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a  b  s  t  r  a  c  t

In this  work,  changes  on the electrical  properties  as  function  of the  temperature  and  gas  addition  on
the  surface  of the  4at%Sb:SnO2/TiO2 heterostructure  are  investigated.  This  heterojunction  privileges  the
gas sensor  application  at temperatures  nearer  to  the ambient  temperature,  when  compared  to  existing
devices,  which  is  more  efficient  when  sensitized  with  monochromatic  light of specific wavelength.  The
results  point  that  the  conduction  mechanism,  under  the  thermally  activated  trapping  influence,  is occur-
ring  preferentially  in the  TiO2 layer,  since  the  activation  energy  of  the  deepest  level  is  56  meV,  comparable
to  donors  from  TiO2. Besides,  an  increase  of  the  photo-current  decaying  rate  was  noticed  when  using  the
excitation  of  a He-Cd  laser  under  O2 atmosphere  and  room  temperature,  compared  to  films  with  a  sole
TiO2 layer.  Samples  showed  a high  resistance  variation  (up  to 40  times)  with  the  addition  of  gas  at  tem-
hotoconductivity
lectric-thermal influence

peratures  higher  than  330  K,  that can  be attributed  to the  electron  trapping  by  the  oxygen  molecules
adsorbed  on  the  sample  surface.  A model  that describes  such  trap-states  and  the  conduction  mechanism
within  the samples  is proposed.  This  way,  this  work  can be valuable  to  the  better  understanding  of  the
effects  and  rules  on  the  electrical  behavior  of  this  heterostructure,  in  order to apply  this  material  as  a  gas
sensor  device.

© 2018  Elsevier  B.V.  All  rights  reserved.
. Introduction

Nowadays gas sensors based on semiconductors present grow-
ng interest [1–4] but have some disadvantages concerning the
elatively high operating temperature and high power consump-
ion [5]. To overcome such obstacles, several reports about the
se of photoactivation of metal oxide semiconductor sensors have
een published, in order to increase the gas sensitivity. Some of
hese works present the use of UV light to improve the gas sensi-
ivity [4,6–8], and this illumination is an alternative to modulate
nd activate the sensor signal value [9]. On the other hand, the use
f semiconductor heterostructures may  improve even further the
as sensing properties, by means of the charge transfer from one

aterial to another. Such heterostructures may  also be improved

hrough the UV illumination, by means of the creation of incom-

∗ Corresponding author at: São Paulo State University (UNESP), School of Sciences,
OSMAT - Post-Graduate Program in Materials Science and Technology, Bauru, SP,
7033-360, Brazil.

E-mail address: roberto.ramos@unesp.br (R.A. Ramos Jr.).

ttps://doi.org/10.1016/j.sna.2018.09.001
924-4247/© 2018 Elsevier B.V. All rights reserved.
plete bonding on the sensor’s surface, enabling the adsorption of
more gas molecules [10,11].

Interesting properties may  be achieved from different het-
erostructures, and a very high variety of heterostructure applica-
tions have been reported in recent years, such as electrodes for
supercapacitors [12], high energy density supercapacitors [13], and
gas sensing devices [14–16]. In the case of gas sensor application,
the formation of heterostructures enhances the sensing proper-
ties, as the use of SnO2:Zn2SnO4 nanowires (NW) [16] that causes
an improvement of about 1.5 times in efficiency to sense ethanol,
compared with sole SnO2 NW.  Such improvement occurs in the
principal mechanism for ethanol sensing [17], attributed to the
dehydrogenation of ethanol with the addition of Zn2SnO4 to SnO2.
The use of n-ZnO/n-In2O3 presents up to 6 times improvement on
methanol sensing compared to sole In2O3, ruled by the electron
transfer effect at the heterostructure interface [15].

The junction of two  materials forming a heterostructure cre-
ates a potential barrier at the interface, originated from the valence

and conduction bands discontinuities of both semiconductors, after
the thermodynamic equilibrium is reached [18]. The electrons tend
to migrate from one material to another, according to the elec-

https://doi.org/10.1016/j.sna.2018.09.001
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2018.09.001&domain=pdf
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ron affinity of the material [18,19]. Considering the SnO2/TiO2 (tin
ioxide / titanium dioxide) heterostructure, the equilibrium con-
ition leads to electron transfer from the SnO2 to TiO2, due to the
igher electron affinity of the TiO2 [18,20]. The improvement of
as sensing properties in this heterostructure under illumination,
ompared to sole materials, occurs due to the photo-excitation of
lectrons in the exposed TiO2 layer, that along with the transferred
lectrons from the SnO2 layer, at the formation of the junction,
ncreases the concentration of charges exposed on the surface,

hich act as adsorption centers for gas molecules [11]. The photo-
xcitation must be done by an UV-light source, with higher energy
han TiO2 bandgap, and, after photo-excitation, electron transfer
rom TiO2 to SnO2 also may  occur but due to the potential barrier
t their interface this transference may  be limited [10].

TiO2 is a semiconductor with wide bandgap of about 3.3 eV [21].
he n-type conductive nature of TiO2 comes from interstitial Ti3+

nd oxygen vacancies [22]. The presence of oxygen vacancies in
his oxide facilitates the gas adsorption through stronger bonding
etween the film surface and the gas molecules, with desorption
emperature of about 410 K [23,24]. Improved gas sensitivity of
iO2 can be achieved by growing the films in the (101) and (001)
hkl) planes of the anatase structure [23,25,26]. Tin dioxide (SnO2)
s also a wide bandgap semiconductor, that presents high trans-
arency in the visible region, and high thermal stability [27,28].
he n-type conductivity nature of SnO2 also originates from oxy-
en vacancies and interstitial tin atoms [29]. Thin films obtained
hrough sol-gel related techniques present low conductivity related
o the small crystallites and consequently high grain boundary scat-
ering that decreases considerably the electron mobility [30,31]. On
he other hand, when donor-doped with Sb5+ ions an increase of
lectron density occurs in the semiconductor [31], which raises the
onductivity.

In this work, the investigation of electrical characteristics of
he 4at%SnO2/TiO2 heterojunction under photo-excitation is car-
ied out at gas and room atmospheres. Different temperatures and
heir influences on the photo-induced decay rate are also evalu-
ted and are related to deep level defects in the semiconductor
ayers. Concerning the improvement of the gas sensing properties,
he illumination of the heterojunction, with well-established exci-
ation energy, contributes to increase on the adsorption centers on
he surface of the TiO2 exposed layer. The investigation presented
n this work contributes to the understanding of the gas sensing

echanisms, and to the improvement in the Sb:SnO2/TiO2 het-
rostructure under different atmospheres, temperatures and light
xcitation.

. Experimental details

Sol–gel production of TiO2 was accomplished by hydrolysis and
ondensation of titanium (IV) isopropoxide using a high molar ratio
f water:alkoxide (200:1), isopropanol as co-solvent, HNO3 as cata-
yst, and Triton X-100 as surfactant [32,33]. Initially 2.6 ml  of Nitric
cid was added to 185 ml  of deionized water and 57 ml  of iso-
ropanol, followed by dropwise addition of 15 ml  of titanium (IV)

sopropoxide alkoxide, under stirring and heating at 85 ◦C during
 hours. The concentration of solution was performed by evapo-
ating the solvent and dispersants at 100 ◦C until reach a volume
f 50 ml,  which was followed by the addition of the surfactant
nder stirring for 30 min. Colloidal suspension of 4 at% Sb:SnO2
as obtained through an aqueous solution of Sn4+ (0.5 M) obtained

y dissolution of SnCl4·5H2O in deionized water mixed to a solution

f Sb obtained by dissolution of SbF3 in deionized water. Hydrol-
sis of Sn4+ and Sb5+ ions were promoted by addition of NH4OH.
he obtained suspension was submitted to dialysis against distilled
ater for elimination of chloride and fluoride ions [30,34].
uators A 281 (2018) 250–257 251

The films depositions were carried out by dip-coating on
soda lime substrate, previously cleaned with piranha solution at
H2SO4:H2O2 ratio of 70:30, with immersion/emersion speed of
10 cm/min. The semiconductors films were obtained in a sin-
gle deposition of each material. Firstly, the 4at%Sb:SnO2 layer
was deposited, followed by a calcination at 80 ◦C for 10 min,
and a thermal annealing at 500 ◦C for 2 h. Then, the TiO2 was
deposited, as the top layer semiconductor, with same calcination
and annealing processes. The final thicknesses of these films are
approximately 380 nm and 360 nm,  for 4at%:SnO2 and TiO2 respec-
tively, as reported in a recent work with the same deposition
parameters [35]. Aluminum electrodes were deposited paralelly on
the TiO2 surface, using shadow masks, through thermal evapora-
tion at pressure of about 10−6 torr. The thickness (t) and width
(W) of Al deposited was t = 100 nm and W = 10 mm,  and length
(L) between electrodes L = 5 mm.  The final assembly of the sensor
device is shown as inset of Fig. 2.

Structural, optical, and electrical characterizations were per-
formed accordingly with the descriptions below. X-ray Diffraction
(XRD) was  carried out in a Rigaku diffractometer (Model D / Max  -
2100 / PC) operating with CuK� radiation (1.5405 Å) and Ni filter for
attenuation of K� radiation and scanning rate of 2◦/min, in 2� mode
with fixed incident angle of 1.5◦. Data were analyzed with the soft-
ware Match (Crystal Impact), and the average crystallite size (�)
was estimated by Scherrer equation �=K*�/ˇ*cos(�), where K is a
shape factor with typical value of 0.9; � is the wavelength of the
X-ray;  ̌ is the broadening at half maximum intensity peak, and �
is the Bragg angle [30]. Optical transmittance and absorbance were
performed in a Perkin Elmer spectrophotometer (Lambda Model
1050 UV / VIS / NIR) in the range 200–3300 nm.  Photocurrent decay
was performed under vacuum conditions in different temperatures
(120–300 K), and under O2 atmosphere at room temperature. The
photoexcitation was performed with He-Cd Laser, � = 325 nm and
power of 200 mW,  during 90 s, with the laser beam directed to the
region between electrodes. Although the laser energy is higher than
the bandgap of both oxide semiconductors, it is inside the spectra
region of high absorption of the TiO2 film (top layer) that works as
a filter to higher energies than its bandgap. Therefore, most of the
light energy is absorbed by this top layer and light with only energy
lower than the TiO2 bandgap (3.3 eV) achieves the Sb:SnO2 bottom
layer, which is then, lower than its direct (3.8 eV) bandgap. A fixed
applied voltage V = 2 V was  set during the photoexcitation under
room and O2 atmospheres. For measurements with O2 atmosphere,
the gas was injected in the system at the end of the photoexcita-
tion, to assure the same excitation conditions as under low pressure
atmosphere.

3. Results

Results on structural and optical properties of the Sb:SnO2/TiO2
film were obtained by XRD and UV–vis measurements, shown
in Fig. 1, to obtain information about the optical properties and
bandgap, as well as the crystalline phase and crystallite size of the
sample. These properties are important factors that affect directly
the electrical character in oxide semiconductors. The XRD pre-
sented in Fig. 1(a) shows that the most intense diffraction peak
is attributed to plan (101) of anatase TiO2 (JCPDS-ICDD 2003, file
#089-4921). Although the thermal annealing occurred at 500 ◦C,
which is below the necessary temperature for TiO2 anatase/rutile
phase transition [33,36], the figure shows diffraction peaks related
to the planes (110) and (211) of TiO2 rutile phase (JCPDS-ICDD 2003

file # 089-4920). In spite of the low thermal annealing tempera-
ture, TiO2 rutile phase may  occur by two  different mechanisms:
the thermally activated transition phase, or the ordered structural
induction. The first mechanism is associated with the formation of
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Fig. 1. (a) Diffractogram of the heterostructure film with the main diffraction peaks of 

Fig. 2. Electrical resistance of the Sb:SnO2/TiO2 as function of the temperature.
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implies that the deviation on the straight-line behavior in the
nsets: (left) sample architecture, and (right) Arrhenius plot to estimate the acti-
ation energy of the deepest level in the sample.

utile crystals in anatase grain boundaries [37], while the second
echanism is associated to the crystallization of the rutile SnO2

JCPDS-ICDDD 2003 file # 089-4920) bottom layer, that induces
he arrangement of interfacial TiO2 in the rutile phase, to minimize

echanical stress at the interface. This interfacial stress reduction
etween the SnO2 and TiO2 semiconductor layers occurs due to
nly 5% mismatch on their lattice parameters, when both present
utile phase [38]. The rutile peaks of TiO2 presented lower inten-
ities compared to its anatase peaks due to the probable growth
f rutile TiO2 only at the interfacial region of the heterostructure.
n the other hand, the rutile SnO2 presented low diffraction peak

ntensities due to its thinner layer caused by its dip-coating depo-
ition with a less-viscous sol-gel suspension. The peak at 31◦ is
elated to � – SnO according to JCPDS–ICDD 2003 file 07-0195. As
he intensity of this peak is relatively high, it is an indication that
ome regions of the Sb:SnO2 film are non-stoichiometric.

Optical transmittance and absorbance on the UV–vis spectra is

resented in Fig. 1(b). The Sb:SnO2/TiO2 film shows high transmit-
ance (about 90%) which is expected, since high transmittance is
lso obtained for sole films of TiO2 and Sb:SnO2 deposited by the
TiO2 and SnO2. (b) UV–vis-Near IR optical absorbance, and transmittance (inset).

same route, as demonstrated in previous reports, both above 80%
[33,39].

Electrical characterization of the sample was  carried out to eval-
uate the effect of temperature on the electrical resistance of the
Sb:SnO2/TiO2 film. The measurement was performed at low pres-
sure (10−3 torr) in a cryostat refrigerated with He-closed circuit,
and the result obtained is presented in Fig. 2. It allows verifying
that the resistance of the heterostructure film is highly dependent
on the operation temperature, reaching 5 orders of magnitude from
the lower resistance of 2 × 103 � at 300 K to the higher resistance
108 � at 18 K. The sample conductivity is expected to increase pro-
portionally to the temperature due to higher concentration of free
electrons released from defects from intrabandgap energy level as
well as thermally generated intrinsic carriers. The release of elec-
trons yields the free electron concentration on the conduction band
as a function of the impurity energy level (Ea) and temperature (T)
[40]. The activation energy of ionized level at room temperature
can be calculated by plotting Arrhenius graph of conductivity as
function of T-1, as shown in the inset of Fig. 2, where the angular
coefficient of the straight line is -Ea/k, where k is the Boltzmann
constant, yielding the impurity energy level.

The value of Ea obtained for a short temperature range, near
room temperature, refers to the defect with deepest energy level,
which can capture electrons from the conduction band. The contin-
uous inclination of the Arrhenius curve suggests that a continuous
energy level distribution do exist in this sample. The range of activa-
tion energies of such levels may  be taken from this graph and refer
to the temperature-related energy to release trapped electrons.

The activation energy evaluated for higher temperatures is
approximately 56 meV, similar to ionization of donor levels in rutile
TiO2 (interstitial ions Ti3+) [41,42]. This agreement reinforces the
partial anatase/rutile phase transition, and also implies that the
electrical conduction occurs preferentially in the top TiO2 layer,
rather than in the bottom Sb:SnO2 layer. It is worth recalling that
the absence of a sole straight line in the Arrhenius plot may be
associated to multiple defects, which are common in oxide semi-
conductors [43]. These defects are progressively ionized with the
increase of temperature and prevent the Arrhenius graph to be a
straight line. Furthermore, the effective density of states and the
mobility are not constants for a large temperature range, which
Arrhenius plot is expected, as the temperature range becomes
wider.
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Fig. 3. Current versus voltage curves of the Sb:SnO2/TiO2 sample under dark and photo-excitation (He-Cd laser) conditions (a) at 180 K, and (b) at 240 K. The measurement
was  performed under low pressure atmosphere (10−3 torr).

F tures
1

r
s
w
r
1
c
a
o
t
c
u
u
(
j

e
t
t
e
h
p
h
m
d

ig. 4. (a) Photo current decay after 90 s He-Cd laser excitation at different tempera
000/T for temperatures of 240 K, 270 K, and 300 K.

The electric behavior of the sample was also evaluated with
espect to its dependence on the photo-excitation. In this mea-
urement, the sample is irradiated with the He-Cd laser with
avelength of 325 nm (3.82 eV), under 20 V bias until the equilib-

ium was reached. This was done at two different temperatures,
80 K and 240 K, as shown in Fig. 3(a) and (b), respectively. One
an notice that the electrical resistance at 180 K is much higher
s a result of the low thermal energy and the lower ionization
f intrabandgap defects and intrinsic carriers, with influence on
he electrons density in the conduction band, as previously dis-
ussed for Fig. 2. In both cases the resistance considerably decreases
pon photo-excitation, compared to the dark values, showing val-
es 17 times lower at 180 K (Fig. 3(a)), and 4 times lower at 240 K
Fig. 3(b)). These results demonstrate the sensibility of this hetero-
unction to light at different temperatures.

Hence the emission wavelength of the laser used for photo-
xcitation is in the spectral range with high optical absorbance of
he sample, as previously shown Fig. 1(b), due to its energy higher
han both materials bandgap energy, it could indicate that the
lectrical conduction enhancement rises mostly from the electron-
ole generation. Considering the same excitation conditions (e.g.

ower, time, pressure, and sample region) on both samples, the
igher increase of electrical conductivity on the sample at 180 K
ay  be associated to the higher electron mobility of the semicon-

ucting layer where the conduction mainly occurs. Considering the
. Applied bias voltage of 2 V under 10−3 torr pressure. (b) Graph of ln(1/T*dR/dT) vs

domain of nanocrystallites in this sol gel oxide semiconductors;
scattering by ionized impurities and phonons may be neglected,
and the mobility becomes dominated by grain boundary scattering
[44], which reduces at lower temperatures, consequently increas-
ing both the mobility and electrical current under illumination,
as the temperature falls down. The effect of mobility increase for
reduced temperature has already been discussed for sole Sb:SnO2
thin films [30].

As discussed above, the Sb:SnO2/TiO2 semiconductor het-
erostructure present distinct sensibility to light at different
temperatures, which led to the investigation of its photo-induced
current decay for a temperature range. The chosen range was
from 120 K to 300 K, a wide range, in order to explore the more
intense decay rate variations, and define the appropriate temper-
ature interval, which could be used to evaluate sample kinetic
parameters. This analysis helps understanding the rules of car-
rier retrapping in the current decay. The result is presented in
Fig. 4, with the normalized current plotted as function of the
time. Similar to the excitation of Fig. 3, the photo-excitation was
accomplished with the He-Cd laser, but the irradiation time was
90 s under applied positive bias of 2 V on the sample, and the

decay starting time (t = 0) occurred after turning the laser off. The
decaying becomes slower at lower temperatures, as also found in
Er:SnO2 and Eu:SnO2 samples [44,45]. The time-dependent decay
means that the electrical resistance of the sample increases with
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ig. 5. Photo-induced current decay under different atmospheres (10−3 torr, room
nd O2-rich atmospheres) at room temperature (300 K).

ime through the recapture of electrons from the conduction band
nto trapping defects. It is important to recall that, when the het-
rostructure is being built, the presence of 4at%Sb:SnO2 bottom
ayer supports the charge compensations, releasing charges into
he TiO2, which leads to an increase of the sample conductivity. The
ecay rate, seen in Fig. 4(a), decreases drastically at lower temper-
tures, i.e. at 300 K the decaying current decreases about 26% of the
nitial value after 300 s, while at 120 K the current decayed merely
%, a difference in the decay rate of 6 times. This is a positive result
hat implies that at higher operation temperatures the rate of trap-
ing photo-generated charge carriers is also increased, increasing
he efficiency of the sensor. As gas sensors usually operate at high
emperatures (300–500 K), devices made from this heterostructure
ssembly may  have its characteristics improved even further with
ight excitation.

The photo-induced decaying measurement can provide impor-
ant parameters of the material related to dominant defects in the
emiconductor. It was first proposed for investigating deep level
efects in single crystalline MBE  grown AlxGa1-xAs [46], leading to
he capture barriers (Ecap) i.e. due to local relaxation of the lattice,
round the trapping defect. The modification of this kinetics model
or electron trapping in polycrystalline semiconductors was first

pplied to Er-doped SnO2 [44] yielding the potential barrier at grain
oundaries (�), besides the Ecap [30,44], since the sample polycrys-
alline nature imply in comparable relevance of the grain boundary
otential barrier (�) and the capture energy (Ecap) for the conduc-

Fig. 6. Band diagrams of the junction between TiO2 and Sb
uators A 281 (2018) 250–257

tivity. Considering that the dominant effect on the heterostructure
mobility is the grain boundary scattering, it can be shown that a
plot of ln(1/T*dR/dt) versus 1/T yields the (Ecap – �) directly from
the curve slope, as presented in Fig. 4(b). dR/dT is the inclination of
the time dependent resistance for the first 50 s of decay, evaluated
for each temperature [30,44]. As the curves starts to superimpose
each other below 240 K, we may  consider with reliability the mea-
sures above this temperature for the evaluation of (Ecap – �). The
average slope of the fitting line of the data presented in Fig. 4(b)
yields the value of (Ecap – �) = 78 ± 11 meV. The temperature range
(240–300 K) for the evaluation of photo-induced decay parameters
is in good agreement with previous publications [20,34,35]. For a
wider range, other defects may  become relevant for the trapping
process and compete for electron capture, leading to the overlap of
the decay curves, as observed. This result is also in good agreement
with the Arrhenius plot (inset of Fig. 2), that reveals a distribu-
tion of defect levels with distinct energies, meaning a sample with
multiple defects.

As already discussed, the conduction occurs preferentially in the
TiO2 layer, according to the evaluated sample activation energy and
the architecture itself (inset of Fig. 2). Then, the potential barrier
height in grain boundaries of the titanium oxide layer can be given
as � = 89 ± 30 meV  [48], value obtained from a sample with the clos-
est stoichiometry to the TiO2 layer considered here. In this way, the
capture energy for the heterostructure, calculated from the curve
slope of Fig. 4(b) is Ecap = 167 ± 10 meV. The capture energy means
the lattice relaxation around the defect for the trapping process,
usually originated from the ion local movement [49]. The obtained
value is a rather high, and a good indicator of a large lattice relax-
ation process. It is also in very good agreement with the value
obtained for the capture energy in 4at%Er-doped SnO2 films [44].
The capture energy found in that work was  associated with the ion-
ization levels of oxygen vacancies, whose exact lattice relaxation
mechanism is worthy of further investigation, but not in the scope
of this paper. It is also important to mention that Ecap is different
from the value that would be obtained for the ionization energy,
or energy difference between the defect level and the conduction
band bottom [47]. Then, it is not expected that reported values for
vacancies ionization, e.g. 320 and 500 meV, for the first and sec-
ond ionization levels [50] agree with the Ecap value obtained in the
present work. However, the magnitude of these defects levels, quite
deep in the bandgap, assures that some sort of lattice relaxation
must be expected.

The electrical characteristics of the heterostructure sample were

also investigated by photo-decaying current under different atmo-
spheres at room temperature (300 K).Considering the difficulties
in controlling the temperature under non-vacuum condition, the
experiment was run only at room temperature. Fig. 5 shows the

:SnO2 (a) prior and (b) after equilibrium is achieved.
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Fig. 7. Resistance as function of the applied bias voltage at different temperatures
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hoto-induced current obtained. The excitation was similar to the
emperature-dependent measurement, with irradiation with He-
d laser during 90 s under applied bias voltage of 2 V under vacuum,
o ensure that the sample was excited under the same conditions.

hen the excitation time was achieved, the gas was injected into
he cryostat concomitant with the excitation removal and starting
ecaying time t = 0 s.

The decaying current-rate increases sharply at higher O2 con-
entration, as can be seen after the injection of room atmosphere
as, that causes an abrupt decay on the first 20 s of measure-
ent, that is further increased under O2-rich atmosphere. Under

oom atmosphere (O2 concentration of about 20% [51]), the cur-
ent decays 25% in the first 5 s, while under the O2-rich atmosphere
99,995% pure) the current decays almost 40% on the same time
nterval. After the abrupt current fall in the first seconds, the cur-
ent decay becomes slower in all the three atmospheres. This
brupt decaying current rate did not occur in sole TiO2 film mea-
ured under similar conditions as reported in a previous work [35],
hich implies that the interface between TiO2 and Sb:SnO2 of the
eterostructure is contributing to the higher gas-sensing on the
ample. Under excitation, the gas-adsorption improvement on the
iO2 surface may  occur due to the increase of electrons in the
iO2 layer coming from excitation and from the SnO2 layer. Fig. 6
resents the band diagrams of the semiconductors under contact
nd thermodynamic equilibrium. This diagram was  built consider-
ng the vacuum level as reference (E = 0) and the values reported in
iterature of 4.6 eV [11,20] and 4.2 eV [11,52] for electron affinity
�), and 5.5 eV [53,54] and 4.5 eV [52,55–57] for work function (�)
f the anatase TiO2 and rutile SnO2, respectively, as well as previ-
us reported band diagrams of TiO2/SnO2 heterostructure [11]. The
iscontinuity of the conduction band is reported as 0.62 eV at the

nterface between 4at%Sb:SnO2 and TiO2 [11]. The diagram shows
he electron transfer from the SnO2 to TiO2 that occurs due to the
igher electron affinity of the TiO2 [18,20]. This electron transfer
akes place during the formation of the junction, as the equilibrium
ondition (Fermi level equality of both sides) is being reached, as
een in Fig. 6(a). Under photo-excitation the transfer of electrons
rom TiO2 to SnO2 may  also occur, but it may  be limited due to
he potential barrier at their interface. The higher concentration
f electrons on the TiO2 exposed surface increases the number of
dsorption centers for gas molecules. The atmosphere with more
as molecules captures the superficial charges at a faster rate, which
educes more quickly the current [11,44], as shown in Fig. 5. This
dsorption process stops probably by the shielding of the sample
urface by the adsorbed molecules that occupy all the surface sites
nd do not allow further molecule adsorption. Therefore, at the first
0 s of current-decay the charge trapping related to intrabandgap
efects present in the sample determines the gas adsorption and
ample conductivity.

In order to evaluate the temperature dependency of the sam-
le resistance under gas adsorption, a different bias voltage was
pplied with 10−3 torr of pressure and room atmosphere condition.
he results are shown in Fig. 7(a) for low pressure atmosphere, and
n Fig. 7(b) for room atmosphere. One can notice that the resis-
ance increases significantly when under room atmosphere, in all
valuated temperatures, for instance at 390 K the electrical resis-
ances are 2 M� and 75 M� under vacuum and room atmospheres,
espectively, as can be seen in Fig. 7(c). The resistance at room atmo-
phere is about 40 times higher due to the adsorbed O2 molecules
hat contribute directly to the reduction of free electrons in the
emiconductor. At T = 330 K the resistance under room atmosphere
ncreases 30 times compared to vacuum condition, which implies

hat the raise of free electrons in the semiconductor at higher tem-
eratures (390 K) also increases the adsorption sites on its surface,
howing higher resistance variation when the atmosphere changes.
s this investigated temperature is lower than the temperature for
under (a) 10−3 torr, and under (b) room atmosphere. (c) A comparison of the resis-
tances (average) at different temperatures and atmospheres presented in figures (a)
and  (b).

gas desorption from the TiO2 surface, that is around 410 K [24,26],
this is the temperature that the device may  be operated with better
performance.
4. Conclusion

The investigation presented in this work showed that the forma-
tion of the heterostructure of TiO2 with 4at%Sb:SnO2, is promising
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o gas sensors devices. The architecture with the TiO2 semiconduct-
ng layer exposed to atmosphere gases shows higher gas sensitivity

hen operating under UV light.These results are attributed to the
lectron transfer from the SnO2 to the TiO2 layer at junction for-
ation, and under light irradiation, due to the further increase of

lectrons in the titanium oxide film. This charge transfer enhances
he gas sensing mechanism through the larger electron capture by
dsorbed molecules, which are responsible for the large electrical
urrent variation in the devices under different atmospheres.

The results from the Sb:SnO2:Sb/TiO2 based sensors are promis-
ng concerning the functionality of the heterostructure and its
ow-cost obtaining method. The improvement of gas-sensitivity
y using UV-light along the gas detection shows this material can
perate at low temperature range (30–120 ◦C), being able to replace
xisting devices that operate at higher temperatures (300–500 ◦C).
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