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Abstract 

A methodology based on the use of Electron Beam Lithography for contacting individual 
nanowires on top of non-flat micromembranes and microhotplates has been implemented, and the 
practical details have been exhaustively described. The different fabrication steps have been 
adapted to the substrate’s topology, requiring specific holders and conditions. The methodology 
is demonstrated on individual SnO2 nanowires, which, after fabrication, have been characterized 
as functional resistive gas nanosensors towards NH3 and benchmarked against similar devices 
fabricated using more conventional Dual Beam Focused Ion Beam techniques, demonstrating the 
superior properties of the here presented methodology, which can be further extended to other 
non-conventional suspended substrates and nanomaterials.   

1. Introduction  

Engineered nanomaterials, like nanotubes, nanowires, nanorods, etc. can be tailored to 
meet the needs of many applications in chemistry, physics, biology, and electronics [1–3]. 
As a result, they are nowadays becoming key elements in the design and production of 
advanced microsystems and devices [4]. In electronic engineering, these nanomaterials are 
being integrated using existing microfabrication technologies to develop the prototypes of 
tomorrow’s electronic devices. The development of such prototypes is still an open 
challenge with a number of unsolved fabrication issues [5,6].  

Among them, and specifically when dealing with individual nanostructures, the fabrication 
of electrical contacts are widely performed by the most advanced direct writing 
nanofabrication techniques to provide high spatial resolution and flexibility to operate on 
a wide range of device layouts, nanomaterial shapes and sizes, and substrate properties, in 
order to ensure the electrical conduction through a reliable contact [7].  

Concerning the use of individual nanostructures, and specifically nanowires, one of the 
most deeply explored application is sensing, and among these, resistive nanowire-based 
gas sensors are of significant interest due to their high surface-to-volume ratio, which 
enhances the interaction between the nanostructure and the surrounding gas atmosphere, 
but also due to their relatively simple measurement and operation mechanisms [8]. 

The construction of such gas sensing devices starts with the transfer of the nanowires from 
the initial growth substrate to a microelectronic platform, containing electrodes and signal 
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conditioning elements, like heaters, temperature sensors, etc. To date, this removal and 
transfer is mostly performed manually. There have been reported successful attempts to 
grow directly the nanowires on top of the sensing platforms [9,10], but it has only be 
possible to grow bundles and not individual nanowires; although, there are also initiatives 
in this direction [11].  

Once the nanowires lay on the final substrate, they need to be accessed electrically. This 
issue has been mostly addressed for flat substrates. In the most advanced devices, however, 
the substrates consist of complex suspended microstructures designed to optimize other 
operation properties, like the power needed to reach the optimum working temperature. 
These patterned substrates present a non-negligible surface roughness and can be strongly 
bent. In these conditions, electrode fabrication was only possible to date with dual-beam 
focused ion beam systems, employing the electron- and/or ion-sources to decompose a 
metal-organic gas precursors, like PtC9H16, to locally deposit a metal-like platinum/carbon 
composite, with high spatial resolution [12,13]. This process allowed for the fabrication of 
nano-contacts to the individual nanowires through a direct and mask-less process [14], and 
could cope with the surface variations of rough, non-flat substrates, like the 
aforementioned microhotplates or micromembranes, with an embedded heater [15].   

However, the technique is time consuming, requiring few hours to fabricate the contacts 
to one single nanowire, and most of the metalorganic precursors employed for this purpose 
gave rise to important amounts of carbon in the deposit, which were responsible for high 
resistance and limited thermal stability, as the deposited contact material started to 
evaporate and degrade at about 400 °C [16]. 

As an alternative, electron beam lithography (EBL) is a resist patterning technique which 
can achieve very high resolution (down to few nanometres) and which can be used on large 
area substrates (up to 8” wafers). Its combination with thermal evaporation or magnetron 
sputtering of metals, followed by a lift-off process, also allows for the fabrication of nano-
contacts. In this way, individual nanowires were successfully contacted [17–19], resulting 
e.g. in field effect transistors that use the nanowires as the channel [20]. Few works are 
found, however, reporting resistive gas sensors based on individual nanowires fabricated 
with EBL. Instead, nano-trenches defined by EBL were etched on previously deposited 
films of TiO2 [21] or SnO2 [22] to fabricate nanostrip-like metal oxide gas sensors. These 
strips are, in contrast to the desired bottom-up synthesized nanowires, polycrystalline and 
their width is usually much larger, giving rise to a smaller effective surface-to-volume 
ratio. However, all these works were carried out on flat substrates that contained no 
efficient means to heat up the sensor material [23–26]. If rough, bent, and non-flat 
substrates come into play, standard EBL processing fails to provide the required 
fabrication capabilities. In this context, a thorough study, analysing how the EBL process 
can be adapted and optimized to operate well on non-flat substrates, is much sought after. 

On the other hand, some papers can be found in literature in which the authors report that 
contacts for the individual nanowires are fabricated without a direct writing method on top 
of the nanostructure. The techniques are based, among others, on locating the nanowires 
on pre-patterned electrodes, applying an external electric field using dieletrophoretic 
alignment [27], using lithographically patterned nanowire electrodeposition [28] or laser 
ablation combined with photolithography [29]. 

In this work, we present a methodology to fabricate electrical contacts on individual 
nanowires laying on top of strongly bent and rough microhotplates and micromembranes 
by means of EBL. This is, to the best of our knowledge, the first time such a study is 
carried out. To illustrate the validity of the here-presented approach, single SnO2 
nanowires have been contacted on top of non-flat substrates and their gas sensing 
properties have been studied and compared [30] with another, more well-established, 
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contacting method like dual beam focused ion beam lithography. The here-presented 
methodology can be adapted to contact different nanostructures on top of other 
unconventional substrates. 

 

2. Experimental 

Monocrystalline defect-free tin dioxide nanowires were grown by a chemical vapor 
deposition (CVD) process in a cold-wall quartz reactor, using Au as catalyst, as explained 
in detail elsewhere [31]. The precursor used is Sn(OtBu)4, which is introduced into the 
chamber in the gas phase. Previously, a Au layer of 3-5 nm thickness is sputter-deposited, 
which forms nanoclusters when the temperature is raised. The NWs are grown on oxidised 
Si or Al2O3 substrates, at a temperature around 700 ºC. 

After the growth, the nanowires were removed from the substrate by sonicating them while 
immersed in a solvent, either ethanol, isopropanol (IPA), ethylene glycol or toluene. Next, 
a drop of the solvent, of about 20 µl, containing the removed NWs, was deposited on top 
of the suspended substrates and the solvent was allowed to dry. The NWs remained, thus, 
randomly oriented on the surface of the substrate and the electrical contacts could be 
fabricated ad hoc for each nanowire subsequently.  

The substrates employed for this work were micromembranes and microhotplates (micro-
sized thin structures that contain a buried heater and surface electrodes) both fabricated 
employing bulk micromachining of Si substrates (see Fig. 1a) and b)). They are widely 
used as substrates for gas sensing purposes thanks to their reduced dimensions that allow 
them to provide locally temperatures of several hundreds of °C on the membrane with a 
low power consumption (in the range of mW), while keeping the rest of the substrate cold. 
Microhotplates, shown in Fig. 1 a), are free-standing structures, only supported by thin 
arms that thermally isolate them from the bulk, while micromembranes are thin closed 
structures (i.e. the entire perimeter of the membrane is attached to the thicker substrate, 
Fig. 1 b)). In this work, the thickness of both structures was about 1.1 µm. For their 
fabrication, first, a layer of 0.3 μm of Si3N4 was used as a dielectric layer, in which the 
heater was embedded. The heater was made either from doped polysilicon for the 
micromembranes or from Pt for the microhotplates. On top, 800 nm of SiO2, with electrical 
isolation purposes and which covers the heater, was deposited, while the upper contacts 
consisted of deposited Ti/Pt interdigitated electrodes, with 25/150 nm nominal thickness 
in the case of micromembranes, and 25/250 nm thickness for the microhotplates, defined 
by a lift-off process. These electrodes were used to provide the electrical contact to the 
nanostructures to be measured. The active area was 100 x 100 µm2 for both the 
microhotplates and micromembranes. The microhotplate required a power supply of 6 mW 
to reach a temperature of 350 °C, while the value is 8 mW for each heater of the 
micromembrane. 
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The photoresist employed in this work was 7% poly(methyl methacrylate) (PMMA) 
diluted in anisole (950k A7, purchased from MicroChem), which is a positive tone resist. 
Following the spin-coating process, the resist was soft baked at 180 °C for 1 minute. The 
exposure of the photoresist was performed in a Raith150 Two machine, operated at 20 kV, 
and with a current ranging from 100 to 600 pA. The scanned area was kept constant in the 
experiments, being 100 x 100 µm2. This was large enough to avoid the need of stitching 
because the whole exposed pattern was kept within this writing field. After the exposure, 
the photoresist was developed using a mixture of methyl isobutyl ketone (MIBK) and 
isopropyl alcohol (1:3) for 30 s. The developer was stopped in isopropyl alcohol for 
additional 30 s. 

The metal layers deposited on the developed substrate were a stack of Ti (20 nm) and Pt 
(80 nm), deposited either by e-beam evaporation or magnetron sputtering. This value was 
selected in this work to assure that the NWs would be completely covered by the metal, 
assuring an optimal contact. The dimensions of the fabricated contacts range from 10 to 
50 µm in length, and 1-10 µm in width, since the contacts are designed ad hoc to each 
device. 

Subsequently, the lift-off process was performed by immersing the samples in acetone for 
several minutes at room temperature, which assured the complete dissolution of the 
photoresist. It is important to mention that no ultrasounds were used during the lift-off 
process to avoid damaging the suspended microstructures. Finally, samples were 
submerged again in IPA to clean the devices from potential remaining resist impurities, 
followed by a soft nitrogen blow-dry.  

To inspect the photoresist on the surface of the suspended substrate, confocal microscopy 
images of the microstructures were obtained on a Leica DCM 3D system. To measure the 
electrical characteristics of the devices, a Keithley 2602-A instrument equipped with two 
source-measurement units (SMU) was used, forcing a constant current of 1 nA. The upper 
limit of measurable resistance values by the mentioned equipment under those conditions 
is approximately 15 GΩ. High impedance measurements have been corrected considering 
the input impedance of the instrument. To test their functionality as sensors, the devices 
were bonded to a TO8 holder and then mounted in a homemade stainless steel chamber of 
8.6 ml, in which a gas mixture was injected at a flow rate of 200 ml/min, using a gas mixer 
Gometrics MGP2. Electrical measurements and flowing gases were controlled by a home-
developed Labview software. To perform the cross-section analysis of the photoresist 

Fig. 1 a) Optical image of a suspended microhotplate, in which the central part has a size of 100x100 µm2. The 4 arms supporting the hotplate contain 
electrodes accessing the centre of the microhotplate and 2 of them allow the access to the buried heater, seen as a meander in the image. Note that the 4 
alignment marks (crosses) used in EBL can be clearly seen. b) Optical image of a micromembrane of 1.15x1.15 mm2. In the membrane (light pink), 4 
heaters have been fabricated below the interdigitated electrodes, located on the front side. The inset is an SEM image, showing the active area (100 x 100 
µm2) with the interdigitated electrodes and where the heater can be identified as a meander. Both structures have been fabricated using bulk micromachining 
techniques
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shape and thickness on the suspended structures, a FEI Dual-Beam Strata 235 Focused Ion 
Beam, equipped with a Ga ion source, was used. 

3. Results and discussion 

3.1 Resist profile on microhotplates and micromembranes 

A crucial aspect for a successful exposure in EBL is the uniformity and flatness of the 
spin-coated resist.  Thickness and resist height differences throughout the sample may lead 
to an incomplete exposure of the thicker resist regions and to an uncontrolled electron dose 
due to a defocused electron spot, both giving rise to non-reliable and non-reproducible 
lithography patterns. These effects are stronger when working with small chips due to the 
added edge effects during the resist spinning, which give rise to accumulation of 
photoresist at the edges of the spun substrates. In our case, the chips containing the 
microhotplates and the micromembranes had sizes of 1.2 x 3.4 mm2 and 4 x 4 mm2, 
respectively. In order to reduce the edge effect during spin-coating, a stainless steel holder 
for the chips was fabricated (Fig. 2 c)). As shown in the figure, the upper surfaces of the 
chip and of the holder were at the same height. Thus, the resist could easily be extended 
over the whole surface of the holder in a manner that the edge effect would mostly appear 
at the edges of the stainless steel holder. This simple solution significantly reduced the 
problem of spinning on non-flat substrates, related to the edge effect. 

As explained above, since both the micromembranes and the microhotplates contained 
embedded heaters and top electrodes, irregularities at their surface were expected, which 
would affect the uniformity of the spin-coated resist. For this reason, prior to any resist 
spinning study, the topography of the active area of the microhotplates was analysed by 
confocal microscopy, as shown in Fig. 2 a). For this, the whole chip was sputter-covered 
with a very thin Au layer of about 10 nm to enhance the reflection of the upper transparent 
SiO2 surface, which was required in confocal profilometry. The topography of the four 
upper electrodes and the meanders of the heater can be clearly observed in the image, in 
which the suspended membrane presented a significant curvature, forming an upwards 
bow, with a maximum height difference in the central part, compared to the wafer’s 
surface, of around 12 µm. This was attributed to the residual mechanical stresses remaining 
in the structure after the bulk micromachining fabrication process, consequence of the 
internal stresses of the different layers, and which lead the spun resist to accumulate at the 
edges of the suspended membrane, giving rise to a thinner layer in the central part of the 
devices. 

The line profile along the black line depicted in Fig. 2 a) is shown in Fig. 2 b), which gives 
additional local information about the topography resulting from the underlying heater. 
The 7 protrusions created by this heater, that extended throughout the central part of the 
suspended membrane, followed the shape of the heater, and protruded, approximately, 220 
nm each. These protrusions, together with the curvature of the membrane, compromised 
the uniformity of PMMA when spin-coated, which was a critical issue that had to be 
examined. Additionally, but not shown in Fig 2 b), one must take into account the height 
of the surface electrodes, about 175 nm (indicated by an “E” in Fig. 2 a), which gave a 
maximum local height difference of about 400 nm.  
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Table 1 Thickness of the PMMA resist obtained on top of microhotplates at different spin speeds. 

Spin speed (rpm) Thickness on top of heater (nm) Thickness with no underlying heater (nm) 

3000 400 - 450 550 - 600 

4000 270 - 320 370 - 440 

4500 230 - 290 330 - 400 

 

To sum up, the microsubstrates presented (1) internal edges arising from the open 
structures, (2) surface bending as a result of residual mechanical stresses of the 
membrane/hotplates and (3) surface roughness due to the heater and surface electrodes. 

To analyse in depth the profile of the spun PMMA layer and the variations in its thickness, 
a cross-section of the spin-coated resist was performed inside a Focused Ion Beam 
machine, using the Ga ion beam. Three different spin processes, employing steady 
velocities between 3000 and 4500 rpm for 1 minute, were studied. PMMA was always 
soft-baked for 1 minute at 180°C, followed by the sputtering of a thin Au layer to facilitate 
the observation of the PMMA layer under a confocal microscope. The measured 
thicknesses as a function of the spin speed are summarized in Table 1. As described in the 
table, thickness changed along the surface of the micromembrane.  

It is important to notice that, according to the technical notes of the supplier, the expected 
resist thickness for the selected spinning speed is about 600 nm [32]. The most important 
contribution to the varying thickness of the PMMA layer was caused, as shown in Fig. 3, 
by the heater, and to a smaller extend, by the electrodes. The height differences of about 
220 nm at the microhotplate’s surface prior to the deposition was reduced to about 100 nm 
after spinning the PMMA coating. This effect was taken into account in the fabrication of 
the contacts: to minimize the variations if the PMMA thickness, it was more convenient 
to fabricate the EBL contacts along the heater meander than across that. 

Furthermore, SEM cross-section images taken in the outer part of the membranes show 
that, within the experimental uncertainty, the PMMA layer had the same thickness as in 
the central part. In addition, measurements carried out on other membranes from the same 
chip and from other chips showed no appreciable changes in thickness, confirming that the 
use of the stainless-steel holder strongly reduced the edge effect in the chip and proved the 
repeatability of the method.  

 

 

Fig. 2. a)  Topographic image from the central part of the membrane obtained by confocal microscopy. The membrane is curved upwards, in which the 
heater (H) and electrodes (E) are visible due to the distinct height at which they are found. b) Surface profile along the line indicated in a). The 7 tracks 
of the heater, crossed by the drawn line, present each a height difference of about 220 nm. Note that the x- and y-axes are represented in a different scale 
than the z-axis. c) Image of the holder used to extend the effective area at which the resist is deposited during the spin-coating process. Diameter: 2 cm.
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3.2 Optimization of the fabrication parameters 

In addition to the surface topography, the thickness of the NWs played also a very 
important role in the feasibility of the here-presented approach. In our case, the diameter 
of the NWs ranged between 50 and 80 nm. Consequently, in order to ensure the full 
coverage of the nanowires by the metal deposition, this had to be thicker than the 
nanowire’s diameter. Thus, in this experiment we selected a metal thickness of 100 nm. 
To ensure a successful lift-off process, a rule of thumb tells that the resist thickness should 
be, at least, a factor 3 larger than the metal thickness. This brought the required resist 
thickness to, at least, 300 nm. 

The appropriate spin coating conditions of the PMMA photoresist were studied by varying 
the spinning speed between 3000 and 4500 rpm for 1 minute, followed by a soft bake at 
180°C for 1 minute. Next, the samples were mounted in the EBL machine, the designed 
patterns were exposed and the resist was developed. Subsequently, a 20 nm thick Ti 
adhesion layer, followed by a 80 nm thick Pt layer, were sputter-deposited on the samples. 
A lift-off process, consisting in the immersion of the sample in acetone, finalized the 
fabrication procedure. 

Regarding the PMMA spinning result, it was observed that at speeds below or equal to 
3000 rpm the PMMA was too thick, which resulted in an incomplete exposure of the 
photoresist. This caused that most part of the fabricated contacts were removed during the 
lift-off step. Further increasing the electron dose was not effective in circumventing this 
problem. When spinning at 4500 rpm, lift-off was non-reproducible, since it failed to 
completely remove the metal everywhere in the sample, possibly due to thin resist residues. 
The most appropriate conditions for the PMMA deposition, in terms of a successful 
exposure and lift-off, were found to be 4000 rpm for 1 minute, which lead to a PMMA 
thickness around 300 nm on top of the meanders and 400 nm, elsewhere.  

Fig. 3. Cross-section SEM image of the central area of a suspended microhotplate with spin-coated PMMA on the top. The heater gives rise to a 
thinner resist on top of it, and the area between the heater lines involves a thicker PMMA layer. The scale and the thickness are compensated for 
the tilt of the sample, which is 52°. 
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Under these optimal conditions, the effect of the electron dose was also studied. According 
to the data sheet [32], the range of doses was set according to the recommendations of the 
supplier from 50 to 500 µC/cm2 (the usual values employed in our laboratory for bulk Si 
substrates being 100 µC/cm2). Our results showed that for doses up to 300 µC/cm2, bad 
adhesion of the metal layers on top of the PMMA occurred, and that the PMMA is further 
removed (or partially peeled off) during the lift-off process. Most probably this is because 
the bottom PMMA resist layer was not sufficiently exposed, as shown in Figs. 4 a) and b), 
corresponding to a microhotplate and a micromembrane, respectively, exposed at 100 
µC/cm2.  Similar results were obtained at 300 µC/cm2. For the optimised PMMA 
photoresist thickness, a complete exposure of the resist and thus, a good adhesion of the 
metal layers, was achieved using an electron dose of 600 µC/cm2 or above. The images of 
the fabricated contacts using this dose are presented in Figs. 4 c) and d), corresponding to 
the same type of substrates shown in Figs. 4 a) and b), respectively. The most likely reason 
for the need of this higher electron dose to define a pattern in our micromachined 
platforms, in comparison with bulk Si substrates, was the reduced thickness of the former, 
which resulted in a much lower number of back scattered electrons due to the absence of 
underlying silicon substrate [33]. This is an important result to be considered when 
extending this methodology to other suspended substrates with different thickness as the 
ones employed here, which might require an even higher dose for thinner substrates. 

The electrical characterization of the titanium and platinum deposits in correctly spun and 
exposed samples was performed by defining linear patterns connecting two of the top 
electrodes. The measured resistance values were below 300 Ω and the exact value 
depended on the length and width of the contacts. The average metal resistivity measured 
in these samples was of 25±6 µΩ·cm, which is between the bulk resistivity of Pt (9.76 
µΩ·cm) and of Ti (41.8 µΩ·cm) [34]. For practical applications, it is important that the 
resistance of the EBL-fabricated metal contacts is orders of magnitude lower than the 
resistance of the material to be contacted. In our case, the resistance of individual SnO2 
nanowires ranges usually between hundreds of kΩ and hundreds of MΩ [16]. This assures 
that the contribution of the contacts on the overall measured resistance of the gas sensors 
is negligible. 

 

 

Fig. 4. SEM images of the Ti/Pt contacts fabricated by EBL. a) c) on a suspended microhotplate, and b) d) on a micromembrane. A bad adherence 
due to the remaining resist, which is caused by an incomplete exposure, is shown in a) and b), exposed with an electron dose of 100 µC/cm2. For a 
complete exposure, as shown in c) and d), a much higher electron dose has been required (600 µC/cm2).
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3.3 Fabrication and characterization of devices based on individual nanowires 

The gas nanosensors were fabricated starting by drop casting the NWs onto the suspended 
platforms. Next, the samples were introduced in the EBL system and the NWs were 
localized with the electron microscope, employing prepatterned alignment marks which 
were introduced during the fabrication processes of the micromembrane and 
microhotplate. The contacts were designed ad-hoc for each nanowire. The samples were 
then removed from the EBL chamber, the photoresist was spun on and the samples were 
transferred back into the EBL chamber, where the alignment marks were localized and the 
designed patterns were exposed onto the photoresist. 

SEM pictures of two different SnO2 NWs with EBL-fabricated contacts are shown in Fig. 
5. A single NW, contacted on top of a microhotplate (with a diameter of 50 ± 3 nm) is 
shown in Figs. 5 a) and b). The NW on Fig. 5 c) (with a diameter of 55 ± 4 nm) was 
contacted on top of a micromembrane, which is shown in higher magnification images in 
Figs. 5 d) and e). The magnified images in Figs. 5 b), d) and e) show the fabricated 
contacts, which prove the full coverage of the NW contact region that could later be used 
to carry out electrical measurements. 

3.3.1 Electrical characterization of the contacted nanowires 

The contacted nanowires were electrically characterized at different temperatures to 
determine the type of contact formed between the metals and the NW (Fig. 6). The 
experimental curves clearly showed a non-linear behaviour for the Pt/Ti/SnO2/Ti/Pt 
structures, for which an ohmic behaviour would be preferred (i.e. a linear current-voltage 
curve). 

 

 

 

Fig. 5 SEM pictures of the individual SnO2 NWs contacted on top of a) a microhotplate and c) a micromembranes.  b) Zoom into the lower 
contact of a). d) and e) are zoomed into the upper and lower contacts, respectively. The metal patterns defined by EBL clearly cover the NW 
and the slope caused by the electrode from the microplatform, suggesting a good electrical contact. 
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In this sense, the contact between a metal and a semiconductor can introduce a Schottky 
barrier for the charge carriers crossing that junction, giving rise to an exponential current-
voltage dependence like the one observed in Fig. 6. In this case, the effective barrier height, 
the so-called built-in potential 𝑒𝑉#$ at a metal/n-type semiconductor junction (which is the 
case of SnO2 nanowires), is defined as the difference between the work function of the 
metal (𝜙&) and electron affinity of the semiconductor (𝜒(): 

 𝑒𝑉#$ = 𝜙& − 𝜒+       (1) 

Since titanium has a low work function (3.84 eV), and the electron affinity of SnO2 is 
around 4.74 eV [35], no barrier would be expected, which is estimated to result in an ohmic 
behaviour. The observed non-Ohmic behaviour might be attributed either to the oxidation 
of the Ti layer at the interface, or to chemical residues at the semiconductor/metal interface 
originated from the organic solvents used during the spin-coating of PMMA and the lift-
off process. Both phenomena would create surface states that would modulate the junction 
barrier, likely promoting the high resistance observed on the experimental measurements. 

As expected theoretically, the rectifying behaviour was reduced with increasing 
temperature and approached the Ohmic characteristics (see measurements at 250°C in Fig. 
6). In order to improve the quality of the contacts and achieve low resistance Ohmic 
contacts, an oxygen plasma cleaning process could be considered after the development of 
the resist and before the deposition of the metals [36], but has not been employed in this 
work. 

3.3.2 Chemical sensing response towards NH3  

The gas response of the individual, EBL-contacted SnO2 NWs was studied towards 
different concentrations of ammonia diluted in air. For this, the NWs were exposed to 
alternating pulses of different concentrations of ammonia diluted in dry air at different 
temperatures, as shown in Fig. 7 a). While the n-type metal oxide nanowire is in contact 
with dry air, oxygen molecules are adsorbed at its surface and are dissociated into atomic 
oxygen, which occurs with the capture of electrons from the semiconductor. When this 
surface is next exposed to ammonia, its adsorption occurs together with its oxidation with 
the preadsorbed oxygen species, leading to oxygen desorption from the SnO2 and releasing 
the electrons back to the metal oxide. As a consequence, the resistance of the 
semiconductor is reduced, which is clearly observed in Fig. 7 a). All this is in agreement 
with data published in literature [37]. This reduction is larger the higher the ammonia 

Fig. 6. I-V curves at different temperatures from a SnO2 NW contacted by EBL on top of a microhotplate
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concentration, as observed in the same figure, which proves the sensing behaviour of the 
device. For practical applications, it is important that the NW recovers its original 
resistance baseline after removing ammonia from the ambience and this is also clearly seen 
in Fig. 7.  

In gas sensing applications, a common way to define the gas response is as follows: 

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒(%) 	= (𝑅5$6 − 𝑅789)/𝑅5$6     (2) 

where Rair is the resistance in the presence of dry synthetic air and RNH3, in presence of a 
certain amount of ammonia diluted in air. The steady state response of the nanowire as a 
function of ammonia concentration is represented in Fig. 7 b), and as a function of the 
temperature for 20 ppm of NH3 is represented in Fig. 7 c). In metal-oxide sensors, this 
response depends on the temperature, showing the typical bell shape [30]. According to 
well stablished models, this behaviour is attributed to the opposite temperature dependence 
of the adsorption, diffusion and desorption of oxygen, ammonia and other gas species. In 
this case, these effects are balanced (i.e. the response is maximized) at approximately 200 
°C, reaching a response value of 75% at 20 ppm of NH3. 

The response time of the sensor, defined as the time to evolve from the 10% to the 90% of 
the steady state response value (Fig. 7 c), decreased exponentially with temperature, 
following an Arrhenius-type trend. Response times under 2 minutes at 300 °C were 
measured in the experiments with ammonia. 

The nanowire’s resistance at 400 °C dropped immediately after ammonia entered into the 
measuring chamber, followed by a slow rise, which almost cancelled the response of the 
NW. Such behaviour was also observed, to a lower extent, at 300 °C. For this reason, the 
result at 400 °C was not included in the figure of the sensor’s response, Fig. 7 c). The same 

Fig. 7 a) Resistance change of individual NWs towards different ammonia concentration exposures for 1 hour, at temperatures between 150 and 400ºC; 
b) Measured ammonia gas sensing response represented as a function of the concentration. The response obtained at 400°C is not shown due to the 
abnormal behaviour caused by side reactions interfering the measurement; c) Plot of the response (left axis) and Arrhenius plot of the response time 
(right axis) as a function of temperature for 20 ppm of NH3.  
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trend was observed in other resistive gas sensors based on nano-WO3 powders [38] or 
meshes of SnO2 NWs [10]. Compared to these works, the effect is more pronounced in the 
EBL-contacted NW. In the here-presented results, the response is not only reduced but 
almost suppressed. According to previous works [10], this effect is caused by the 
promotion of nitric oxide as a byproduct of the ammonia oxidation by the chemisorbed 
oxygen at the surface of the nanowire, which occurs at high temperatures. 

The results obtained in this work were compared with those from sensors based on 
individual SnO2 NWs, contacted using a FIB-based technique, which showed a maximum 
response at 250 °C of about 40% for 100 ppm [37] and about 30% for 25 ppm has been 
reported [39]. The results obtained in the present work with the EBL-fabricated sensors 
show a significantly higher response, namely 70% of resistance variation at 20 ppm of 
NH3 at 200 °C, as already stated. 

Regarding the response times, previous works reported values from 50 s [37] to 15 min 
[39] for 100 ppm of NH3. Our device presented times around 5 minutes for 20 ppm of NH3 
at 200 °C. Although this value is higher than the one reported above [37], it is important 
to note that for concentrations of 100 ppm of ammonia, shorter response times are 
expected, due to a quicker response of sensors with rising gas concentration [40].  

3.4 Comparison with other methods and further applications 

Comparing the EBL approach to the FIB-related one, the here presented method offers 
important reduction in the fabrication time, due to the higher throughput of EBL. Also, the 
better conductivity of the EBL-fabricated contacts leads to more robust and stable devices 
(e.g. less Joule heating at the contacts). Furthermore, unlike FIB deposition-assisted 
contacts, the EBL contacts are carbon-free, which provides better chemical stability when 
operating at 400 °C or above, allowing an extension of the operating temperature when 
compared to FIB deposition. 

The detailed fabrication process described was demonstrated for nanowires with a 
diameter up to 80 nm. Thicker nanowires will require thicker metal layers and will, thus, 
demand thicker PMMA layers, which might not be completely exposed unless higher 
acceleration voltages are used (>30 kV). The parameter optimization procedure presented 
in this paper can be tailored to attain the optimal conditions for experiments with other 
EBL equipment and substrate features.  

4. Conclusions 

In this work, a methodology for the fabrication of contacts by electron beam lithography 
to individual SnO2 nanowires on top of suspended microhotplates and micromembranes 
has been presented. The difficulties originating from a significant buckling of suspended 
structures and strong surface roughness caused by the buried heater and surface electrodes 
have been addressed. The photoresist spinning conditions and the electron doses required 
to expose the photoresist correctly have been optimized to obtain adequate electrical 
contact to the nanowires. 

The devices have been tested against the presence of ammonia and the measured resistance 
variations followed the expected dependence reported for other SnO2 devices, with an 
optimal response at a temperature of about 200°C. Compared with similar nanowire 
integration techniques (e.g. Focused Electron Beam technologies), the nanosensors 
described herein show an improved response and a shorter response time. 

The here-presented fabrication methodology can be easily adapted to other nanostructures, 
like nanotubes or nanorods, and to unconventional substrates with different thicknesses, 
structuring, roughness and shapes. 
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