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Abstract 0.5 wt% Pd-doped titanium oxide thin films

were obtained by dip-coating on silicon substrates. The

films were compacted by annealing in air at 300 and

500 �C. Temperature dependent electrical conductivity

measurements were performed in the temperature range

373–623 K, in different environments (air, methane, ace-

tone, ethanol, formaldehyde and liquefied petroleum gas),

to test the films sensing gas properties. Formaldehyde was

found to be the test gas that produces the most significant

changes in the electrical conductivity of the studied films.

This was the reason why it was chosen to investigate its

effect on their electrical conductivity. A model was pro-

posed, the model of the potential fluctuations at grain

boundaries. A comparison between some parameters

obtained in the proposed model was performed as a func-

tion of annealing temperature, and as a function of gas

atmosphere. The values of the mean barrier height and the

standard deviation were estimated to range between

0.336–0.588 eV and 0.175–0.199 eV, respectively. It was

found that formaldehyde leads to a rather sharp decrease in

the values of the barrier height and the standard deviation,

and to an increase in the conductivity. We have observed

the best sensing gas performance for the films annealed at

300 �C, comparing to their counterparts annealed at

500 �C, explained by the lowest values of the barrier

energy height and the standard deviation.

1 Introduction

Formaldehyde is a volatile organic compound that can

naturally occur in our environment during normal meta-

bolic processes, being composed of carbon, hydrogen, and

oxygen (chemical formula: HCHO). This compound can

also appear in the environment as a product of combustion

[1]. Because of its versatility, formaldehyde is an important

industrial chemical material used to make household

products, building materials, etc. It is mostly used in

adhesives for wood products, being one of the more com-

mon indoor air pollutants [2]. It is reported to be toxic,

allergenic and carcinogenic [3, 4]. Prolonged exposure to

formaldehyde can lead to different symptoms like eye

irritation, headaches, fatigue, respiratory problems, etc.

Therefore, effective ways for the detection of such haz-

ardous pollutants are required. An inexpensive, and rela-

tively easy method, is to use an exposed metal oxide

semiconducting film, and convert the chemical gas con-

centration directly into an electrical output, by measuring

its electrical resistance [4, 5]. Films like TiO2, or SnO2, are

most suited as gas sensors due to their desired sensitivity,

and to their good mechanical and chemical stability in

adverse environments [6]. Doping with metal nanoparticles

(Pd, Pt, etc.) is an effective way to enhance the response

magnitude [7–9]. These impurities decrease the activation

energy of the reaction occurring on the surface, raising the
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adsorption activity of the material [7–9]. Understanding the

electrical transport properties of TiO2 thin films is a pre-

requisite in the improvement of the sensitivity mechanism

of gas sensors, but still remains the subject of an intensive

discussion. Studies have been recently carried out by our

team to determine the proper charge transport mechanisms

in TiO2 and SnO2 thin films [10–16].

As pointed out in [17], polycrystalline TiO2 is more

suitable for gas sensing than TiO2 as single crystal. In the

polycrystalline materials, the electrical conductivity is

determined by the potential barriers built up around grain

boundaries. According to the grain boundary model, the

grain boundary region consists in a large number of defects

which act as effective carrier traps [18]. When these trap-

ping states are occupied, they create a depletion region in

the crystallite and a potential barrier at the interface [18]. To

explain the gas sensing properties of polycrystalline TiO2

films, it is mandatory to make a correlation between film’s

surface and grain boundary potential barriers. To the best of

the authors’ knowledge, there is no report available in the

literature on the effect of formaldehyde gas adsorption on

the electrical conductivity, by taking into account the grain

boundary limited conduction model of Werner [19].

The aim of this work is to investigate the effect of

formaldehyde gas adsorption on the electrical conductivity

of the sol–gel Pd-doped TiO2 films, deposited on silicon

substrates, and heat-treated at different temperatures.

2 Experimental

Pd-doped TiO2 films (0.5 wt% Pd) were deposited on sil-

icon substrates (covered by a 510 nm oxide layer), by using

the alkoxide route of the sol–gel method. First, the doped

gels were obtained by simultaneous gelation of both pre-

cursors (for TiO2 and Pd) in the sol–gel process. The titania

source was the tetraethyl orthotitanate (95%, Merck),

Ti(OC2H5)4, while the source of palladium was Pd ace-

tylacetonate (99%, Merck), C10H14O4Pd. The solvent used

for the both TiO2 and Pd precursors was the absolute eth-

anol (min. 99.8 vol.%). The hydrolysis reaction took place

in the presence of the water, in nitrogen atmosphere, under

vigorous stirring. Doped TiO2 gels, containing 0.5 wt% Pd

related to TiO2, were prepared. More experimental details,

referring to the composition of the starting solutions, are

presented in [20]. The un-supported porous materials,

resulted from the gelling of the starting solutions at room

temperature, were dried at 80 �C, and then thermally-

treated in air, for 1 h, at 300 and 500 �C. Supported TiO2-

based vitreous films (mono and bi-layers) were obtained,

by the dip-coating method, on unheated Si (100)p sub-

strates, and then compacted by thermally treatment in air at

the same mentioned temperatures.

X-ray diffraction (XRD) measurements have been car-

ried out both on gels and films, by using a Bruker-AXS D8

Advance diffractometer (CuKa radiation, k = 1.540591 Å).

Thin films thicknesses are under 100 nm, as found out by

using an ellipsometric method [20] (Table 1). The weight

percentage of the anatase phase (WA), and the average

crystallite size for the both identified phases in gels (anatase

and rutile) have been determined, with an X-RAY 5.0

program (see Table 1).

To measure the thin films electrical resistances, silver

electrodes (parallel one to each other at a distance of

0.8 mm) have been deposited on the films’surface, by

thermal vacuum evaporation. The samples under study

were first subjected to two successive heating/cooling

cycles in air, within the temperature range 373–623 K.

After that, the temperature dependence of the electrical

conductivities became reversible indicating, in our opinion,

the stabilization of the films structure and composition in

the respective temperature range [21]. The temperature

dependent electrical conductivity of the TiO2 films was

investigated in ambient air, and in formaldehyde gas

atmosphere, in the temperature range 373–623 K.

To test the films gas sensing performance, the sample

was mounted on a heater placed in a glass enclosure

capable of controlling the different gas concentrations [5].

During the cooling process, the samples continued to be

exposed to the formaldehyde gas. The gas sensitivity,

S ¼ Ra�Rgj j
Ra

, was determined from the measured values of

the electrical resistances in air (Ra) and in the formalde-

hyde gas atmosphere (Rg).

3 Results and discussion

X-Ray diffraction measurements performed on the studied

films show an amorphous structure, while the XRD pat-

terns from the un-supported gels resulted from the gelation

of the starting solutions, used for the films preparation,

show a polycrystalline structure (Fig. 1). We believe that

the explanation is related to the film thickness which is

around 70 nm, and the XRD pattern for the film is covered

by that of the substrate. It has been experimentally estab-

lished that the ‘‘shoulder’’ observed in Fig. 1a is due to the

substrate. While the gels thermally-treated at 300 �C

present only the anatase phase, rutile makes its presence

(6 wt. %) in the gels thermally-treated at 500 �C. From

Table 1, one can see that, by increasing the annealing

temperature, Ta, from 300 to 500 �C, the average crystallite

size almost double its value.

Our previous studies [5] done on the samples annealed

at 500 �C (undoped and 0.5 wt% Pd-doped deposited on

glass and Si substrates), regarding their sensitivity
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performances to five reducing test gases (liquefied petro-

leum gas (LPG), methane, acetone, ethanol and formalde-

hyde), revealed that, by Pd doping, titania films became

very sensitive to formaldehyde, with a special remark for

those deposited on silicon substrates. By performing now

the same sensing gas tests, but for the Pd-doped films

thermally treated at 300 �C (also deposited on Si), we have

arrived to the same conclusion namely, formaldehyde,

followed by ethanol and acetone, is the test gas that pro-

duces the most significant changes in the electrical resis-

tance of the studied films [5]. What was new here, was the

enhancement in the sensitivity in front of all the test gases

(especially in front of formaldehyde), with the decrease of

the heat-treatment temperature. Figure 2 shows the sensi-

tivity to formaldehyde at the optimum operating tempera-

ture (240 �C), for both thermally treated samples.

The best sensing properties of the studied films in front of

formaldehyde, determined us to investigate its effect on their

electrical conductivity. Figure 3 shows the dependences of

the films electrical conductivity, r, as a function of the

inverse temperature, in the temperature range 373–623 K

under different ambient conditions. We expect that these

dependences obey the Arrhenius model—namely they

exhibit linear dependencies, by plotting ln r = f (103/T). In

this model, the conductivity is expressed by:

r ¼ r0 exp � Ea

kBT

� �
; ð1Þ

where r0 is a parameter depending on the semiconductor

nature, Ea is thermal activation energy and kB is the

Boltzmann’s constant. One can observe that the conduc-

tivity of all the films increases with the increase in the

Table 1 Annealing temperature (Ta), thickness (d), weight percent-

age of anatase phase (WA), average crystallite size for the anatase

phase (DA) and for the rutile phase (DR), electrical conductivity at the

optimum operating temperature (r513K), mean barrier height (�/),

standard deviation (r/), homogeneous coefficient (H), for films

exposed to air and to formaldehyde

Ta

(�C)

d (nm) WA

(%)

DA

(nm)

DR

(nm)

Air Formaldehyde

r513K

(Xcm)-1

�/ (eV) r/ (eV) H r513K

(Xcm)-1

�/ (eV) r/ (eV) H

300 71 100 18.5 0.0 5.55 9 10-11 0.588 ± 0.015 0.199 ± 0.074 2.96 5.51 9 10-10 0.336 ± 0.091 0.175 ± 0.058 1.92

500 72 94 30.7 29.5 5.23 9 10-11 0.464 ± 0.012 0.187 ± 0.065 2.48 3.73 9 10-10 0.386 ± 0.011 0.181 ± 0.061 2.15
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Fig. 1 XRD patterns of the studied films (a) and un-supported gels
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Fig. 2 The sensitivity of the studied samples in front of formalde-

hyde, plotted as a function of the operating temperature
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temperature, but the experimental data, ln r = f (103/T),

can not be fitted by straight lines (the activation energy is

not constant over the studied temperature domain); as a

consequence, these dependencies do not obey the Arrhe-

nius model.

From Table 1, it can be seen that the electrical con-

ductivity (at the optimum operating temperature) slowly

decreases with the increasing annealing temperature from

300 to 500 �C, while, by varying the ambient conditions,

from air to formaldehyde, a sharp increase (about ten

times) can be observed. Regarding the latter observation,

an explanation could be related to the reaction between

HCHO and the adsorbed oxygen [22], knowing that the

oxygen species in the air are adsorbed on the films surface

and ionized to Oads
- and Oads

2-:

ðHCHO) þ 2ðOadsÞ2� ! CO2 þ H2Oþ 4e� ð2Þ

The released electrons lead to the increase of the thin films

electrical conductivity. This process results in the thinning

of the depletion layer thickness.

In polycrystalline materials, the electrical transport

mechanism is related to the grain boundaries. In our pre-

vious studies [12, 13], we have shown that the electrical

conductivity obeys the classical grain boundary trapping

theory [18]; according to this theory, in a polycrystalline

film, the grain boundary region consists in a large number

of defects which act as effective carrier traps [18]. When

the trapping states in the grain boundary region are occu-

pied, they create a depletion region in the crystallite and a

potential barrier at the interface [18]. The presence of a

large number of defects in the grain boundary region

results in the formation of trapping states that are capable

of trapping carriers. This reduces the number of free car-

riers available for electrical conduction. In the present

study, Werner’s model [19] is introduced to interpret the

Arrhenius curved plots (see Fig. 3), and the fluctuations in

the potential barrier height, together with the low homo-

geneity of the films, are made responsible for this behavior.

According to this model, the electrical current density

(J) across the grain boundaries is expressed as [19]:

J ¼ A�T2 exp �qn=kBTð Þ exp �qVgb=kBT
� �

1� exp �qVd=kBTð Þ½ �
ð3Þ

where A� is the effective of Richardson constant, q is the

electron charge, qn is the Fermi level position within the

grain: qn = kBT ln (Nc/n), Nc is effective density of states,

n is carrier density, Vgb is the barrier potential at the grain

boundary, and Vd is the bias voltage. Assuming

Vgb � kBT/q, the grain boundary conductivity is obtained

with the following relation,

r ¼ D
dJ

dVgb
¼ DTqA�

kB
exp �qU=kBTð Þ ð4Þ

where D is the average crystallite size and U = Vgb ? n.

Werner suggested the existence of the potential variations

among different boundaries, and he modeled the fluctuating

barriers U by a Gaussian probability distribution [19],

Pð/Þ ¼ 1

r/

ffiffiffiffiffiffi
2p
p exp �

�/� /
� �2

2r2
/

" #
: ð5Þ

Here �/ denotes the mean barrier height (which limits the

conduction of the carriers) and r/ is the standard deviation

of the Gaussian distribution of the band bending, giving an

evaluation of the errors on the barrier values. Integrating

over all the possible barrier heights (U), the effective

barrier height is obtained:

Ueff ðTÞ ¼ �UðTÞ �
r2

/q

2kBT
ð6Þ

The temperature dependent activation energy is given by,

WðTÞ ¼ �kB
d

dT�1
½lnðr=TÞ� ¼ q �UðTÞ �

r2
/q

kBT

" #
ð7Þ

According to above equations, Werner has shown that the

temperature dependence of the conductivity is well

described by a parabola such as [19],

lnðr=TÞ ¼ a

T2
� b

T
� c; ð8Þ

where the parameters a, b and c do not depend on the

temperature, being related to the mean barrier height, �/,

and the standard deviation, r/, by the following relations:

r/ ¼

ffiffiffiffiffiffiffiffiffiffi
2ak2

B

q2

s
; ð9Þ

1000/T (K-1)

1.8 2.0 2.2 2.4

ln
 σ
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(Ta= 300 oC, air)

(Ta= 500 oC, formaldehyde)

(Ta= 500 oC, air)

Fig. 3 Temperature dependence of the conductivity plotted as ln(r)

versus 103/T in the temperature range 373–623 K
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�/ ¼ bkB

q
ð10Þ

As said before, the curvatures of the Arrhenius plots in

Fig. 3 are relatively well described by taking into account a

distribution of the barrier heights as suggested by the model

of Werner [19]. Equation 8 is used to fit the experimental

conductivity data in Fig. 4. One can see that the experi-

mental data are well fitted by the parabola. From the fit, the

values of a, b, and then the values of r/ and �/ are estimated

(Table 1). The curves deduced from the derivative of the

parabola are presented in Fig. 5. The dependences of the

activation energy show a good linearity for all the investi-

gated films (correlation coefficients higher than 0.99),

indicating that the Werner’s model is applicable in our case.

The well fits observed from Figs. 4 and 5 reveal that, for

the studied domain of the temperature, the grain boundary

scattering of the charge carriers dominates in the

investigated samples. On the other hand, the fittings are

found to be better in the presence of formaldehyde. Both �/
and r/ increase with increasing annealing temperature. The

presence of formaldehyde in environment leads to a rather

sharp decrease in both parameters. The lowest values of

these parameters are observed for the annealing tempera-

ture, Ta = 300 �C. In this case, �/ decreases in the presence

of formaldehyde, from 0.588 to 0.336 eV, which explain its

best sensing properties. In the studied samples, palladium

impurities bring their own contribution in improving the

gas sensitivity, since they give raise to the adsorption

activity of the material.

Werner defines the homogeneous coefficient, H, as a

ratio between the mean barrier height, �/, and the standard

deviation, r/ [19]:

H ¼ �/=r/: ð11Þ

This coefficient describes the film’s homogeneity. Its val-

ues, reported in the literature for different materials, vary

widely from 0.5 to 8 [23–25]. From Table 1, one can see

that, the values of H, obtained for the investigated samples,

are within this range, but its low values indicate that the

films homogeneity is low. By exposing the films thermally-

treated at 300 �C to formaldehyde, the homogeneous

coefficient decreases from 2.96 to 1.92. This may indicate

that, additional to grain boundary effects, a large number of

other defects, such as oxygen vacancies, assumed to be also

present in the studied films, could contribute to electrical

conduction.

4 Conclusions

Pd-doped TiO2 thin films (0.5 wt% Pd), obtained by the sol–

gel method (dip-coating) on Si substrates and thermally-

treated at 300 �C, exhibit better sensing properties than their

counterparts thermally-treated at 500 �C, in front of five test

gases (methane, acetone, ethanol, formaldehyde, LPG), with

a special remark to formaldehyde. The best sensing prop-

erties of the studied films to formaldehyde, determined us to

study its effect on their electrical conductivity. The tem-

perature dependent electrical conductivity of the TiO2 films

was well described within the model of the potential fluc-

tuations at grain boundaries, which gives the values of the

mean barrier height—an important parameter in selecting a

material for gas sensor. The presence of formaldehyde in the

ambient was found to lead to a decrease in the values of the

barrier height and the standard deviation, and to a sharp

increase (about ten times) in the electrical conductivity. The

lowest values of the barrier height and the standard deviation

obtained for the films annealed at 300 �C, explain their best

sensing gas performance.
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ln
 (

σ /
T

) 
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Fig. 4 Temperature dependence of the conductivity plotted as ln(r/

T) versus 103/T. Solid lines are the best-fit lines with Eq. 8
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Fig. 5 The activation energy W versus 103/T for the studied thin

films
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