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ABSTRACT  

Nanowires are of interest for gas sensing application due to their one dimensional nature and size 

approaching quantum confinement limit, best studied in single nanowire devices. The reaction 

between gases and the semiconductor surface is better exploited when one, or few nanowires are 

involved. Yet, the widespread use of single nanowire devices is prevented by the need of expensive 
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techniques to fabricate contacts. Here we applied the Langmuir-Blodgett technique to align ZnO 

nanowires between electrodes being two microns apart in a configuration that possess both the 

quality of single nanowire devices and the advantages of multiple nanowires. We achieved 

alignment without using lithography, so the procedure is inexpensive and scalable. As a proof of 

concept, we demonstrated that the obtained chips are suitable for sensing of NO2, either at 200°C 

or at room temperature with light activation. We discussed the obtained sensing parameters as a 

function of supra and sub-bandgap photoactivation.  

1. Introduction 

The need for reliable, quick-acting, low-cost detectors for different dangerous chemical agents 

is evident, and many sensors have been proposed [1,2,3,4]. Such sensors, especially if they are 

small and consume only a small amount of power, would be far more practical for widespread use 

than complex and costly analytical instruments. 

In order to increase sensor performance, sensors based on individual nanowires (NWs) are highly 

desirable. Due to almost monocrystalline perfection and atomically sharp terminations, nanowires 

exhibit excellent chemical and thermal stability that make them superior to conventionally used 

polycrystalline thin-film sensors, which are often associated with grain coalescence stimulated by 

high temperature and consequent high drift of electrical properties [5,6,7]. Another advantage of 

NWs in sensor applications is the small diameter approaching electron confinement limit, which 

make conductivity of NW extremely sensitive to all changes its surface. 

Although devices based on single nanowire have numerous potential benefits in molecular 

sensor applications [8, 9], there are many practical obstacles in the fabrication of these devices, 

such as cost, reproducibility, and scalability, to mention just a few. In particular, to fabricate 
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contacts on individual nanowires is a demanding procedure [10,11] that makes their widespread 

applications almost impossible. 

The conventional approach to the problem goes by finding an effective method of depositing an 

aligned array of NWs on a substrate which either has pre-patterned electrodes oriented 

perpendicular to the NW alignment direction or electrodes deposited on top of aligned NWs [12, 

13, 14]. This approach does not guarantee the fabrication of devices with single NW bridging the 

electrodes but comes close by enabling devices with only a few NWs between the electrodes. There 

are many existing methods of depositing aligned arrays of NW with array thickness limited or 

close to single NW, e.g., electrospinning [15], microfluidic flow [16], electric field [17], and 

Langmuir-Blodgett (LB) [ 18 ]. The LB method has an advantage of being inexpensive, not 

requiring special surface pre-patterning, and resulting in a reasonably high degree of alignment of 

one NW thick arrays [19,20]. Change C.01 To be suitable for the LB deposition method, the NWs 

must be hydrophobic or made it by capping with a suitable surfactant.  Hydrophobicity keeps them 

floating on the water surface of the deposition trough. Initially, the NWs are spread on the surface 

at sufficiently low density and do not touch each other. Surface compression by two parallel 

barriers forces the NWs to arrange themselves parallel to the barrier due to their large aspect ratio 

[20]. Such an aligned array of NW is easily transferred on a solid substrate. The method was 

effective in depositing different types of NWs such as silver [5], tungsten oxide [1], and vanadium 

dioxide [21]. 

The present work aims to achieve the deposition of oriented ZnO NWs arrays across the 

electrodes by employing a Langmuir-Blodgett technique. The arrays of parallel-aligned nanowires 

possess features and superiorities of a single nanowire, but facilitate the overall manipulation and 

avoid difficulties in fabrication of reliable electrical nanocontacts. The highly ordered sensors 
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array minimizes issues arising from the intrinsically random nature of the nanowire network and 

guarantees higher reproducibility and industrial scalability of the products. As a proof of concept 

demonstration, we studied the ZnO nanowires aligned between contacts as gas sensors.  The tests 

performed in the present work with reducing (H2S) and oxidizing (NO2) species, showed high 

surface sensitivity to NO2 .  Further insights on the surface reactivity was studied by varying the 

sensing parameters as operating temperature and wavelength for photoactivation.  

 

2. Materials and methods 

2.1. Nanowire alignment 

We used commercial ZnO NWs from PlasmaChem GmbH, which have a suitable average length 

(~5 µm) and diameter (50-300 nm) and are available in sufficient amounts for Langmuir-Blodgett 

procedure: roughly 10 mg of stock NWs was consumed for each experiment. The procedure 

developed here applies to any NWs produced by different techniques, provided that a sufficient 

amount is available. Langmuir-Blodgett system used in this work had a small trough (36475 mm) 

and allowed constant measurement of the surface pressure with the barriers compression. We 

adapted the dipping system in such a way that one effortlessly can transfer the films to a horizontal 

substrate (Langmuir-Schaefer technique). 

Commercially available NWs were very inhomogeneous in sizes and contained a large number 

of agglomerates. Therefore, the first step in sample preparation was the separation of single NWs, 

achieved by (1) suspending NW powder in isopropanol, (2) sonication, (3) gravity separation, and 

(4) collection of non-precipitated part of the NW suspension. We repeated the procedure a few 

times. 
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Substrates with gold electrodes had 1×1 cm size and contained 7 electrode pairs with an inter-

electrode gap of 2 µm and overlap length of 10 µm, see Figure S1 in SI: we tested different 

configurations of electrodes. The gap between the electrodes was narrow enough so that nanowires 

could bridge the gap. 

 

2.2. Nanowire hydrophobization and sample purification 

To be suitable for alignment and deposition by the Langmuir-Blodgett (LB) technique, the NWs 

must be hydrophobic. Since metal oxide NWs are generally hydrophilic, the ZnO NWs were 

coated by palmitic acid molecules, which self-assemble on the surface of ZnO due to their 

carboxylic groups and expose alkyl tails to the outer side of the layer. We added 1.5 ml of palmitic 

acid solution in isopropanol (0.1 mg/ml) to a suspension of 10 mg ZnO NWs in isopropanol and 

sonicated for 10 min in the sonication bath. To remove unreacted palmitic acid, we centrifuged the 

sample, collected the precipitated, and suspended it in isopropanol again, repeating the procedure 

fifteen times. Finally, we replaced the isopropanol with chloroform to make the suspension suitable 

for the Langmuir layer formation. 

We spread the obtained suspension of ZnO NWs in chloroform on the water surface of the 

Langmuir trough recording the surface pressure-area isotherm (see Figure S2 in SI). We deposited 

the LB films at different target pressures: 10, 15, 18, and 22 mN/m. There was no visible difference 

between these samples, except that at higher pressure the density of wires was higher, and the 

wires were slightly more aligned. Figure 1a sketches a schematic presentation of the NW alignment 

process.  
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Aligned nanowires were used for sensing tests. For the sake of comparison, dropcast samples 

consisting of ZnO random nanowires were prepared as well for comparison, by simply dropping 

NWs dispersed in a solvent over the electrodes (see Figure S3 –SI).  

 

2.3. SEM microscopy 

Zeiss Sigma Field Emission Scanning Electron Microscope (FE-SEM) was used to study the 

morphology of the samples as well as imaging of their conductivity. The low acceleration voltage 

of 1 kV allowed collecting more information from the surface layers of ZnO nanowires, such as 

charging. 

 

2.4. Sensing tests 

We carried out sensing tests in a stainless-steel test chamber (1000 cm3) equipped with a quartz 

window for front illumination, and with an integrated heater holder to accommodate the chip. We 

kept a constant flux (300 cm3/min) with 30% relative humidity (RH), diluting gas species (NO2 

and  H2S) from certified bottles. A constant voltage equal to 3V was supplied to the sensing film, 

measuring the electrical current by a picoammeter (Keithley model 486).  

For photoexcitation, we used a He-Cd laser (325 nm and 442 nm lines) and neutral density filters. 

The light intensity at the sample was 0.5 and 8 mW, respectively. 

As a performance feature, we selected the Relative Response (RR), i.e. the relative change of 

resistance towards gases RR = (RF-R0)/R0, where RF is the steady state value of resistance in gas, 

and R0 is the steady state value of resistance in air. Response (Recovery) time was the interval 

needed to reach 90% of steady state value in gas (70% of recover to air). Due to the physical 
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constraint of the test chamber, a complete exchange of the chamber atmosphere takes more than 

three minutes, so shorter response and recovery times are meaningless in our experimental setup. 

 

3. Results and discussion 

 

 

Figure 1: (a) Scheme of the LB alignment procedure (b, d) SEM images of ZnO NW LB films 

deposited on the Si/SiO2/Au substrates obtained at different magnification; (c, e) orientation 

diagrams corresponding to figure (b, d) obtained from SEM images with CytoSpectre software. 
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SEM microscopy was used to analyze the alignment process. Figure 1(b) shows SEM images of 

layers deposited on a silicon substrate with Au electrodes: predominant orientation of the NWs 

takes place, but also a broad distribution of NW sizes results in strong distortion of the order at a 

larger scale - see Figure 1(d). The orientation factor was studied by analyzing SEM images with 

CytoSpectre software [22]. Figure 1(c, e) show the corresponding orientation diagrams: typical 

orientation factors (the ratio distribution value along the orientation axis to perpendicular 

direction) were 3-5. Change C.02 This relatively low degree of orientation is most probably due 

to the broad size distribution of the NWs used, and to the small NW fragments with minimal aspect 

ratio, that remains after centrifugation. Perhaps a more thorough redispersion-centrifugation could 

eliminate better undesired small fragments; we did not study this option as achieved orientation 

factor was sufficient for obtaining a few NW bridging the electrodes. 

The reproducibility of obtained monolayers was estimated to be 80%. 

Through the LB alignment procedure we were able to almost routinely produce ZnO nanowire 

samples on gold electrodes for further characterization. Still, the high variation in ZnO nanowire 

length and thickness of stock samples limits the degree of alignment. 

The employed technique leads to a dense film of nanowires covering electrodes and the 

surrounding area. Percolations between the nanowires arranged around the electrodes may 

potentially result in occurring of bypasses to the current through the nanowires that directly bridge 

the electrode gap. In order to eliminate the undesirable additional conductive channels, we have 

tested different electrode configurations combined with contrast imaging method described by 

Chung et al. [23]. The approach allowed us to visualize conductive pathways through the percolated 
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nanowires, which have a higher potential to emit secondary electrons than those contacted only 

with the dielectric substrate. Figure 2(b) presents the electrodes we have chosen. 

Prior to sample conductivity and sensor applicability studies, the samples underwent annealing 

at 400°C for 30 min. Annealing improves the contact between the NWs and gold electrodes, but 

more importantly, removes palmitic acid from the NW surface. 

 

 
Figure 2: SEM images of the ZnO NW LB films with pathways around the electrodes (a) and with 

no visible bypasses (b). 

 

 

Figure 3: (a) Typical I-V curve of ZnO NWs between Au electrodes; (b) I-V curves in a log scale 

in dark conditions and under UV light illumination. 
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Figure 3(a) presents the typical I-V curve of ZnO NW array, showing a rather symmetric 

response for positive and negative potentials, which indicates a reliable contact between NWs and 

Au electrodes. The applied voltage ranging between -2 and 2 V proved the stability of the samples, 

even in a high bias range. As from Figure 3 (b), the current is increased by almost two orders of 

magnitude under UV light illumination compared to dark conditions at room temperature (RT), 

due to band to band carrier generation.    

 

Photoelectrical characterization 

For electrical characterization, we used light and temperature activation together and separately. 

Figure 4 (a) presents results of measurements at 200°C together with blue light activation (442 nm 

- 8mW), Figure 4 (b) show results for the device measured at RT with blue light, and Figure 4 (c) 

the device measured at RT under UV excitation (325 nm - 0.5 mW). The blue laser does not possess 

the energy needed to excite band to band transitions but may act on intra-band gap states. UV light 

generates electron-hole pairs and is common in gas sensing experiments with metal oxides [24].  

Figure 4 (a) shows that the current rises instantly when blue light is switched on. When the laser 

shutter closes, the current rapidly drops down, as can be observed at the arrow, and then increases 

backward when the blue light is again impinging on the sample. It takes a few minutes after 

switching on the light to reach a steady state current, while the current decreased in a few minutes 

when the laser is switched off. Figure 4 (b) shows the effect of laser light on the sample kept at RT 

(25°C). The current reaches a steady state after about ten minutes. The steady state value is 910-

9 A, slightly lower than the current observed in Figure 4 (a), which is 310-8 A; the small difference 

is ascribable to the temperature activated carriers. The other difference is the noise observed at 
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elevated temperature (200°C) compared to other cases: thermally activated carriers inside the 

nanowires may explain the noise [25] since it disappears in measurements at RT. 

 

Figure 4: Current flowing through the sample exposed to humid air at 30% RH in different 

conditions: (a) working temperature 200°C; blue laser was switched on at t=0 and shuttered at t=4 

minutes for 2 minutes to check light influence; (b) RT operation: blue laser was switched on at 

t=0; (c) RT operation: UV laser was switched on at t=0; (d) current decay after switching off the 

blue laser light at 200°C; (e) current decay after switching off the UV laser light at RT; (f) scheme 

of the photoactivation process. 

 

Figure 4 (c) shows the effect of illumination with UV light. The current at t=0 was the one 

obtained with blue illumination. Electron - hole pairs generated by UV light promote a two order 
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of magnitude increase of the current, comparing to dark conditions at RT. Change C.03 The time 

needed to reach the steady state further decreased to 2.4 minutes compared to the illumination with 

blue light. 

Photogenerated holes recombine with oxygen ionosorbed at the surface of ZnO, thus decreasing 

the space charge layer thickness at the surface of the nanowire and increasing the current flowing 

through the nanowire. The transient time value is in agreement with what is reported in literature 

for UV light induced oxygen photodesorption in SnO2 [26, 27, 28]. 

After switching off the blue laser, the photoconductivity drops down promptly (Figure 4 (d)); 

however, when the UV illumination goes off, the photocurrent decays slowly, as shown in Figure 

4 (e). Apparently, under the UV band-to-band excitation, the electrons accumulate in the bulk of 

the nanowire, while the photogenerated holes drifted to the surface due to the band bending caused 

by chemisorbed oxygen species. The emerging charge separation leads to the increased lifetime of 

the photogenerated carriers. Thus, slow descent of the current observed after turning off the UV 

excitation can be governed by a hindered recombination of the spatially separated non-equilibrium 

carriers through the surface barrier. By contrast, blue laser excites electrons from the trapping 

centers not deeper than 2.8 eV from the conduction band minimum, and their recombination 

lifetime will strongly depend on the localization of the defects. As the photocurrent quickly decays 

down, we suggest that these trapping centers mainly originate not from the surface but rather from 

the bulk, as depicted in the scheme of the photoactivation (Figure 4 (f)). 

We investigated the sensing performance of the device towards NO2 at a constant relative 

humidity under different types of activation (Figure 5): temperature at 200°C + light at 442 nm, 

RT + light at 442 nm, and RT + light at 325 nm. Figure 5 represents the sensitivity tests to NO2 

for different working conditions. Table 1 report the data obtained from measurements depicted in 
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Figure 5. The relative response of the sensor is the same, but the noise observed when operated at 

200°C is much higher than when operated at RT and excited both with 442 nm and with 325 nm 

laser light. Response and recovery times are shorter for light at 325 nm while they are longer for 

at 442 nm and RT. 

 

Figure 5: Sensing NO2 (1 ppm) with aligned nanowires in different conditions: (a) 442 nm and 

temperature activation (T=200°C); (b) 442 nm activation at RT (c): 325 nm activation at RT. 

Table 1: parameters extracted from measurements in Figure 5. 

 Relative 

response  

Baseline noise 

(variance) 

Response time 

(min) 

Recovery time 

(min) 

442 nm -200°C 1.44 0.006 3 11 

442 nm - RT 1.29 0.002 10 23 

325 nm - RT 1.38 0.0001 3 13 

 

 

Since the measurements of the samples heated at 200°C were too noisy, and while the ones 

using blue light excitation were worse than those with UV light, we chose to carry out further 

measurements under UV illumination at RT. 

In order to demonstrate the power of aligned nanowires in contrast to the bundles of nanowires, 

we compared ZnO aligned nanowires prepared by LB technique with randomly aligned nanowires 

dropcast on the same chip, carrying out tests at RT with UV activation by 325 nm laser light. 
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Dropcast samples showed low current and noisy signal (Figure 6 (c)), along with some drift in 

the baseline: we observed current variations in some cases, but could not link the relative response 

to NO2  concentration. Due to the random orientation of the NWs in dropcast sensors, their 

performance strongly depends on percolation through the interconnections between the NWs, a 

bottleneck parameter that significantly varies with preparation conditions. Furthermore, in 

percolating structures upon adsorption of oxidative molecules and blocking of some conducting 

branches, new random loops of various sizes are formed, which may lead to a low correlation 

between response and concentration. By contrast, the arrays of aligned NWs crucially minimize 

the issues arising from the intrinsically random nature of the dropcast nanowire network and 

percolations connected with the irregularity of the barriers at the random crossover junctions of 

the nanowire mats.  

For aligned nanowire (Figure 6 (a)), conductivity follows the NO2 concentration. The 

calibration curve (Figure 6 (b)) reports the mean value of relative response along with error bars, 

showing that a power law (a line in bilogarithmic plot) fits data as expected for metal oxide gas 

sensors. The lowest concentration tested was limited by the instrumentation available and is 1 ppm 

in the present case, but the results indicate that much lower values can be detected. We calculated 

that the limit for NO2 detection is 0.2 ppm (see SI - Figure S4). 

We studied the cross-interference of reducing gases in NO2 detection in the optimal conditions for 

NO2 sensing (RT + illumination at 325 nm). We chose H2S as a reducing gas since it produces 

high response even at low concentration in ZnO [29]. Figure 6 (d) reports the current variation 

towards H2S. No meaningful response signal was observed, probably due to RT operation. 
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Figure 6: Comparison between the normalized current variation of aligned ZnO NWs (a) and 

dropcast NWs (c) for NO2 detection. The measurement conditions were: RT, UV light activation 

and RH=30%. Gas pulses were random by purpose (1-2-3-2-4-5-7-1-5-2-7-3-4 ppm). (b) 

Calibration curves for NO2 detection by LB aligned ZnO NWs reported in figure (a). (d) 

normalized current variation of aligned ZnO NWs towards H2S.  

UV illumination ensures an efficient way to obtain RT operation of our device. When NO2 interacts 

with ZnO nanowires, the molecules chemisorb on the ZnO surface, forming a new acceptor state 

and thus decreasing the current. Due to band-to-band excitation, UV laser generates more electrons 

thus facilitating oxidative adsorption of NO2, Change 04 following the reaction [30]:  

𝑁𝑂2(𝑔𝑎𝑠) + 𝑒− → 𝑁𝑂2(𝑔𝑎𝑠)
−   (adsorption)      (1) 
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The increased density of photogenerated holes speed up the desorption rate of NO2 gas molecules 

following the reaction: 

𝑁𝑂2(𝑔𝑎𝑠)  
− + ℎ+ →  𝑁𝑂2(𝑔𝑎𝑠)  (𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛)     (2) 

Improved photodesorption produces shorter response and recovery times of sensor working at RT 

with UV light (Figure 5 and Table 1), which become comparable to those of the sensor working at 

200°C in the presence of blue light.  

In the case of blue light excitation,  the density of electrons excited from trap states is much smaller, 

as testified by the more modest current increase (Figure 4b), beside hole density is unaffected and 

response and recovery times much longer.   

The too low operating temperature can explain the low cross-sensitivity to H2S. When H2S 

interacts with ZnO nanowires, the H2S molecules react with preadsorbed oxygen species, thus 

acting as a reducing gas. The corresponding reaction is accompanied by releasing of electrons to 

the conduction band but requires an elevated temperature [ 31 ]. Holes generated by UV 

illumination at RT do not activate interaction of chemisorbed oxygen species with H2S molecules 

on ZnO surface. 

 

4. Conclusions 

In summary, we have developed an easy and cost-effective way of separating and assembling 

the commercial metal-oxide nanowires on top of narrow-gapped electrodes based on the 

Langmuir-Blodgett technique. The obtained monolayers exhibit a high level of alignment (with 

orientation factors from 3 to 5) and reproducibility up to 80%. The used method is a promising 
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approach and can produce monolayers with an even higher alignment level provided that the 

uniform nanowires are being used. 

The assembled nanowire arrays performed as a stable and sensitive photoactivated sensor to 

oxidizing gases, such as NO2, with much higher sensitivity and lower noise in comparison with 

randomly oriented dropcast nanowires. We have shown that using UV illumination during the 

sensor operation guarantees measurable current, lowest noise, and fastest response compared to 

heating and blue light illumination. 

Comparing the current decays after illumination of the sensors with different wavelengths 

allowed us to conclude that the trapping centers in the studied zinc oxide nanowires are located 

rather in the bulk region of the nanowires than on their surface.  

The high reproducibility and sensitivity of the fabricated devices, as well as the versatility of the 

method, can make the LB-based approach a promising candidate for routine fabricating of high-

performance gas sensors at a large scale. 
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Supporting Informations 

Scheme of the gold electrode chip used in the work with the insets showing two different 

configurations of the electrodes tested. Surface pressure isotherm taken during the assembling of 

ZnO nanowires monolayer. SEM image of the dropcast ZnO nanowires on top of the golden 
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ABBREVIATIONS 

RT: Room Temperature; LB: Langmuir-Blodgett; NWs: nanowires; FE-SEM: Field Emission 

Scanning Electron Microscope; RR: Relative Response. 
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