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Nanocrystalline  thin  films  of  NiO  were  prepared  by advanced  reactive  gas  deposition,  and  their  responses
to formaldehyde,  ethanol  and  methane  gases  were  studied  via  fluctuation-enhanced  and  conductometric
methods  Thin  films  with  thicknesses  in  the  200–1700-nm  range  were  investigated  in  as-deposited  form
and  after  annealing  at 400  and 500 ◦C. Morphological  and  structural  analyses  showed  porous  deposits  with
NiO  nanocrystals  having  face-centered  cubic  structure.  Quantitative  changes  in  frequency-dependent
resistance  fluctuations  as  well  as  in  DC resistance  were  recorded  upon  exposure  to  formaldehyde,  ethanol
as sensor
luctuation-enhanced sensing
ormaldehyde
thanol
ethane
ickel oxide

and methane  at 200 ◦C.  The  response  to  formaldehyde  was  higher  than  that  to  ethanol  while  the response
to  methane  was  low,  which  indicates  that  the  NiO  films  exhibit  significant  selectivity  towards  different
gaseous  species.  These  results  can  be reconciled  with  the  fact that  formaldehyde  has  a  nucleophilic
group,  ethanol  is  an electron  scavenger,  and  methane  is  hard  to either  reduce  or oxidize.  The  gas-induced
variations  in  DC resistance  and  resistance  fluctuations  were  in  most  cases  similar  and  consistent.

© 2016  Published  by  Elsevier  B.V.
. Introduction

Sensors for monitoring indoor air quality attract increasing
nterest, which is not surprising since people in developed coun-
ries spend up to 90% of their time inside buildings or vehicles [1].
oor air quality is a well-known cause for a condition known as
he sick building syndrome (SBS), which refers to a set of diffuse
nd irritative symptoms connected with the time spent indoors
ut without any clear relationship to any specific illness [2,3]. Poor

ndoor air quality can have various causes such as biological con-
aminants, excess of carbon dioxide, etc. [3]. Furthermore, volatile
rganic compounds (VOCs) are one of the major reasons for poor

ndoor air quality and appear to be strongly associated with the
BS and related adverse health effects. Thus the detection of VOCs
s essential for maintaining healthy conditions both in homes and at

orkplaces. Among VOCs, formaldehyde stands out as a common
hemical which is emitted from wood products, cleaning agents

nd pesticides [4]. There is also a correlation between formalde-
yde exposure and asthma symptoms [5–7].

∗ Corresponding author.
E-mail address: umut.cindemir@angstrom.uu.se (U. Cindemir).

ttp://dx.doi.org/10.1016/j.snb.2016.11.015
925-4005/© 2016 Published by Elsevier B.V.
Design and fabrication of gas sensors based on metal oxide thin
films is gaining widespread interest as a consequence of their semi-
conducting properties and low cost, and a large number of studies
have been carried out for sensors based on, for example, CuO,
SnO2, ZnO and WO3 exposed to various gases [8–11]. These sensors’
operating principle relies on resistance changes in the presence of
gaseous species which induce surface reactions in grain bound-
aries and act as donors or acceptors of electrons [8,12]. Different
gaseous species can be monitored with a single sensor if its oper-
ating temperature is altered, but issues concerning poor selectivity
are prevalent [13,14].

Many different techniques, from wet  chemical processing to
physical deposition, have been used to produce nanoparticles and
thin films for metal-oxide-based gas sensors [15–18]. Important
parameters for such devices are related to efficient use of nanoscale
properties such as structure, particle and grain size, porosity and
film thickness. Advanced gas deposition (AGD) stands out as a
particularly suitable method to achieve reproducible properties in
samples with high porosity and surface area [19,20], since nanopar-
ticle growth is separated from thin-film formation.

Among semiconducting metal oxides, nickel oxide (NiO) has

attracted considerable attention. It is a p-type semiconductor with
reported bandgap energy between 3.6 and 4.0 eV, and it can
exhibit large changes of its conductivity owing to surface-chemical

dx.doi.org/10.1016/j.snb.2016.11.015
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.11.015&domain=pdf
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Table 1
Deposition parameters showing pressure in the evaporation chamber (pe) and in the
film formation chamber (pf ) for three AGD-produced particulate NiO samples with
the  shown thicknesses (d). Three identical samples were made of each type and are
referred to as a set.

Sample set number pe (mbar) pf (mbar) d (nm)

1 102 0.58 1700
ig. 1. Sensor and sample holder showing NiO thin film, contact electrodes, Pt100
hermometer and heater.

eactions [16,21–23]. Diverse manufacturing methods have been
pplied to produce NiO thin films and nanostructures, including
hemical methods, sputtering and evaporation [15,24], and NiO
lms have been used in sensors for formaldehyde (CH2O) [2,21],
thanol (C2H5OH) [16], H2S [15], NO2 [15], NH3 [24], CO [25] and H2
26–28]. These sensors generally operate at elevated temperature
o activate surface-chemical reactions [8,15]. The usual method to
etect a gas relies on electrical properties, but modifications in
ptical properties have been studied too [29,30].

Several principles can be utilized for metal-oxide-based gas
ensing. A conventional one records changes in the DC resistance
pon gas exposure and is referred to as “conductometric” sens-

ng. This technique is popular and comparatively simple but has an
nherent limitation in its recording of a single parameter. Another
echnique, which avoids this limitation, is based on amplifica-
ion, measurement and analysis of the sensor signal’s stochastic
omponent that arises from resistance fluctuations during surface
eactions [31–34], and which can boost both sensistivity and selec-
ivity of gas detection [35]. The latter operation mode is called
fluctuation-enhanced sensing” (FES) [36,37] and can be imple-
ented in two ways: in the regular one [36] the sensor is heated

ontinuously and measurements are carried out at a stable operat-
ng temperature, whereas in another approach—referred to as the
sample-and-hold-method” [38,39]—heating is turned off and the
ensor is cooled to room temperature at which the measurements
re performed.

In the present work, we recorded and compared gas sensing
ased on DC resistance and resistance fluctuations, using the regu-

ar mode of FES, for AGD-prepared NiO thin-film deposits exposed
o formaldehyde, ethanol and methane.

. Experimental techniques and procedures

.1. Sample preparation

Thin-film NiO deposits were prepared on 4 × 25 mm2 Al2O3
eramic substrates devised for sensor applications, as shown in
ig. 1, and also on glass and Si plates for materials characteriza-
ion. The Al2O3 substrates had preprinted Pt–Ag alloy electrodes
n both sides. The upper side had two comb-structured electrodes
ith five 2-mm-long fingers separated by 0.3-mm-wide gaps, and

he reverse side had a 0.4-mm-wide heating resistor for controlling
he sensor’s temperature during its use. The operating tempera-
ure was measured with a platinum resistor (Pt100) glued to the
ubstrate via silver epoxy.
NiO nanoparticle films were deposited by using an advanced
eactive gas deposition unit (ULVAC Ltd., Japan). This unit has two
hambers, one for evaporation and the other for film formation,
onnected via a transfer pipe. The deposition method was as fol-
2  103 0.58 500
3  54 0.27 200

lows: Ni pellets (purity 99.95%) were placed inside a carbon crucible
surrounded by an RF heating coil in the evaporation chamber, and
a mixture of He (flow rate 20 ml/min, purity 99.997%) and O2 (flow
rate 10 ml/min, purity 99.998%) was let into the evaporation cham-
ber so that it formed a laminar flow surrounding the crucible. The
induction coil was powered at 3 kW.  Ni atoms evaporated from the
material in the crucible, subsequently formed oxidized nuclei in
the He + O2 mixture, and these nuclei grew into nanoparticles with
[20] or without [40,41] coagulation. NiO nanoparticles were then
transported into the film formation chamber through the transfer
pipe as a result of a pressure difference between the two chambers.
Table 1 shows actual values of the pressures pe and pf in the evap-
oration and film formation chambers, respectively. The substrates
were positioned on an X–Y stage and were moved in front of a noz-
zle at the upper aperture of the transfer pipe so that deposits with
thicknesses given in Table 1 were formed; the thickest deposit was
prepared as two superimposed layers. A schematic drawing of the
AGD system is shown in Fig. 2, and more detailed information can
be found in previous publications [42,43].

Three Al2O3 sensor substrates were coated with NiO nanopar-
ticles simultaneously and are jointly referred to as a “set”. Table 1
shows the evaporation conditions and film thicknesses for all sets
of samples. One of the members of this set was  left in as-deposited
state, a second member was  heat treated for 12 h at 400 ◦C, and
the third member was heat treated for 12 h at 500 ◦C. For anneal-
ing at 400 ◦C, the temperature was  ramped up from 25 to 400 ◦C
at ∼3 ◦C/min and was  ramped back at ∼0.5 ◦C/min; for anneal-
ing at 500 ◦C, the temperature was  ramped up from 25 to 500 ◦C
at ∼4 ◦C/min and was ramped back at ∼0.7 ◦C/min. Furthermore,
depositions were made in parallel onto glass and Si substrates for
characterization purposes.

2.2. Film characterization techniques

Film thicknesses were recorded by using a Veeco Dektak 150
surface profilometer. Atomic structures were obtained by grazing-
incidence x-ray diffraction (XRD) employing a Siemens D5000
diffractometer operating with CuK˛1 radiation (0.15406 nm) in a
2�-range from 2 to 90◦. Top-view surface microstructures as well as
cross-sections of the deposits were acquired by scanning electron
microscopy (SEM) using a Zeiss LEO 1550 FEG instrument, equipped
with an in-lens detector, at an acceleration voltage of 10 kV.

2.3. Gas sensing techniques

Resistance noise was  recorded for the NiO samples upon their
exposure to formaldehyde, ethanol and methane. The measure-
ments were carried out in a one-liter metal chamber equipped with
mass-flow controllers at a gas flow that was low enough to avoid
turbulence, specifically at 100 ml/min. The sensors were heated
during the measurements, and a stable operating temperature was

◦
then kept at 200 C. The sensors were investigated for each gaseous
species at different concentrations in a carrier gas of synthetic air
(SA; 20% O2, 80% N2); formaldehyde was  tested at 0.5, 1, 2, 5 and
10 ppm, ethanol at 25 and 50 ppm, and methane at 50 ppm. The
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Fig. 2. Schematic drawing of the advanced gas deposition unit, as further discussed in the main text.
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ig. 3. (a) Block diagram for noise-based gas sensor measurements. The power s
omputer-based (PC) control. PSDs were recorded by a power spectrum analyzer. (
egative  feed-back loop. The resistance R is adjustable and controls the input curre

ole exception to this scheme was that sensors from sample set 1
ere tested in ethanol only at 50 ppm.

In the beginning of each measurement, sensors were heated to
00 ◦C during 1 h in SA, and the sensors remained at this temper-
ture in SA for another half hour. Power spectral densities (PSDs)
ere then recorded, as schematically illustrated in Fig. 3(a), at the

nd of each subsequent 30-min-period. PSD spectra were obtained
s averages over 100 individual recordings, each taken during a
eriod of four seconds. The frequency ranges for the measurements
ere 2–202 Hz and 10–1610 Hz so that three decades could be

overed for the PSDs. After recording the noise spectra, the concen-
ration of each gas was increased to the next larger value. Values
f DC resistance were recorded in conjunction with the noise mea-
urements.

The sensor under study was put in a negative feed-back loop of
 low-noise operational amplifier (MAX4478, Maxim Integrated)
nd was driven by a DC current as shown in Fig. 3(b). The input
esistor R was used to bias the sensor at DC currents of 2.65,
2.4, 56.75 and 124.5 �A; different values were required since the
ensor’s resistance was dependent on its gaseous ambience. A spec-
rum analyzer (Stanford SR760) was used to record PSDs of the
oltage fluctuations; these fluctuations were proportional to the
ensor’s resistance fluctuations. During the FES experiments, the
ackground noise of the system was negligible compared with the
oise of the sensor.

The sensor’s DC resistance response Gdc is independent of voltage

ias and is defined as [42]

dc = Rtg
Rsa
, (1)
 is used for heating the sensor, and a fixed current is supplied to the sensor via
cuit diagram for the amplifier showing that the sensor, with a resistance Rs , is in a

where Rtg denotes the resistance after exposure to the specific “tar-
get” gas for 30 min  and Rsa is the resistance during exposure to SA
only. The normalized noise response Gn is defined according to [42]

Gn (f ) =

(
Su (f )⁄U2

DC

)
tg(

Su (f )⁄U2
DC

)
sa

, (2)

where Su(f)/U2
DC denotes the power spectral density normalized by

the squared DC voltage, U2
DC , across the sensor, and f is frequency.

The normalization by U2
DC was performed in order to remove a

dependence on bias conditions. It was verified by experiments that
the noise spectrum scaled with the squared DC voltage.

3. Results

3.1. Film characterization data

Fig. 4 shows an example of SEM images, specifically a top view
(panel a) and a cross-section (panel b) of a NiO film prepared by
AGD. A porous morphology is apparent, which is an attractive fea-
ture for gas sensing. Film thickness determination by SEM and
surface profilometry were found to be in good agreement.

XRD data in Fig. 5 indicate that the NiO film has a cubic NiO
structure corresponding to reference pattern ICDD:04-001-9373

(International Centre for Diffraction Data) with a lattice parameter
of 0.417 nm.  An average crystallite diameter D was  inferred from
the 〈200〉 peaks by use of Scherrer’s formula. Specifically, we found
D to be 3.7 nm for the as-deposited film and 5.9 and 11 nm after
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Fig. 4. SEM images of a NiO thin film on a Si substrate (sample se

Fig. 5. X-ray diffractograms of a NiO film on a glass substrate (sample set 1; see
Table 1) in as-deposited state and after annealing at the indicated temperatures.
The  peaks are assigned to the shown lattice planes.
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ig. 6. Resistance of NiO films on Al2O3 sensor substrates, recorded at 200 C in
ynthetic air, as a function of annealing temperature. Sample set data are given in
able 1. Data points were connected with straight lines to guide the eye.

nnealing at 400 and 500 ◦C, respectively, i.e.,  D grew markedly as
he sample was heat treated at increasing temperature.

DC resistance was measured for specimens in each of the three
ample sets after heating them in SA. As shown in Fig. 6, the resis-
ance grows for increasing annealing temperature with the change
eing particularly strong after heat treatment at 500 ◦C.

.2. Gas sensing data based on resistance fluctuations
Normalized noise responses were recorded as described above
nd data are shown in Fig. 7(a) for ethanol and methane and
n Fig. 7(b) for formaldehyde. The data display an approximate
t 3; see Table 1) showing (a) top view and (b) cross-section.

1/f-behavior, especially at intermediate frequencies. Clearly the
response to methane is practically nil despite the concentration
of this gas being as large as 50 ppm. Ethanol, on the other hand,
displays a clear response in spite of the concentration being half as
large. The results for formaldehyde are particularly interesting, and
the response is very clear despite the fact that the gas concentra-
tion was as low as 1 ppm. It is thus evident that the NiO films are
highly selective to gaseous species.

Data on Gn were evaluated from the normalized PSDs at f = 10 Hz
and data are shown for formaldehyde in Fig. 8 and for ethanol and
methane in Fig. 9. The response to formaldehyde is largest for the
thinnest film (Fig. 8a), whereas annealing at 500 ◦C and associated
grain growth eliminates the response (Fig. 8b). We  note that noise
data are expected to depend on sample preparation, and it has been
reported repeatedly that there is a direct link between 1/f noise
and defect density [44]. Higher annealing temperature means less
defects and hence a lower noise response, as also observed in Fig. 8b.
Furthermore, the intensity of 1/f  noise is inversely proportional to
the number of charges involved in its generation [45]—i.e.,  to the
sample volume. In our case this leads to the higher noise for lower
film thicknesses in Fig. 8a.

However, the response to ethanol appears erratic with regard to
film thickness (Fig. 9a), while annealing of the thinnest film also in
this case yields a consistent decrease of the sensitivity. The response
to methane is observed to be extremely weak.

3.3. Gas sensing data based on DC resistance

DC resistance was recorded along with the noise measurements,
and Fig. 10 shows Gdc for NiO films exposed to formaldehyde. Panel
(a) refers to data taken for as-deposited samples of different thick-
nesses and shows that the thinnest film has the largest response,
whereas panel (b) indicates that the response for the thinnest film
is largest when it is in its as-deposited state whereas annealing
and associated grain growth at successively larger temperature
makes Gdc drop. It should be noted that the stability of the resis-
tive signal—i.e.,  the change of the resistance during averaging—is
improved after annealing as apparent from the smaller error bars.
Fig. 11 displays corresponding data for NiO films exposed to ethanol
and methane. Panel (a), reporting data for as-deposited films, shows
that the response to ethanol is largest for the intermediate thick-
ness while the response to methane consistently is very weak,
whereas panel (b) shows that the response to ethanol goes down
upon annealing of the thinnest film, which is consistent with the
behavior upon exposure to formaldehyde.
4. Discussion and conclusions

The data presented above show that both resistance fluctuations
and DC resistance can change significantly when nanocrystalline



136 U. Cindemir et al. / Sensors and Actuators B 242 (2017) 132–139

Fig. 7. Normalized voltage noise power spectral densities for as-deposited NiO sensors (sample set 3; see Table 1) in synthetic air and for the shown concentrations of (a)
methane and ethanol, and (b) formaldehyde. The solid line indicates 1/f–behavior.

Fig. 8. Normalized power spectral density responses of NiO films exposed to formaldehyde, at 10 Hz. Data are shown for (a) as-deposited samples of different thicknesses
(sample set data; see Table 1), and (b) for a 200-nm-thick film (sample set 3) after annealing at the shown temperature. Data points were connected with straight lines for
convenience.
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Fig. 9. Normalized power spectral density responses of NiO films to ethanol and methane, at 10 Hz. Data are shown for (a) as-deposited samples of different thicknesses
(sample set data; see Table 1) and (b) for a 200-nm-thick film (sample set 3) after annealing at the shown temperatures. Data points were connected with straight lines for
convenience.
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Fig. 10. DC resistance response of NiO films exposed to formaldehyde. Data are shown for (a) as-deposited samples of the shown thicknesses (sample set data; see Table 1)
and  (b) for a 200-nm-thick film (sample set 3) after annealing at the shown temperatures. Vertical bars represent experimental uncertainties and data points were connected
with  straight lines for convenience.

0 10 20 30 40 50
0

5

10

G( esnopse
R

dc
)

Gas co nce ntr ation ( ppm)

 Set 1-eth anol
 Set 1-m eth ane
 Set 2-eth anol
 Set 2-m eth ane
 Set 3-eth anol
 Set 3-m eth ane

a)

0 10 20 30 40 50
0

2

4

6

8

10
G( esnopse

R
dc

)

Gas co nce ntr atio n ( ppm)

 as deposite d-eth anol
 as deposte d-m eth ane
 400 oC-ethanol
 400 oC-meth ane
 500 oC-ethanol
 500 oC-meth ane

b)

 
F a are 

T n tem
c

N
f
e
s
c
N
d
a
b

g

t
m
w
a
e
a
e
s
t

ig. 11. DC resistance response of NiO films exposed to ethanol and methane. Dat
able 1), and (b) for a 200-nm-thick film (sample set 3) after annealing at the show
onnected with straight lines for convenience.

iO films are exposed to different gases. The underlying mechanism
or these effects is oxygen adsorption and dissociation with ensuing
lectron transfer reactions by oxidation of gases adsorbed on the
urface of the grains in the NiO films. Since NiO is a p-type semi-
onductor, pre-adsorbed oxygen species capture electrons from
i atoms in the film thereby increasing the number of holes and
ecreasing its resistance [46]. During gas sensing, the oxidation
nd fragmentation of gases adsorbed on the sensor’s surface can
e expressed, schematically, as [21]

as molecule + O−/O−
2 /O2− → CO2 + H2O + e−, (3)

The outcome of this reaction is an increase in the number of elec-
rons (e−) on the surface of the NiO film, and hence the number of

ajority carriers (i.e., holes) is decreased by charge recombination
ith the electrons produced in the oxidation of the gas molecules;

n increase in the resistance is consequently observed. In case of
lectron acceptors, such as ethanol, competing electron scavenging

nd molecular fragmentation takes place, and a weaker response is
xpected. The diffusion of the molecule fragments on the NiO films’
urfaces (in particular along grain boundaries), and their effect on
he resistance, is also a time-dependent stochastic process. Thus
shown for (a) as-deposited samples of different thicknesses (sample set data; see
peratures. Vertical bars represent experimental uncertainties and data points were

measurements of resistance noise can be used to distinguish dif-
ferent gaseous species. The observed 1/f-type resistance noise in
general depends on the intensity of these random processes, which
also are influenced by the type of ambient gas. In the present case,
experiments were conducted to monitor the response of NiO films
to formaldehyde, ethanol and methane. These gases have princi-
pally different properties with formaldehyde having a nucleophilic
group, ethanol being an electron scavenger, whereas methane in
comparison is inert towards oxidation–reduction reactions. These
features of the mentioned molecules can explain the selectivity of
the NiO sensors.

Voltage fluctuations across the sensor depend on its bias con-
ditions and are proportional to the square of the DC voltage [47].
Therefore the PSD of the voltage noise was normalized with respect
to the square of the DC voltage across the sensor. This leads to
Su(f)/(UDC)2 being independent of the measurement system and
equal to Sr(f)/(R)2, representing the normalized power spectral den-

sity of resistance fluctuations in a gas sensor having a DC resistance
R. A more thorough discussion on various set-ups for low-frequency
noise measurements in resistive sensors can be found elsewhere
[47,48].
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The NiO sensors displayed selective gas detection both in
onductometric and noise-based measurements. The response to
ormaldehyde was higher than to ethanol, which is consistent with
ual oxidation and electron scavenging occurring for ethanol and
ielding fewer electrons (Reaction (3)). We  suggest that the rea-
on why the NiO films with intermediate thickness showed the
argest response towards ethanol is related to structure-sensitive
urface reactions being most prominent for that film and giving
he highest oxidation rate, and thereby the highest net electron
oncentration, thus yielding the largest change of hole conduction
ue to electron recombination. No significant response whatso-
ver was detected for methane. Furthermore, the two gas detection
ethods were compared. For most cases, the responses were sim-

lar and consistent with regard to gaseous species, film thickness
nd dependence on annealing temperature. We  suppose that these
ypes of responses can be different for other gases, as indicated
lsewhere [32,42].

Finally, we remark that advanced stochastic signal analysis [32]
ay  further improve the fluctuation-enhanced gas sensing, and we

ote that the FES sensitivity experiments were limited by the uti-
ization of a single frequency. The use of the whole spectral pattern,
s well as the sampling-and-hold FES technique, have been shown
o increase sensitivity and selectivity.
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27] I. Rýger, G. Vanko, T. Lalinský, P. Kunzo, M.  Vallo, I. Vávra, T. Plecenik, Pt/NiO
ring gate based Schottky diode hydrogen sensors with enhanced sensitivity
and thermal stability, Sens. Actuators B: Chem. 202 (2014) 1–8, http://dx.doi.
org/10.1016/j.snb.2014.05.052.

28] Z. Wang, Z. Li, J. Sun, H. Zhang, W.  Wang, W.  Zheng, C. Wang, Improved
hydrogen monitoring properties based on p-NiO/n-SnO2 heterojunction
composite nanofibers, J. Phys. Chem. C. 114 (2010) 6100–6105, http://dx.doi.
org/10.1021/jp9100202.

29] A. Martucci, N. Bassiri, M.  Guglielmi, L. Armelao, S. Gross, J.C. Pivin, NiO–SiO2

sol–gel nanocomposite films for optical gas sensor, J. Sol-Gel Sci. Technol. 26
(1–3) (2016) 993–996, http://dx.doi.org/10.1023/A: 1020717614995.

30]  G. Mattei, P. Mazzoldi, M.L. Post, D. Buso, M.  Guglielmi, A. Martucci,
Cookie-like Au/NiO nanoparticles with optical gas-sensing properties, Adv.
Mater. 19 (2007) 561–564, http://dx.doi.org/10.1002/adma.200600930.

31] L.B. Kish, Y. Li, J.L. Solis, W.H. Marlow, R. Vajtai, C.G. Granqvist, V. Lantto, J.M.
Smulko, G. Schmera, Fluctuation-enhanced sensing with Taguchi sensors,
IEEE Sens. J. 5 (2005) 671–676.

32] C. Kwan, G. Schmera, J.M. Smulko, L.B. Kish, P. Heszler, C.G. Granqvist,
Advanced agent identification with fluctuation-enhanced sensing, IEEE Sens.
J.  8 (2008) 706–713.

33] S. Gomri, J.-L. Seguin, K. Aguir, Modeling on oxygen chemisorption-induced
noise in metallic oxide gas sensors, Sens. Actuators B: Chem. 107 (2005)
722–729, http://dx.doi.org/10.1016/j.snb.2004.12.003.

34] S. Gomri, J.-L. Seguin, J. Guerin, K. Aguir, A mobility and free carriers density
fluctuations based model of adsorption–desorption noise in gas sensor, J.
Phys. D: Appl. Phys. 41 (2008) 065501, http://dx.doi.org/10.1088/0022-3727/
41/6/065501.

35] R. Macku, J. Smulko, P. Koktavy, M.  Trawka, P. Sedlak, Analytical fluctuation
enhanced sensing by resistive gas sensors, Sens. Actuators B: Chem. 213
(2015) 390–396, http://dx.doi.org/10.1016/j.snb.2015.02.114.

36] H.-C. Chang, L.B. Kish, M.D. King, C. Kwan, Fluctuation-enhanced sensing of
bacterium odors, Sens. Actuators B: Chem. 142 (2009) 429–434, http://dx.doi.
org/10.1016/j.snb.2009.04.005.

37] L.B. Kish, R. Vajtai, C.G. Granqvist, Extracting information from noise spectra

of chemical sensors: single sensor electronic noses and tongues, Sens.
Actuators B: Chem. 71 (2000) 55–59, http://dx.doi.org/10.1016/S0925-
4005(00)00586-4.

38] J.L. Solis, L.B. Kish, R. Vajtai, C.G. Granqvist, J. Olsson, J. Schnürer, V. Lantto,
Identifying natural and artificial odours through noise analysis with a

dx.doi.org/10.1038/sj.jea.7500244
dx.doi.org/10.1038/sj.jea.7500244
dx.doi.org/10.1038/sj.jea.7500244
dx.doi.org/10.1038/sj.jea.7500244
dx.doi.org/10.1038/sj.jea.7500244
dx.doi.org/10.1038/sj.jea.7500244
dx.doi.org/10.1038/sj.jea.7500244
dx.doi.org/10.1038/sj.jea.7500244
dx.doi.org/10.1038/sj.jea.7500244
dx.doi.org/10.1016/j.snb.2006.06.018
dx.doi.org/10.1016/j.snb.2006.06.018
dx.doi.org/10.1016/j.snb.2006.06.018
dx.doi.org/10.1016/j.snb.2006.06.018
dx.doi.org/10.1016/j.snb.2006.06.018
dx.doi.org/10.1016/j.snb.2006.06.018
dx.doi.org/10.1016/j.snb.2006.06.018
dx.doi.org/10.1016/j.snb.2006.06.018
dx.doi.org/10.1016/j.snb.2006.06.018
dx.doi.org/10.1016/j.snb.2006.06.018
dx.doi.org/10.1016/j.snb.2006.06.018
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0015
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0015
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0015
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0015
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0015
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0015
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0015
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0015
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0015
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0015
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0015
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0015
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0015
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0015
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0015
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0015
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0015
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0015
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0015
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0015
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0015
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0015
dx.doi.org/10.1016/0160-4120(82)90049-6
dx.doi.org/10.1016/0160-4120(82)90049-6
dx.doi.org/10.1016/0160-4120(82)90049-6
dx.doi.org/10.1016/0160-4120(82)90049-6
dx.doi.org/10.1016/0160-4120(82)90049-6
dx.doi.org/10.1016/0160-4120(82)90049-6
dx.doi.org/10.1016/0160-4120(82)90049-6
dx.doi.org/10.1016/0160-4120(82)90049-6
dx.doi.org/10.1016/0160-4120(82)90049-6
dx.doi.org/10.1016/0160-4120(89)90023-8
dx.doi.org/10.1016/0160-4120(89)90023-8
dx.doi.org/10.1016/0160-4120(89)90023-8
dx.doi.org/10.1016/0160-4120(89)90023-8
dx.doi.org/10.1016/0160-4120(89)90023-8
dx.doi.org/10.1016/0160-4120(89)90023-8
dx.doi.org/10.1016/0160-4120(89)90023-8
dx.doi.org/10.1016/0160-4120(89)90023-8
dx.doi.org/10.1016/0160-4120(89)90023-8
dx.doi.org/10.1183/09031936.02.00245002
dx.doi.org/10.1183/09031936.02.00245002
dx.doi.org/10.1183/09031936.02.00245002
dx.doi.org/10.1183/09031936.02.00245002
dx.doi.org/10.1183/09031936.02.00245002
dx.doi.org/10.1183/09031936.02.00245002
dx.doi.org/10.1183/09031936.02.00245002
dx.doi.org/10.1183/09031936.02.00245002
dx.doi.org/10.1183/09031936.02.00245002
dx.doi.org/10.1016/0091-6749(85)90018-1
dx.doi.org/10.1016/0091-6749(85)90018-1
dx.doi.org/10.1016/0091-6749(85)90018-1
dx.doi.org/10.1016/0091-6749(85)90018-1
dx.doi.org/10.1016/0091-6749(85)90018-1
dx.doi.org/10.1016/0091-6749(85)90018-1
dx.doi.org/10.1016/0091-6749(85)90018-1
dx.doi.org/10.1016/0091-6749(85)90018-1
dx.doi.org/10.1016/0091-6749(85)90018-1
dx.doi.org/10.1016/j.snb.2006.09.047
dx.doi.org/10.1016/j.snb.2006.09.047
dx.doi.org/10.1016/j.snb.2006.09.047
dx.doi.org/10.1016/j.snb.2006.09.047
dx.doi.org/10.1016/j.snb.2006.09.047
dx.doi.org/10.1016/j.snb.2006.09.047
dx.doi.org/10.1016/j.snb.2006.09.047
dx.doi.org/10.1016/j.snb.2006.09.047
dx.doi.org/10.1016/j.snb.2006.09.047
dx.doi.org/10.1016/j.snb.2006.09.047
dx.doi.org/10.1016/j.snb.2006.09.047
http://www.tandfonline.com/doi/abs/10.1080/10408430490888977
http://www.tandfonline.com/doi/abs/10.1080/10408430490888977
http://www.tandfonline.com/doi/abs/10.1080/10408430490888977
http://www.tandfonline.com/doi/abs/10.1080/10408430490888977
http://www.tandfonline.com/doi/abs/10.1080/10408430490888977
http://www.tandfonline.com/doi/abs/10.1080/10408430490888977
http://www.tandfonline.com/doi/abs/10.1080/10408430490888977
http://www.tandfonline.com/doi/abs/10.1080/10408430490888977
http://www.tandfonline.com/doi/abs/10.1080/10408430490888977
dx.doi.org/10.1002/chem.200700927
dx.doi.org/10.1002/chem.200700927
dx.doi.org/10.1002/chem.200700927
dx.doi.org/10.1002/chem.200700927
dx.doi.org/10.1002/chem.200700927
dx.doi.org/10.1002/chem.200700927
dx.doi.org/10.1002/chem.200700927
dx.doi.org/10.1002/chem.200700927
dx.doi.org/10.1016/j.mser.2008.02.001
dx.doi.org/10.1016/j.mser.2008.02.001
dx.doi.org/10.1016/j.mser.2008.02.001
dx.doi.org/10.1016/j.mser.2008.02.001
dx.doi.org/10.1016/j.mser.2008.02.001
dx.doi.org/10.1016/j.mser.2008.02.001
dx.doi.org/10.1016/j.mser.2008.02.001
dx.doi.org/10.1016/j.mser.2008.02.001
dx.doi.org/10.1016/j.mser.2008.02.001
dx.doi.org/10.1016/j.mser.2008.02.001
dx.doi.org/10.1016/j.mser.2008.02.001
dx.doi.org/10.1023/A.1014405811371
dx.doi.org/10.1023/A.1014405811371
dx.doi.org/10.1023/A.1014405811371
dx.doi.org/10.1023/A.1014405811371
dx.doi.org/10.1023/A.1014405811371
dx.doi.org/10.1023/A.1014405811371
dx.doi.org/10.1023/A.1014405811371
dx.doi.org/10.1023/A.1014405811371
dx.doi.org/10.1016/S0925-4005(97)00096-8
dx.doi.org/10.1016/S0925-4005(97)00096-8
dx.doi.org/10.1016/S0925-4005(97)00096-8
dx.doi.org/10.1016/S0925-4005(97)00096-8
dx.doi.org/10.1016/S0925-4005(97)00096-8
dx.doi.org/10.1016/S0925-4005(97)00096-8
dx.doi.org/10.1016/S0925-4005(97)00096-8
dx.doi.org/10.1016/S0925-4005(97)00096-8
dx.doi.org/10.1016/S0925-4005(97)00096-8
dx.doi.org/10.1021/ac9510954
dx.doi.org/10.1021/ac9510954
dx.doi.org/10.1021/ac9510954
dx.doi.org/10.1021/ac9510954
dx.doi.org/10.1021/ac9510954
dx.doi.org/10.1021/ac9510954
dx.doi.org/10.1021/ac9510954
dx.doi.org/10.1016/j.snb.2008.11.057
dx.doi.org/10.1016/j.snb.2008.11.057
dx.doi.org/10.1016/j.snb.2008.11.057
dx.doi.org/10.1016/j.snb.2008.11.057
dx.doi.org/10.1016/j.snb.2008.11.057
dx.doi.org/10.1016/j.snb.2008.11.057
dx.doi.org/10.1016/j.snb.2008.11.057
dx.doi.org/10.1016/j.snb.2008.11.057
dx.doi.org/10.1016/j.snb.2008.11.057
dx.doi.org/10.1016/j.snb.2008.11.057
dx.doi.org/10.1016/j.snb.2008.11.057
dx.doi.org/10.1016/j.matlet.2011.10.039
dx.doi.org/10.1016/j.matlet.2011.10.039
dx.doi.org/10.1016/j.matlet.2011.10.039
dx.doi.org/10.1016/j.matlet.2011.10.039
dx.doi.org/10.1016/j.matlet.2011.10.039
dx.doi.org/10.1016/j.matlet.2011.10.039
dx.doi.org/10.1016/j.matlet.2011.10.039
dx.doi.org/10.1016/j.matlet.2011.10.039
dx.doi.org/10.1016/j.matlet.2011.10.039
dx.doi.org/10.1016/j.matlet.2011.10.039
dx.doi.org/10.1016/j.matlet.2011.10.039
dx.doi.org/10.1016/j.snb.2011.11.026
dx.doi.org/10.1016/j.snb.2011.11.026
dx.doi.org/10.1016/j.snb.2011.11.026
dx.doi.org/10.1016/j.snb.2011.11.026
dx.doi.org/10.1016/j.snb.2011.11.026
dx.doi.org/10.1016/j.snb.2011.11.026
dx.doi.org/10.1016/j.snb.2011.11.026
dx.doi.org/10.1016/j.snb.2011.11.026
dx.doi.org/10.1016/j.snb.2011.11.026
dx.doi.org/10.1016/j.snb.2011.11.026
dx.doi.org/10.1016/j.snb.2011.11.026
dx.doi.org/10.1016/j.pmatsci.2014.06.003
dx.doi.org/10.1016/j.pmatsci.2014.06.003
dx.doi.org/10.1016/j.pmatsci.2014.06.003
dx.doi.org/10.1016/j.pmatsci.2014.06.003
dx.doi.org/10.1016/j.pmatsci.2014.06.003
dx.doi.org/10.1016/j.pmatsci.2014.06.003
dx.doi.org/10.1016/j.pmatsci.2014.06.003
dx.doi.org/10.1016/j.pmatsci.2014.06.003
dx.doi.org/10.1016/j.pmatsci.2014.06.003
dx.doi.org/10.1016/j.pmatsci.2014.06.003
dx.doi.org/10.1016/j.pmatsci.2014.06.003
dx.doi.org/10.1111/j.1151-2916.2001.tb00868.x
dx.doi.org/10.1111/j.1151-2916.2001.tb00868.x
dx.doi.org/10.1111/j.1151-2916.2001.tb00868.x
dx.doi.org/10.1111/j.1151-2916.2001.tb00868.x
dx.doi.org/10.1111/j.1151-2916.2001.tb00868.x
dx.doi.org/10.1111/j.1151-2916.2001.tb00868.x
dx.doi.org/10.1111/j.1151-2916.2001.tb00868.x
dx.doi.org/10.1111/j.1151-2916.2001.tb00868.x
dx.doi.org/10.1111/j.1151-2916.2001.tb00868.x
dx.doi.org/10.1111/j.1151-2916.2001.tb00868.x
dx.doi.org/10.1111/j.1151-2916.2001.tb00868.x
dx.doi.org/10.1111/j.1151-2916.2001.tb00868.x
dx.doi.org/10.1063/1.322870
dx.doi.org/10.1063/1.322870
dx.doi.org/10.1063/1.322870
dx.doi.org/10.1063/1.322870
dx.doi.org/10.1063/1.322870
dx.doi.org/10.1063/1.322870
dx.doi.org/10.1063/1.322870
dx.doi.org/10.1063/1.322870
dx.doi.org/10.1016/j.tsf.2011.04.180
dx.doi.org/10.1016/j.tsf.2011.04.180
dx.doi.org/10.1016/j.tsf.2011.04.180
dx.doi.org/10.1016/j.tsf.2011.04.180
dx.doi.org/10.1016/j.tsf.2011.04.180
dx.doi.org/10.1016/j.tsf.2011.04.180
dx.doi.org/10.1016/j.tsf.2011.04.180
dx.doi.org/10.1016/j.tsf.2011.04.180
dx.doi.org/10.1016/j.tsf.2011.04.180
dx.doi.org/10.1016/j.tsf.2011.04.180
dx.doi.org/10.1016/j.tsf.2011.04.180
dx.doi.org/10.1021/jp208093s
dx.doi.org/10.1021/jp208093s
dx.doi.org/10.1021/jp208093s
dx.doi.org/10.1021/jp208093s
dx.doi.org/10.1021/jp208093s
dx.doi.org/10.1021/jp208093s
dx.doi.org/10.1021/jp208093s
dx.doi.org/10.1016/j.apsusc.2013.03.085
dx.doi.org/10.1016/j.apsusc.2013.03.085
dx.doi.org/10.1016/j.apsusc.2013.03.085
dx.doi.org/10.1016/j.apsusc.2013.03.085
dx.doi.org/10.1016/j.apsusc.2013.03.085
dx.doi.org/10.1016/j.apsusc.2013.03.085
dx.doi.org/10.1016/j.apsusc.2013.03.085
dx.doi.org/10.1016/j.apsusc.2013.03.085
dx.doi.org/10.1016/j.apsusc.2013.03.085
dx.doi.org/10.1016/j.apsusc.2013.03.085
dx.doi.org/10.1016/j.apsusc.2013.03.085
dx.doi.org/10.1186/s11671-015-0807-5
dx.doi.org/10.1186/s11671-015-0807-5
dx.doi.org/10.1186/s11671-015-0807-5
dx.doi.org/10.1186/s11671-015-0807-5
dx.doi.org/10.1186/s11671-015-0807-5
dx.doi.org/10.1186/s11671-015-0807-5
dx.doi.org/10.1186/s11671-015-0807-5
dx.doi.org/10.1186/s11671-015-0807-5
dx.doi.org/10.1186/s11671-015-0807-5
dx.doi.org/10.1186/s11671-015-0807-5
dx.doi.org/10.1016/S0925-4005(01)00802-4
dx.doi.org/10.1016/S0925-4005(01)00802-4
dx.doi.org/10.1016/S0925-4005(01)00802-4
dx.doi.org/10.1016/S0925-4005(01)00802-4
dx.doi.org/10.1016/S0925-4005(01)00802-4
dx.doi.org/10.1016/S0925-4005(01)00802-4
dx.doi.org/10.1016/S0925-4005(01)00802-4
dx.doi.org/10.1016/S0925-4005(01)00802-4
dx.doi.org/10.1016/S0925-4005(01)00802-4
dx.doi.org/10.1016/S0925-4005(03)00225-9
dx.doi.org/10.1016/S0925-4005(03)00225-9
dx.doi.org/10.1016/S0925-4005(03)00225-9
dx.doi.org/10.1016/S0925-4005(03)00225-9
dx.doi.org/10.1016/S0925-4005(03)00225-9
dx.doi.org/10.1016/S0925-4005(03)00225-9
dx.doi.org/10.1016/S0925-4005(03)00225-9
dx.doi.org/10.1016/S0925-4005(03)00225-9
dx.doi.org/10.1016/S0925-4005(03)00225-9
dx.doi.org/10.1016/j.snb.2014.05.052
dx.doi.org/10.1016/j.snb.2014.05.052
dx.doi.org/10.1016/j.snb.2014.05.052
dx.doi.org/10.1016/j.snb.2014.05.052
dx.doi.org/10.1016/j.snb.2014.05.052
dx.doi.org/10.1016/j.snb.2014.05.052
dx.doi.org/10.1016/j.snb.2014.05.052
dx.doi.org/10.1016/j.snb.2014.05.052
dx.doi.org/10.1016/j.snb.2014.05.052
dx.doi.org/10.1016/j.snb.2014.05.052
dx.doi.org/10.1016/j.snb.2014.05.052
dx.doi.org/10.1021/jp9100202
dx.doi.org/10.1021/jp9100202
dx.doi.org/10.1021/jp9100202
dx.doi.org/10.1021/jp9100202
dx.doi.org/10.1021/jp9100202
dx.doi.org/10.1021/jp9100202
dx.doi.org/10.1021/jp9100202
dx.doi.org/10.1023/A: 1020717614995
dx.doi.org/10.1023/A: 1020717614995
dx.doi.org/10.1023/A: 1020717614995
dx.doi.org/10.1023/A: 1020717614995
dx.doi.org/10.1023/A: 1020717614995
dx.doi.org/10.1023/A: 1020717614995
dx.doi.org/10.1023/A: 1020717614995
dx.doi.org/10.1002/adma.200600930
dx.doi.org/10.1002/adma.200600930
dx.doi.org/10.1002/adma.200600930
dx.doi.org/10.1002/adma.200600930
dx.doi.org/10.1002/adma.200600930
dx.doi.org/10.1002/adma.200600930
dx.doi.org/10.1002/adma.200600930
dx.doi.org/10.1002/adma.200600930
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0155
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0160
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0160
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0160
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0160
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0160
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0160
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0160
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0160
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0160
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0160
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0160
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0160
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0160
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0160
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0160
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0160
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0160
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0160
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0160
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0160
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0160
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0160
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0160
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0160
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0160
http://refhub.elsevier.com/S0925-4005(16)31799-3/sbref0160
dx.doi.org/10.1016/j.snb.2004.12.003
dx.doi.org/10.1016/j.snb.2004.12.003
dx.doi.org/10.1016/j.snb.2004.12.003
dx.doi.org/10.1016/j.snb.2004.12.003
dx.doi.org/10.1016/j.snb.2004.12.003
dx.doi.org/10.1016/j.snb.2004.12.003
dx.doi.org/10.1016/j.snb.2004.12.003
dx.doi.org/10.1016/j.snb.2004.12.003
dx.doi.org/10.1016/j.snb.2004.12.003
dx.doi.org/10.1016/j.snb.2004.12.003
dx.doi.org/10.1016/j.snb.2004.12.003
dx.doi.org/10.1088/0022-3727/41/6/065501
dx.doi.org/10.1088/0022-3727/41/6/065501
dx.doi.org/10.1088/0022-3727/41/6/065501
dx.doi.org/10.1088/0022-3727/41/6/065501
dx.doi.org/10.1088/0022-3727/41/6/065501
dx.doi.org/10.1088/0022-3727/41/6/065501
dx.doi.org/10.1088/0022-3727/41/6/065501
dx.doi.org/10.1088/0022-3727/41/6/065501
dx.doi.org/10.1088/0022-3727/41/6/065501
dx.doi.org/10.1088/0022-3727/41/6/065501
dx.doi.org/10.1088/0022-3727/41/6/065501
dx.doi.org/10.1016/j.snb.2015.02.114
dx.doi.org/10.1016/j.snb.2015.02.114
dx.doi.org/10.1016/j.snb.2015.02.114
dx.doi.org/10.1016/j.snb.2015.02.114
dx.doi.org/10.1016/j.snb.2015.02.114
dx.doi.org/10.1016/j.snb.2015.02.114
dx.doi.org/10.1016/j.snb.2015.02.114
dx.doi.org/10.1016/j.snb.2015.02.114
dx.doi.org/10.1016/j.snb.2015.02.114
dx.doi.org/10.1016/j.snb.2015.02.114
dx.doi.org/10.1016/j.snb.2015.02.114
dx.doi.org/10.1016/j.snb.2009.04.005
dx.doi.org/10.1016/j.snb.2009.04.005
dx.doi.org/10.1016/j.snb.2009.04.005
dx.doi.org/10.1016/j.snb.2009.04.005
dx.doi.org/10.1016/j.snb.2009.04.005
dx.doi.org/10.1016/j.snb.2009.04.005
dx.doi.org/10.1016/j.snb.2009.04.005
dx.doi.org/10.1016/j.snb.2009.04.005
dx.doi.org/10.1016/j.snb.2009.04.005
dx.doi.org/10.1016/j.snb.2009.04.005
dx.doi.org/10.1016/j.snb.2009.04.005
dx.doi.org/10.1016/S0925-4005(00)00586-4
dx.doi.org/10.1016/S0925-4005(00)00586-4
dx.doi.org/10.1016/S0925-4005(00)00586-4
dx.doi.org/10.1016/S0925-4005(00)00586-4
dx.doi.org/10.1016/S0925-4005(00)00586-4
dx.doi.org/10.1016/S0925-4005(00)00586-4
dx.doi.org/10.1016/S0925-4005(00)00586-4
dx.doi.org/10.1016/S0925-4005(00)00586-4
dx.doi.org/10.1016/S0925-4005(00)00586-4


d Actu

[

[

[

[

[

[

[

[

[

[

B

U. Cindemir et al. / Sensors an

sampling-and-hold electronic nose, Sens. Actuators B: Chem. 77 (2001)
312–315, http://dx.doi.org/10.1016/S0925-4005(01)00698-0.

39] J. Smulko, M.  Trawka, Gas selectivity enhancement by sampling-and-hold
method in resistive gas sensors, Sens. Actuators B: Chem. 219 (2015) 17–21,
http://dx.doi.org/10.1016/j.snb.2015.04.120.

40] J. Söderlund, L.B. Kiss, G.A. Niklasson, C.G. Granqvist, Lognormal size
distributions in particle growth processes without coagulation, Phys. Rev.
Lett. 80 (1998) 2386–2388, http://dx.doi.org/10.1103/PhysRevLett.80.2386.

41] L.B. Kiss, J. Söderlund, G.A. Niklasson, C.G. Granqvist, New approach to the
origin of lognormal size distributions of nanoparticles, Nanotechnology 10
(1999) 25–28.

42] J. Ederth, J.M. Smulko, L.B. Kish, P. Heszler, C.G. Granqvist, Comparison of
classical and fluctuation-enhanced gas sensing with PdxWO3 nanoparticle
films, Sens. Actuators B: Chem. 113 (2006) 310–315, http://dx.doi.org/10.
1016/j.snb.2005.03.009.

43] J. Ederth, L.B. Kish, E. Olsson, C.G. Granqvist, In situ electrical transport during
isothermal annealing of nanocrystalline gold films, J. Appl. Phys. 91 (2002)
1529–1535, http://dx.doi.org/10.1063/1.1427399.

44] D.M. Fleetwood, N. Giordano, Direct link between 1/f  noise and defects in
metal films, Phys. Rev. B 31 (1985) 1157–1160, http://dx.doi.org/10.1103/
PhysRevB.31.1157.

45] F.N. Hooge, T.G.M. Kleinpenning, L.K.J. Vandamme, Rep. Prog. Phys. 44 (1981)
479–532.

46] D. Kohl, Function and applications of gas sensors, J. Phys. D: Appl. Phys. 34
(2001) R125–R149, http://dx.doi.org/10.1088/0022-3727/34/19/201.

47]  M.  Kotarski, J. Smulko, Noise measurement set-ups for fluctuations-enhanced
gas sensing, Metrol. Meas. Syst. 16 (2009) 457–464.

48] B. Ayhan, C. Kwan, J. Zhou, L.B. Kish, K.D. Benkstein, P.H. Rogers, S. Semancik,
Fluctuation enhanced sensing (FES) with a nanostructured, semiconducting
metal oxide film for gas detection and classification, Sens. Actuators B: Chem.
188  (2013) 651–660, http://dx.doi.org/10.1016/j.snb.2013.07.056.

iographies

Umut Cindemir received the B.S. and M.S. degrees from
the  Electrical and Electronics Engineering Department,
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