
Site-specific growth and in situ integration of different nanowire mate-
rial networks on a single chip: towards a nanowire-based electronic 
nose for gas detection 
Lukas Hrachowina,#,ǁ Guillem Domènech-Gil,§,†,ǁ Antonio Pardo,§ Michael S. Seifner,# Isabel Gràcia,¥ 
Carles Cané,¥ Albert Romano-Rodríguez,§,†,* Sven Barth#,* 
# Institute of Materials Chemistry, TU Wien, 1060 Vienna, Austria; § Departament of Electronic and Biomedical Engi-
neering, Universitat de Barcelona (UB), 08028 Barcelona, Spain; † Institute of Nanoscience and Nanotechnology (IN2UB), 
Universitat de Barcelona (UB), 08028 Barcelona, Spain; ¥ Institut de Microelectrònica de Barcelona, Centre Nacional de 
Microelectrònica, Consejo Superior de Investigaciones Científicas (CSIC), 08193 Bellaterra, Spain. 
KEYWORDS Nanowires; Electronic nose; Tin oxide; Tungsten Oxide; Germanium; CVD 

 

ABSTRACT:  A new method for the site-selective synthesis of nanowires has been developed to enable material growth with defined 
morphology and at the same time different composition on the same chip surface. The chemical vapour deposition approach for the 
growth of these nanowire-based resistive devices using micromembranes can be easily modified and represents a simple, adjustable 
fabrication process for the direct integration of nanowire meshes in multifunctional devices. This proof-of-concept study includes the 
deposition of SnO2, WO3 and Ge nanowires on the same chip. The individual resistors exhibit adequate gas sensing responses towards 
changing gas concentration of CO, NO2 and humidity diluted in synthetic air. The data have been processed by principal component 
analysis with cluster responses that can be easily separated and thus the devices described herein are in principle suitable for envi-
ronmental monitoring.  

INTRODUCTION 
In this day and age there is an important societal concern 

about the presence of toxic and potentially harmful gases in the 
atmosphere, which is valid both for the industrial as well as for 
the outdoor and indoor environments. To carry out this moni-
toring, gas sensors or gas sensor systems are required, among 
which solid state gas sensors are an excellent choice due to their 
low cost and relatively high sensitivity; however, these metal 
oxides usually lack in selectivity due to their  simultaneous re-
sponse to the presence of several gases. 

In general, semiconducting nanowires (NWs) have emerged 
as suitable components for several applications, including gas 
and liquid sensing, energy harvesting and generation as well as 
electronics and optoelectronics.1 Remarkable performances can 
be obtained with NW-based gas sensors in terms of sensitivity 
and response time.2 There are several ways for recording the 
actual response of a sensor device including simple optical, and 
electronic readout. One of the most simple and robust way to 
detect a sensor’s  response is the monitoring of the device’s re-
sistance values changing upon surface reactions with gaseous 
analytes, which are called chemiresistors.3 There have been tre-
mendous improvements on device performances related to ac-
tual crystal size and additives used to facilitate the surface reac-
tions more effectively.4-5 The high surface-to-volume ratio as 
well as the typically high crystallinity of NWs are beneficial for 
the use in chemiresistors. In this regard, the most impressive 
results have typically been reported for single NW-based de-
vices, including surface decoration with inorganic particles for 
sensitivity enhancement,6 self-heating for ultra-low power de-
vices,7 etc.. However, the fabrication of single NW-based de-
vices requires time consuming contacting procedures via 

nanolithography8-10 or the use of dielectrophoresis to assemble 
NWs in specific locations11. These processes are usually quite 
time consuming and therefore configurations using NW net-
works are of particular interest. Several groups have reported 
the fabrication of NW-based devices using networks.12-13 Typi-
cally, these nanowires are either transferred to the sensor’s sur-
face via dry transfer,12 drop casting14 or the complete substrate 
is heated and the growth of NWs and other deposits covers the 
whole substrate15-16. As mentioned above, the remarkable per-
formance obtained with NW devices is normally obtained on 
single prototypes and optimized using a trial-and-error ap-
proach. The important issue of NW-based sensor integration on 
multifunctional chips for their commercialization is usually not 
addressed and requires good control over their growth behav-
iour. The site-selective growth on actual sensing platforms 
would be a viable approach for the large scale integration of 
these nanostructures, but reports on NW growth without con-
tamination of the whole growth substrate is limited to a few re-
ports using microhotplates and micromembranes as heating el-
ements for thermally induced growth processes.17-20 

On the other hand, the well-known lack of selectivity to-
wards gaseous species adsorbing on the surface for metal oxide 
based resistors as gas sensors is an issue that has to be ad-
dressed. A solution to this problem is pattern recognition across 
sensor arrays of different materials or temperature gradients 
with preferred reactions at a given temperature and surface, giv-
ing rise to a so called e-nose configuration.21-22 There are also 
optoelectronic e-noses or combinations of different sensor types 
to achieve sufficient analyte recognition.23 NW-based elec-
tronic noses using arrays of  individual NWs have been de-
scribed in literature for a single material such as SnO2,24 surface 



 

modified SnO2 NWs25 or different NW materials.26 Reproduci-
bility, reliability, and stability of NW-based sensing devices 
have been investigated, however the influence on the perfor-
mances of electrical contacts and their design and in situ inte-
gration during their growth has been rarely studied.  

This paper demonstrates for the first time that site selective 
growth of different NW materials for sensing applications is 
possible on a single chip using chemical vapour deposition 
(CVD) techniques. Since all the growth stages are thermally in-
itiated, the deposition of the NWs can be performed on a previ-
ously contaminated surfaces and the process should be compat-
ible with complementary metal oxide semiconductor technol-
ogy (CMOS) processing. This proof of concept study will pave 
the way for site-selective NW growth and, thus, a potential in-
tegration in actual multifunctional devices.  

 
EXPERIMENTAL SECTION 
Chemicals and Precursors. All solvents have been pur-

chased from Sigma-Aldrich. Solvents for the synthesis of 
Sn(OtBu)4 have been dried over sodium and the alkoxide pre-
cursor has been prepared as described in literature.27 Diphenyl-
germane (DPG) and W(CO)6 (99%) have been purchased from 
ABCR and have been used as received.  

Nanowire Growth. Bulk micromachined substrates were 
used as a platform for the growth of NWs. The substrate chips 
contain 4 electrically separated Si3N4/SiO2 micromembranes 
with a thickness of 1.1 µm and a resistive poly-Si heater em-
bedded within.28 Pt interdigitated electrodes deposited on top of 
the membrane are used to electrically access  the active sensing 
layer. The micromembranes are mounted onto a TO-8 holder, 
and wire-bonded to them. The temperature has been controlled 
through the voltage applied to the poly-Si heater in the respec-
tive membranes. Two of the membranes have been sputter-
coated with ~1nm Au layer to allow a seed mediated VLS-type 
growth, while the other two have been shadow-masked to avoid 
Au deposition. Ge NWs have been grown using 15 mg DPG in 
a low-pressure micro-CVD reactor via VLS using gold as 
growth seed similar to the published procedure for the growth 
on microhotplates at pressures of approx. 2x10-2 mbar for 10 
min.19  SnO2 NWs have been grown on a gold coated membrane 
using the same procedures described in literature employing 15 
mg Sn(OtBu)4 as precursor at pressures of 9x10-2 mbar for 20 
mins.17 The tungsten oxide NWs have been grown in home-built 
aerosol assisted CVD (AACVD) reactors using 15 ml methanol 
as solvent for the W(CO)6 with a concentration of 7.58 mmol/l 
and carrier gas flow rates of 50-200 sccm using welding argon, 
while keeping the  substrate temperatures at ~360 °C. The tem-
perature was determined by comparing the morphology evolu-
tion of tungsten oxides with those grown on large substrates 
where the substrate temperature was monitored by a thermocou-
ple and all other parameters were held constant.  For the depo-
sition 10 sccm argon are passed through the flask where the aer-
osol is generated and the rest of the argon is added to this stream 
above the aerosol chamber to contribute to the overall flux. This 
procedure was chosen to generate a sufficient vapour transport 
to the substrate, while controlling the precursor concentration 
by dilution of the generated aerosol. The deposition was carried 
out for 1 h on micromembranes without Au coating. After the 
growth, the complete device was three times soaked in ethanol 
for 2 mins to remove potential contamination due to the 
AACVD process. The vapour transport of the aerosol can also 
lead to a surface coverage with undecomposed precursor on the 
non-heated parts of the device. Since the precursor can easily 
be removed by an alcohol, this procedure was used to ensure 

potential remains of this carbonyl precursor. Finally, the mate-
rial was heated in air for 2h at 400 °C to oxidise the NWs to 
WO3, using the resistive heater for this purpose. Reference sam-
ples have been prepared in a cold-wall CVD reactor as de-
scribed in literature with a modification to allow the AACVD 
growth. The deposition parameters have been used as bench-
marks to facilitate the growth on the microhotplates. 

Structural characterisation. The NWs were analysed us-
ing a FEI Inspect F50 scanning electron microscope (SEM). 
The Ge NWs were deposited on lacey carbon copper grids for 
transmission electron microscope (TEM) characterisation 
(Plano). In this study, a FEI TECNAI F20 operated at 200 kV 
and equipped with high angle annular dark field (HAADF) 
STEM and EDX detector was used. The images were recorded 
and treated using Digital Micrograph software. X-ray diffrac-
tion (XRD) patterns have been recorded on a PANalytical X-
Pert PRO PW 3050/60 in Bragg-Brentano geometry and Cu-Kα 
radiation. Fourier transform IR investigations were conducted 
on a Bruker Tensor 27 with an ATR MicroFocusing MVP-QL 
with a diamond crystal using OPUS version 4.0 software for 
analysis. 

Sensor characterisation.  The response of the NW contain-
ing devices towards different gases has been recorded using a 
home-made stainless steel chamber of 8.6 ml volume connected 
to a Gometrics MGP2 gas mixer with 4 Bronkhorst Mass-Flow 
Controllers. Electrical measurements and flowing gas concen-
trations were controlled using a self-developed Labview soft-
ware. For all the gas measurements a constant flow of 200 
ml/min was kept. Water vapour was added by deviating a part 
of the synthetic air flow through a bubbler. The air flow corre-
sponding to each relative humidity (RH) concentration was cal-
ibrated before testing the sensors using a commercial humidity 
sensor at 20 °C. Keithley 2602A dual Source Measure Units 
and various Keithley 2280S-32-.6 Source Measurement DC 
Supply units allowed to simultaneously measure the resistance 
of the sensors and control the voltage for heating the mi-
cromembranes for the gas sensing measurements. 

The three NW-based gas sensors were characterised to-
wards carbon monoxide (CO), nitrogen dioxide (NO2) and RH 
with very similar conditions of stabilisation, gas exposure and 
recovery times but adapting every step to the particularities of 
each type of sensor. The gas measurements include allowing the 
device 6 or 8 hours to stabilise the baseline at the operation tem-
perature, between 0.25 and 1 hour of exposition towards the 
studied gases and between 0.5 and 4 hours in dry synthetic air 
ambient to recover the baseline after the exposition. This pro-
cedure was repeated for the different concentrations of every 
studied gas using one, two or three types of sensors simultane-
ously. The measurements were repeated at different tempera-
tures to optimise the working temperature, except for the case 
of Ge NWs based sensors. Ge NWs were maintained at 100 ºC 
to ensure a constant thickness of the GeOx layer, important to 
ensure a stable behaviour as gas sensor. 

 
RESULTS AND DISCUSSION 
The different NW materials have been successfully grown 

on micromembranes that can be individually addressed on a sin-
gle chip. Each chip consists of four isolated micromembranes 
with low thermal mass that provides fast thermal response. Each 
micromembrane contains a doped polysilicon heater embedded 
in Si3N4 membrane with an isolating layer of SiO2 encapsulat-
ing the structure and Pt interdigitates for electrical readout at 
the top surface. The details of this sensing platform are de-
scribed elsewhere.28   



 

 

FIGURE 1: SEM images of (a) W18O49 NWs, (b) Ge NWs and (c) 
SnO2 NWs site-selectively grown on micromembranes. (d) The op-
tical image shows the blue colour of the substoichiometric tungsten 
oxide WO3-x NWs, the white SnO2 NW deposit as well as a typical 
brown coating of Ge and (e) shows a typical SEM image with all 
deposits bridging the visible interdigitates on top of the membranes 
and the corresponding scale bar missing in the optical image. The 
tungsten oxide is already oxidised to WO3 in these images. 

In a first step the tungsten oxide NWs are grown taking ad-
vantage of preferential nucleation of elongated substoichio-
metric NW-type crystals under the appropriate experimental 
conditions without the use of a metal growth promoter. The 
large number of reports on tungsten oxide NW growth for their 
use as sensors relies on experimental conditions that are not fa-
vourable for a site-selective growth of NWs. Typically, the pro-
cesses rely on the heating of the entire device to temperatures 
> 400 °C in a hotwall CVD reactor, leading to “parasitic” nu-
cleation of oxide on the entire substrate.29-31 While shadow 
masking can be used to channel some of the precursor flux to-
ward preferential growth areas, it cannot fully prevent the dif-
fusion of gaseous species and, thus, surface contamination on 
the devices and also the reactor walls will occur. An exception 
in literature depending on a local heating approach resulted in a 
large number of tubular structures in combination with other 
nanostructures and the resulting coating did not resemble the 
products obtained in hotwall reactor CVD, where the whole de-
vice was exposed to heat.32 We achieved site-selective growth 
of tungsten oxide NWs exclusively in the heated area of a mi-
cromembrane by aerosol assisted CVD using a methanol solu-
tion of tungsten hexacarbonyl. The best results were obtained 

when the solution was stirred for one hour prior to deposition, 
which leads to a partial CO ligand exchange to coordinated 
methanol triggered by UV light.33 The SEM image in Fig. 1a 
clearly illustrates the formation of tungsten oxide NWs in the 
process and shows that these NWs can be grown on site-selec-
tively heated areas in a cold-wall reactor. Fine-tuning of the 
deposition temperature allows the exclusive formation of NWs, 
without a particle co-deposit on the membranes and NWs 
(Fig. S1). The sub-stoichiometric WO3-x NWs are highly crys-
talline and display a well-known growth direction along the 
á010ñ axis in TEM images and the corresponding fast Fourier 
transformations (FFT) that are consistent with monoclinic 
W18O49 (Fig. S2). A high number of stacking faults perpendic-
ular to the growth axis are a well-known phenomenon in tung-
sten oxide and tungsten suboxide NWs.34-35 The presence of 
stacking faults is visible in the FFT pattern showing a streaking 
of the spots perpendicular to the growth direction (Fig. S2). The 
initially blue NW deposits can be oxidised by a short heat treat-
ment for 2 h at 400 °C in air leading to visually white deposits. 
The overall morphology does not change by this oxidation pro-
cedure, while the conversion can be followed by XRD showing 
a shift in the dominating reflection towards lower 2θ values 
(Fig. S3). The high crystallinity of the tungsten oxide NWs re-
mains, as shown in XRD, and is also illustrated by HRTEM im-
ages of single NWs and their corresponding FFT images (Fig. 
S2b).   

Growth procedures of Ge and SnO2 NWs on micromem-
branes and microhotplates have been previously described.17, 19 
Ge NW growth has been achieved on micromembranes, as 
shown in the SEM image in Fig. 1b, using Au as growth seed 
and DPG as precursor and keeping the substrate at ~400 °C .19 
Lower temperatures lead to curly and defect rich NWs, while 
temperatures, which are too high result in a larger number of 
NWs growing in plane of the substrate. Both regimes have been 
mapped out and have been avoided, because especially the sur-
face migrating NWs will lead to conduction paths with small 
surface area and, therefore, are less suitable for sensor opera-
tion. The as-grown Ge NWs are single crystalline, as shown in 
Fig. S4a. The DPG precursor does not react with hydroxyl 
groups on the surface and, therefore, contamination issues can 
be neglected, even when tungsten oxide NWs have been prior 
deposited on a different membrane of the same chip. Finally, tin 
oxide NWs have been grown on the remaining micromembrane 
using Au as growth promoter and Sn(OtBu)4 as precursor. The 
HRTEM image in Figure S4b shows the single crystalline na-
ture of the SnO2 NWs.17 In a previous study, we mentioned the 
absence of a surface bound SnO2 particle layer for SnO2 NW 
growth,18 but further investigation is required to understand the 
low tendency of thin film formation even though in this temper-
ature regime non-catalysed precursor decomposition occurs.36 
An expected SnO2 particle film forms at lower temperatures by 
heating a membrane without the gold growth seed (Fig. S5).  In-
creasing the deposition temperature reveals a clean silicon ox-
ide surface of the membrane in the centre, which is generally 
slightly higher in temperature than the outer heated part of the 
membrane that remains with a SnO2 particle layer. At the SnO2 
NW growth temperatures the whole inner part is so hot that de-
sorption dominates under the given experimental conditions in-
cluding a low precursor concentration. Therefore, this absence 
of a particle film can be attributed to a thermal desorption pro-
cess at elevated temperatures, which is in accordance with the 
generally accepted dependence of growth rates on the tempera-
ture for a given precursor flux.37 The Au-supported NW nucle-
ation leads to a quick formation of single crystalline material, 
which will not easily desorb and the NW product remains on 



 

the membrane. Fig. 1d and 1e show optical and SEM images of 
one chip with the 4 membranes on top of which the different 
NWs have been grown. Cross section SEM images in Fig. S6 
show the length of the NWs grown on the micromembranes, 
which can be used to for the calculation of the surface area be-
ing in the range of ~5-20 m2/g (WO3 ~ 5.6 m2/g; Ge ~9.4 m2/g; 
SnO2 ~19.5 m2/g).  

 
 

FIGURE 2: (a) Evolution of SnO2 NW device resistance for differ-
ent concentrations of CO in synthetic air. The response of the re-
sults from (a) are shown in (b) as function of concentration at dif-
ferent temperatures and in (c) the CO concentration dependence of 
response time at 400 . 

The response of the sensors towards the different adsorbing 
species can be defined as the relative change in the sensor’s re-
sistance, which is expressed in general terms as illustrated in 
equation 1, irrespective from oxidizing or reducing gases or p- 
or n-type semiconductors: 

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒(%) = +,-./0,1-2+

,-./
                              Eq.1 

The sensor’s response time is defined as the time required 
to reach 90% of the steady state resistance under a given gase-
ous concentration, while the recovery time is the time between 
the gas flow stops and the resistance varies 90% of the interval 
between the steady state and the base resistance. The sensors 
response towards the different gas species was tested either in-
dividually or with two or three sensors working simultaneously. 
Comparisons between individual and simultaneous measure-
ments reveal no differences, proving that the proximity between 
operating sensors has no influence on the actual readout of the 
individual devices. SnO2 and WO3 are typically n-type semi-
conductors and, therefore, surface reactions with the same gas 
will show similar trends in respect to resistance changes.38-43 
The response of Ge NWs is typically reversed when compared 
to the aforementioned oxides due to the fact that this material is 
usually a p-type semiconductor.19 All the measurements in this 

study are carried out in synthetic air because the absence of ox-
ygen alters the sensors’ response dramatically and base re-
sistance values are highly dependent on the chemisorption of 
oxygen at their surface, resulting in an altered space charge re-
gion at the surface.44  

The change in resistance of the locally grown SnO2 NWs 
meshes against varying CO concentration in synthetic air was 
investigated in the range of 10 to 50 ppm, which is very close  
to the legal limit for 8h exposure time-weighted average (TWA) 
of 8.6 ppm CO.45 The evolution of the SnO2 sensor’s resistance 
at different temperatures is represented in Fig. 2a. The decrease 
in resistance upon CO exposure is expected for an n-type semi-
conductor gas sensor such as SnO2. The shift in baseline can be 
attributed to different chemisorbed oxygen species on the SnO2 
surface. In the temperature range 200-400 ° the dissociation of 
initially molecular (O2

-) to atomic (O-) chemisorbed oxygen 
species leads to an increased number of charges captured from 
the semiconductor and, thus, an increase in the resistance.19, 46-

47 Response of the SnO2 NW device towards CO up to 50 ppm 
in concentration as a function of temperature is illustrated in 
Fig. 2b. The site-selectively grown SnO2 NW sensors show a 
response of up to 12 % for 50 ppm of CO at 400 °C, accompa-
nied by a response time as low as 40 seconds. At these temper-
atures the sensor’s response is at a maximum and also the re-
sponse time is lowest. A plot of the response time as a function 
of concentration is represented in Fig. 2c and its decrease with 
increasing CO concentration is observed. Non-linear responses 
are well known for semiconductor gas sensors and can be typi-
cally represented by a power law.48 The response of this sensor 
towards NO2 shows the well-known increase in resistance upon 
exposure, typical of an n-type semiconductor towards an oxi-
dizing atmosphere in dry synthetic air at 300 °C (Fig. S7). This 
range is slightly higher than the upper time-weighted average 
exposure limit in the EU (0.1 ppm) for air quality standards in 
urban areas and one day exposure times49; however, in specific 
areas such as underground parking garages50 or ice arenas51 the 
values can be higher. However, responses of 56 % towards 0.2 
ppm NO2, as illustrated in Fig. S7b, demonstrate that these val-
ues can be easily detected with the here presented devices. Fig. 
S8 shows the response of the SnO2 NW meshes towards relative 
humidity. The interaction with the oxide surface leads to a re-
duction of resistance in the SnO2 NW-based devices which is in 
agreement with reports on single NW resistors52 as well as NW 
meshes16.  

 

FIGURE 3: Response of Ge NWs towards changes in the humidity 
levels in synthetic air at 100 ºC. The resistance changes are linear 
as shown in the inset. 



 

We recently demonstrated that Ge NW-based resistors 
based on micro-hotplates can be successfully used as humidity 
sensors.19 The Ge NW containing micromembranes, as shown 
in Fig. 1, have been used as humidity sensors revealing a linear 
response towards different humidity levels (Fig. 3). The dy-
namic response is rather slow but reliable and reproducible. A 
noticeable difference to our previous study on microhotplates is 
the increased cross-sensitivity against other gases such as CO 
(response 0.8 % for 50 ppm CO; previously 0.8% for 150 ppm 
CO) and NO2 (11% for 1 ppm NO2, which was merely 1.7 % 
observed before), as shown in Figs. S9 and S10. This is most 
likely due to a slight surface modification of the Ge NWs by 
SnO2 residues that were deposited due to the previously men-
tioned thermally activated desorption of SnO2 during the 
growth. According to these results and in order to optimise the 
NW-based devices, the fabrication process could be changed 
slightly to avoid the obvious modification of the material on the 
surface. In future experiments a short plasma treatment will be 
applied after the tin oxide deposition to remove any unwanted 
contamination.    

  

 

FIGURE 4: Response of WO3 NWs towards different concentra-
tions of NO2 at temperatures of 150 °C, 250 °C and 350 °C.  

Tungsten oxides are well known for their electrical response 
towards different gaseous species.53-54 The response of tungsten 
oxide NW meshes towards NO2 is highly temperature depend-
ent, as demonstrated in Fig. 4. The measured responses are in 
the range of more than 300 % for NO2 concentrations of ³ 
3 ppm in synthetic air at a temperature of 350 °C. However, the 
response towards CO is moderate (<10%) as illustrated in 
Fig. S11. The reduction of resistance in WO3 NW devices dur-
ing the interaction with water molecules is up to 69 % for a rel-
ative humidity of 70 %, keeping the sensor at 250 °C (Fig. S12).  

However, at real ambient conditions the sensors are not ex-
posed to single gases but to complex gas mixtures, where it is 
difficult to deduce the contribution of the individual species. 
This scenario is illustrated in Fig. 5a, showing the response of a 
NW-based SnO2 gas sensor towards mixtures of CO, NO2 and 
humidity in the same concentrations as described before. It is 
clear that the responses obtained are not simply the sum of the 
response to the individual gases, but that these gases can com-
pete for the same adsorption sites and, consequently, react dif-
ferently as for one single gas. This makes the sensing of gas 
mixtures using metal oxides quite complicated and electronic 
noses are required for their discrimination.  

 

FIGURE 5: (a) Resistance of a SnO2 NW-based device in changing 
environment of gas mixtures composed of CO, NO2 and relative 
humidity with variable concentrations in synthetic air at 250 °C. (b) 
Principal component analysis for SnO2, WO3 and Ge  NW-based 
gas sensor towards carbon monoxide, nitrogen dioxide and relative 
humidity clearly showing the different clustering of the measured 
data. The actual area illustrated is for included guidance of the eyes 
only. 

For this reason it is necessary that the observed response of 
the chemiresistors is monitored using more complex analysis to 
determine the concentrations of different analytes in gas mix-
tures. Principal component analysis (PCA) is mathematically 
defined as an orthogonal linear transformation. This transfor-
mation changes the data to a new coordinate system such that 
the greatest variances are projected to lie in the first and second 
axes.55-56 The PCA method helps classifying different gas spe-
cies using clustering, and helps, visually, to easily identify the 
ability of the sensor array to distinguish between the analyzed 
gases. The main objective of this type of work is to determine 
the cluster in which a studied gas resides and to quantify its 
presence. In our principal component analysis (PCA) study, the 
results from SnO2, WO3 and Ge NW-based gas sensors, work-
ing at 300, 250 and 100 ºC respectively, towards CO (10 to 50 
ppm), NO2 (1 to 5 ppm) and RH (from 0 to 80 %) reveal 3 dif-
ferent clusters corresponding to each gas species, as shown in 
Fig. 5b. The existence of different clusters and their obvious 
separation in the PCA representation proves the capacity of the 
three-sensor system to distinguish between these three gases in 
the measured concentration range, which can be harmful for hu-
man health. The next generation of such NW devices is ex-
pected to be even more efficient in discriminating between dif-
ferent gases, when the processes will be further optimised and 
potentially a fourth NW material incorporated. The NW-based 



 

devices do also respond to gases such as ethanol or ammonia as 
shown in Fig. S13 and Fig. S14 and thus their field of applica-
tion can be much broader. A detailed study of the gas sensor 
response, the PCA analysis in the presence of several gases in 
the atmosphere and the corresponding discrimination properties 
of this system is under preparation and will be published else-
where. 

 
CONCLUSION 
The here presented proof-of-concept study related to the in 

situ preparation of a NW-based sensor system by different CVD 
approaches shows clearly that the methodology can be success-
fully applied. Three different materials are demonstrated to be 
grown on one single chip in a defined geometry with little in-
terference on the growth parameters caused by the prior depo-
sition of other NW material. The use of CVD techniques are 
compatible with CMOS processing and, therefore, the impact 
of preparing gas sensors on any kind of chips for multifunc-
tional devices is intriguing. The sensors herein show responses 
similar to those of individual devices prepared exclusively on 
single micromembranes when exposed to atmospheres contain-
ing known harmful gases, such as CO and NO2, and at different 
levels of relative humidity. Some improvements to the sensors 
can be already imagined including an additional site-selective 
surface decoration with metal or metal oxide particles for a 
well-known sensitivity improvement5, 30 by thermal CVD using 
appropriate precursors.  However, even at this stage the discrim-
ination between all the three analytes in the environment is ob-
tained by the well-known PCA representation and the cluster 
responses can be easily distinguished.  
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Supporting Information. Supporting TEM, SEM and XRD im-
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