wire and the charge is

“sucked out” from their surroundings.

Fig. 7 e SEM micrograph of prepared sensor with Pt m-

contacts. The SE and BSE signals were combined for better

distinctiveness of all features.
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For each tested sample SEM overviews were imaged in

order to estimate the active sensing area. The network-type

sample analyzed had the inner distance between contacts of

approximately 400 mm. The length of the contacts was 12 mm;

however the percolating network of the nanorodswas present

only between segments which have approximately 2 mm in

length in a sum. Therefore we can estimate the active area to

be (1.0 ± 0.2) mm2. The density of rods observable by SEM in

the SE mode varied considerably over the covered area.

Therefore, the total number of rods connected to the network

can be estimated only roughly. If we assume density

(0.02 ± 0.01) rods per mm2 the overall number of rods was on
the order of tens of thousands. Therewere hundreds of rods in

direct contact to the platinum electrodes.

Fig. 7 shows an overview of a tested individual-rod sensor

prototype. The manufacturing defects in the form of inter-

rupted Pt wires, which are visible in the micrograph, were

caused by the irregularities of the mica substrate. The simple

http://dx.doi.org/10.1016/j.ijhydene.2016.09.187
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Fig. 8 e Response of the network type sample to changing

concentrations of H2 carried in the synthetic air at different

temperatures.
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EBL process with the basic double-layer resist did not guar-

antee the complete reliability. Nevertheless, it was possible to

count the pairs of uninterrupted wires; for this sample there

were 21 complete pairs. The width of the Pt m-wire was

measured to be (0.77 ± 0.02) mm. The dimensions presented in

Fig. 2, i.e., the length of the m-wires overlap and their mutual

distance, allowed us to estimate the contacted sensing area to

be 5000 mm2. The density of rods directly connected to 100 mm

of m-wire was counted to be 60 ± 9. This gives the total number

of rods contacted by two nearest wires to be approximately

1000. Since almost all of the nanorods enclose the same angle

with the m-wires, average active length of each rod was

calculated to be 4 mm.
Gas sensing properties

The sensing response of the network type sample for two

working temperatures of 260 �C and 300 �C is depicted in Fig. 8,
Table 2 e Comparison of the response and recovery kinetics fo

Individual-rod type

Response Decay

RS 27 � 106 77 � 106

A1 40 � 106 �32 � 106

t1 4 6

A2 80 � 105 �20 � 106

t2 30 120

R2 0.998 0.999

t90% 18 170

S 1.8
where H2 concentrations range from 10% down to 1%. The

minimum detectable concentration for this type of samples

was 0.1%. The values of sensing response are discussed below.

The saturation value for synthetic air without hydrogen was

stable, and response and recovery times are comparable for

this range of concentrations, see Table 2.

Fig. 9a shows the sensor response of the individual-rod

sample to gradually increasing concentration of H2 from 0.1%

to 1% for three working temperatures of 150, 300 and 410 �C.
The largest relative response was observed for the lowest used

working temperature. However, due to the lengthy response

time for low temperatures, the responses to concentrations

lower than 1000 ppm were acquired at 300 �C. At this temper-

ature the samples were stable enough to obtain a reproducible

response. The minimum tested concentration of H2 in syn-

thetic air was 50 ppm. The relative response versus time de-

pendency to concentrations from 50 to 1000 ppm of hydrogen

is plotted in Fig. 9b. Note that the measurements presented in

Fig. 9a and b were acquired on two samples which differ in the

density of the tungsten oxide nanorods. The higher the nano-

rod density is, the lower the electrical resistance, since the

nanorods can be considered as resistors connected in parallel

configuration. The lower resistance values presented in Fig. 9b

correspond to the sample depicted in Figs. 4e6.

Both the response and recovery time dependencies can be

fitted by a sum of two exponential functions:

RðtÞ ¼ R0;c þA1$e
�t=t1 þA2$e

�t=t2 ; (2)

because the commonly used single exponential function does

not provide accurate fit. The values Rc and R0 denotes the

saturation values of resistivity R (A1,2 and t1,2 are amplitudes

and time constants of the exponential fit). The fitted param-

eters for the resistance dependence on time evaluated for

both the types of samples at 300 �C for 1% concentration of H2

can be found in Table 2. The coefficient of determination (R2)

reaches values above 0.99 for all measurements of the

individual-rod type samples. For the network type sample, the

double exponential function fits well for higher concentra-

tions. For the concentration of 1%, the R2 is considerably
r both types of samples.

Network type

Response Decay

170 � 109 200 � 109 U

17 � 109 �6.8 � 109 U

15 5 s

10 � 109 �24 � 109 U

45 110 S

0.824 0.715

60 220 s

0.17

.
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Fig. 9 e Response of the EBL-processed (the individual-rod

type) sample to various concentrations of H2 carried in the

synthetic air at different temperatures. (The response at

150 �C for the 1% of H2 is not recorded completely due to the

instrumental limitation.) In (b) there is the minimum

detected concentration (50 ppm) presented at temperature

of 300 �C.

Fig. 10 e Relative response S for various concentrations c

(semi-logarithmic scale) of H2 for two samples of the

individual-rod type and one of the network type measured

at the same temperature of 300 �C. The response of the

network type sample reaches the similar values for H2

concentrations of two orders higher.
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smaller mainly due to the high noise to signal ratio of the

acquired data since the recorded current was only on the

order of tens of pA.

The sensing response S as a function of H2 concentration at

300 �C is plotted in Fig. 10. As expected, the value of the

response increases with the hydrogen concentration. The

drop of the S value around the concentration value of

1000 ppm for two different samples does not carry high

importance since the data were measured on two samples of

the individual-rod type at different voltages. The graph points

out the key result that for samples with similar density of

nanorods the arrangement of electrical contacts, consisting of

the macro-electrodes coupled with EBL assisted m-wires

overlapping individual tungsten oxide nanorods, enhanced

the sensitivity of the self-assembled tungsten oxide nanorods

for hydrogen by a factor of ten (in case of 1000 ppm of H2 at the

working temperature of 300 �C).
Because of the uniqueness of the system, self-assembled

WO3 nanorods on the mica surface, the comparison to

similar systems is difficult and/or speculative. The system
was previously tested for response only to oxidizing gases [3].

The response of nanorod system to NO2 was evaluated in a

similar way: the response characteristics were described by

conductivity vs. timemeasurements and these characteristics

were fitted as a sum of two exponential function of time. The

sensing mechanism is not discussed in this work. The

description by two exponential functions with different

relaxation timesmay confirm the two-processmodel of the H2

sensing mechanism as described in Ref. [10]. In the study [10]

the WO3 nanowires were prepared by thermal evaporation

with additional oxidation and doped by platinum nano-

clusters all over their surface showed lower sensitivity and

much longer response times.

The Pt doped WO3 systems exhibit significantly better

hydrogen-gas sensing properties than the undoped ones

[11,16,29,30]. This is because of the rapid dissociation of

adsorbed hydrogen on the Pt catalyst. Dissociated hydrogen

species spill over onto the oxide and easily react [10,29,31e33].

This effect can also explain the enhanced sensitivity of the

individual-rod type of sample in comparison to the network

type. Also the higher sensitivity at lower temperatures (150 �C)
indicates the influence of the catalyst (See Fig. 9a.). The contact

of Pt with the tungsten oxide is localized only to the junctions

of the rods and the m-wires. If we, however, assume that the

rods are formed by only a few grains [22,25,34], the reaction of

hydrogen with the end parts of the m-contacted rods plays a

nonnegligible role in changing the overall conductivity of the

nanorod. This is because the affected grain, which is in contact

with the catalyst, is a considerable portion of the rod.

The role of Pt used as a contacting material was not

quantified precisely since the attempts to use another metal

(Au, Cr) for m-contacts on the mica substrate did not meet the

requirements for stable electrical measurements. But gener-

ally, it can be assumed that adding Pt also in between the m-

contacts would improve the sensor response even more.
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Conclusions

In summary, the samples with epitaxially grown tungsten

oxide nanorods on muscovite-type mica were assembled into

a form of a conductometric gas sensor. Nonpercolating WO3

nanorods' conductivity measurement was made possible by

their coating with accurately aligned, individual, platinum m-

wires. The electrodes were prepared by means of electron

beam lithography and SEM observations proved the conduc-

tive contact between the rods and wires.

The response of the percolating network of WO3 nanorods

was compared with the response of samples equipped with m-

wireswhich contacted the nanorods separately. The assembly

employing m-wires increased the sensitivity of the sensor by

factor of 10 and lowered the minimum detectable concentra-

tion of hydrogen from 1000 ppm down to 50 ppm.

The measurements of the response to H2 on this specific

system were conducted for the first time and provided results

which are comparable with other sensors based on tungsten

oxide nanorods. However more detailed sensorial measure-

ments, including also measurements of the stability of the

sensor, are necessary for further evaluation of the sensorial

potential of self-assembled tungsten oxide nanorods.
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[1] Hübert T, Boon-Brett L, Black G, Banach U. Hydrogen sensors
e a review. Sensors Actuators B Chem 2011;157:329e52.
http://dx.doi.org/10.1016/j.snb.2011.04.070.

[2] Boon-Brett L, Bousek J, Black G, Moretto P, Castello P,
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