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THE ELECTRICAL CHARACTERISTICS OF NANOSCALE SnO2 FILMS, STRUCTURED BY
POLYMERS

The electrical characteristics of nanoscale tin dioxide layer were studied. They showed the significant
differences in the conductivity values of films in vacuum and in air, which indicates a visible influence of
adsorption interaction with oxygen in the air. The dark current temperature dependence activation character
was established due to different donors type centers contribution to the conductivity which are “shallow” at
low temperatures and are more "deep" at high temperatures. The values of the energy depth of these levels were
calculated. The films’ conductivity changes at their heating at vacuum and at the subsequent cooling at vacuum
till the initial temperature are reversible and repeatable many times, which testifies the stability of the electrical
characteristics of the SnO2 films and is perspective for use of the layers as adsorptive-sensitive elements of gas

SE€Nsors.

1. Introduction

A good combination of physical properties of
tin dioxide (conductivity, its sensitivity to the ex-
ternal environment changes and electromagnetic
radiation), stability of characteristics and low-
cost production makes it to be one of the most
popular and promising material for sensor [1, 2].

Tin dioxide plays its important role as a mate-
rial for solid-state gas sensors whose operation is
based on changing the conductivity of a sensitive
layer at gas adsorption. Various kinds of nano-
structured SnO, exhibit better properties com-
pared to their bulk types both for gas analysis and
for a wide range of other applications. Chemical
and electrical properties of tin dioxide in nano-
crystalline state depend strongly on particles’ size
[1, 2]. The grain size decreasing influences both
the defects role in surface layers on electronic
processes in them and increases the contribution
of grain boundaries to the transport processes of
charge carriers.

Tin dioxide is a degenerative semiconductor
with electronic conductivity due to a wide range
of donor levels in the bandgap with activation en-
ergies of 0,21, 0,33, 0,52, 0,6, 0,72 eV [3, 4]. The
SnO, film samples have donor levels which are
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typically shallow. Their activation energies are in
thin interval of 0,15 eV and they decrease with
the increase in charge carriers quantity.

Semiconductor metal oxides’ conductivity ex-
ists due to their composition deviation from stoi-
chiometry. Defects (anion and cation) vacancies
also play an important role in their conductivity.
In the oxide semiconductor films deviations from
stoichiometry, and hence the electrical properties,
change reversible at their interaction with the gas
environment. Their conductivity significantly de-
pends on the structure of the layers, grain size and
barrier effects on the grain boundaries, adsorption
processes on surfaces, effect of temperature and
external electric field. All these factors must be
taken into account at the analysis of experimental
results.

Since the main physical parameters (grain
size, considerable surface area, the grains’ struc-
ture features etc.) are determined by technologi-
cal peculiarities, then electrophysical properties
also depend on technological factors. [5]

The present work is devoted to the investi-
gation of current-voltage characteristics (I-V)
and the dark current temperature dependences
(DCTD) of nanoscale SnO,, structured by poly-



mers, aiming the study their electrical conductiv-
ity mechanisms and the influence of adsorption
processes on their electrical properties.

2. Sample preparation and experimental
techniques

Nanostructured tin dioxide thin films were
obtained using polymer materials by the sol-
gel method [6]. Bis(acetylacetonato)dichlorotin
(BADCT) was used as a tin dioxide precursor [7].
The polyvinyl acetate (PVA) was used as a poly-
mer material for structured of nanofilms.

Experimental technique for SnO, nanofilms’
electro-physical characteristics measurements was
based on a standard method of current-voltage and
current-temperature dependence registration.

The SnO, films were supplied with contacts of
Indium thermally deposited in a high vacuum on
the surface of the films shaped as two parallel strips.
The distance between the electrodes was 2 mm.

3. Results and discussion

Fig. 1 shows current-voltage characteristics of
SnO, films with different content of the precursor,
measured on air at room temperature. They were
independent on the polarity of the applied voltage
and linear, which indicates the Ohmic type of in-
dium contacts conductivity and negligible barrier
effects influence.
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Fig. 1. I-V characteristics of SnO, with the content
of precursor 1% (1), 5% (2) and 10% (3), measured
in air (T = 290 K).

It may be seen the correlation between the
precursor’s concentration increasing in the initial
solution and the films’ resistance reduction. This
may be connected with precursor’s concentration
increasing which resulted in the film’s thickness
growth, with the subsequent growth of charge
carriers concentration and number of defects
which contribute to the film conductivity increase
too. Besides that, it is known that carrier mobility
increases with film thickness increasing what also
influences the conductivity.

Current—voltage characteristics of one of the
samples measured in air (curve 1), and then in
vacuum (curve 2) are shown in Fig.2. As it can
be seen, the electrical conductivity of the films in
vacuum increases significantly. The latter suppos-
es that the value of the electrical conductivity of
the investigated films greatly affect the processes
of adsorption (desorption) of oxygen on their sur-
face [8].
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Fig. 2. I-V characteristics of sample with precursor
content of 5% in air (1) and in vacuum (2).
(T =290 K).

The oxygen influence on the conductivity of
the films is also confirmed by the results presented
in Fig.3. Curve 1 (Fig.3) depicts the current—volt-
age characteristic of one of SnO, films measured
in air at 290 K. Then, air was evacuated from the
measuring chamber (to a pressure of about 107
mm Hg). The film was heated in vacuum to a tem-
perature of 410 K and then again cooled to a room
temperature. After that measuring of I-V curves
(at 290 K) in vacuum was repeated (Fig. 3, curve
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2). The significant increase in conductivity of the
film (more than two orders of magnitude) is asso-
ciated with desorption of oxygen and the forma-
tion of oxygen vacancies acting as donors [8] on
the films’ surfaces.

Curve 3 (Fig.3) was measured in 15 min after
the atmospheric air was let into the chamber. It
may be noticed a decrease in the electrical con-
ductivity of the film due to atmospheric oxygen
adsorption.
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Fig. 3. I-V curves of the SnO, film with the precur-
sor content of 10% (T =290 K) (commentary in the
text).

The decreasing current relaxation (Fig. 4) was
observed in the process of air inlet into the cham-
ber.

Straightening of the initial section of the cur-
rent-time dependence in the coordinates Ind =t
shows that in the initial time interval (0 to 30
seconds), the current decreases with time accord-
. . I~exp (—E)!-x-e.zr:p (—E)
ing to exponential law T T
. Calculated from the graph the value for the re-
laxation time constant, T was approximately 18
seconds. In later periods the rate of relaxation
decreases monotonously. Thus, the processes of
oxygen adsorption on the film surface at room
temperature are characterized by definite inertia.
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Fig. 4. Relaxation of current in the sample at let-
ting air in the measurement chamber (V = 60 V).

The decreasing relaxation of current is asso-
ciated with interaction of the film surface with
oxygen at the inlet of atmospheric air. The ini-
tial section of the graph is associated both with
a relatively rapid filling of the surface centers by
oxygen ions, thus capturing electrons of conduc-
tivity and the disappearance of oxygen vacancies.
In the future, the process of current relaxation
slows down, because the near-surface layers of
adsorbed oxygen limit the access to the surface
for air oxygen.

The temperature dependences of dark current
were fulfilled for the studied SnO, films. The re-
sults of these calculations for films with content
of the precursor 1%, 5% and 10% are presented
in Fig.5.
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Fig. 5. The temperature dependence of dark current

measured at U = 60 V for SnO, with the content of

the precursor 1% (1), 5% (2) and 10% (3). Curve (3)
measured at the sample cooling (U =80 V).



The DCTD curves have the activation charac-
ter at heating. The conductivity is contributed by
different types of donor centers, “shallow” at low
temperatures and “deeper” at high temperatures.

Depth values of the energy levels calculated
from the slopes of the straight sections DCTD
curves for different series of specimens are shown
in the table.

Table
The content of
precursor (%) ! > 10
The ionization 0,19 0,13 0,23
energy of 0.27 0,21 0,31
donors (eV) 0,34 0,53

Obtained energies’ values of 0.19 eV and 0.13
eV are close to literature value of donor level at
0.15 eV associated with double ionized oxygen
vacancies formation [9]. The nature of donor cen-
ters, associated with other energy values in the
table, remains unclear.

A large set of obtained values of the activa-
tion energy can be related to the fact that in the
test films due to their nano structure the energy of
known levels may change, for example, for those,
which corresponds to oxygen vacancies. The ad-
ditional levels associated with peculiarities of the
films production and their storage may appear.
There may be levels due to the presence in the
films of tin monoxide SnO, etc.

Curve 3’ (Fig.6) depicts DCTD of the samples
measured at cooling. As can be seen, the current
decreases at cooling enough slowly.

The conductivity of the film after its cooling to
room temperature remains much higher than pri-
or to the procedure of heating the film. This may
be due to discharging of donor oxygen levels at
high temperatures when the surface curve of en-
ergy bands decreases (the thickness of the surface
potential barrier decreases correspondingly), thus
resulting in the films conductivity increasing. It
worth to note, that the above described features of
DCTD behavior, measured at cooling, were ob-
served for all series of the samples.

The process influencing the conductivity mag-
nitude changes of the films by heating and subse-

quent cooling at vacuum till initial temperature
is reversible and repeatable many times. For ex-
ample, if at the end of the measurement the curve
3’ (Fig. 6) the measuring chamber is filled with
air, then after a certain period of time the current
is reduced to levels (at the same temperature) cor-
responding the curve 3 (Fig.6).

The latter supposes that the electrical charac-
teristics of the SnO, films is quite stable, which
allows using them as adsorptive-sensitive ele-
ments for gas sensors.

4. Conclusions

The studies of electrical properties of nanolay-
ers of tin dioxide revealed the following features:

The conductivity of the investigated films in
vacuum and in air differs more than an order of
magnitude, which indicates the considerable in-
fluence of adsorption interaction with oxygen in
air.

Curves DCTD taken at heating the samples are
of activation type due to different types of donor
centers contribution to conductivity. Obtained
values of the energies of 0.19 eV and 0.13 eV are
close to the known from literature value of the
ionization energy of the donor level at 0.15 eV
associated with the formation of double ionized
oxygen vacancies.

The change in conductivity of the films dur-
ing heating and subsequent cooling at vacuum till
the initial temperature is reversible and repeatable
many times, which shows the stability of the elec-
trical characteristics of the SnO, films and allows
using them as adsorptive-sensitive elements for
gas sensors.
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Abstract

The electrical characteristics of nanoscale tin dioxide layer were studied. They showed the sig-
nificant differences in the conductivity values of films in vacuum and in air, which indicates a visible
influence of adsorption interaction with oxygen in the air. The dark current temperature dependence
activation character was established due to different donors type centers contribution to the conductiv-
ity which are “shallow” at low temperatures and are more “deep” at high temperatures. The values of
the energy depth of these levels were calculated. The films’ conductivity changes at their heating at
vacuum and at the subsequent cooling at vacuum till the initial temperature are reversible and repeat-
able many times, which testifies the stability of the electrical characteristics of the SnO, films and is
perspective for use of the layers as adsorptive-sensitive elements of gas sensors.
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EJEKTPUYHI XAPAKTEPUCTUKU HAHOPO3MIPHUX IIJIIBOK SNO,,
CTPYKTYPOBAHUX 3 BUKOPUCTAHHSAM ITOJIIMEPIB

Pesrome

[TpoBeneni B poOOTI JOCTIIKEHHS EIEKTPUYHUX XapaKTEPUCTUK HAHOPO3MIPHUX LIApiB A1IOKCUILY
0JI0BA JIO3BOJIMJIM BUSBUTHU 1CTOTHI BiZIMIHHOCTI B 3HAYEHHSX MPOBITHOCTI IJTIBOK Y BaKyyMi i Ha mo-
BITpI, 1110 CBIAYUTH NPO NOMITHHNA BIUTUB aJcOPOIiItHOI B3aeEMOIiT 3 KUCHEM NOBITps. BcTaHoBIeHO
akTuBauiifHui xapakrep kpuBux T3TT 3pa3kiB, 110 00yMOBIEHO BHECKOM Y TIPOBIIHICTh PI3HUX THITIB
JOHOPHUX LIEHTPIB - OIbIIE «JIpIOHUX» MPU HU3BKUX TeMIleparypax i OuIble «ITTMOOKUX» TpU BU-
COKHX TemIieparypax. Po3paxoBaHO 3HaueHHS INIMOMHHU 3aSTaHHS [IUX EHEPreTUYHUX PiBHIB. 3MiHA
BEJIMYMHU TPOBIAHOCTI IUTIBOK MPU MPOTPiBl y BaKyyMi il HACTYITHOMY OXOJIOMKEHHI y BaKyyMi 10
BUX1/THOT TEMIIEpaTypu € OOOPOTHHUM 1 6araropa3zoBo BiATBOPIOBAHHUM, III0 CBITYUTH MPO CTAOUIBHICTD
€JIEKTPUYHMX XapPaKTEPUCTUK TOCIIDKYBAaHUX MIBOK SnO), i MEPCIEKTUBHO 1JIs1 BUKOPUCTAHHS Il1a-
PiB B SIKOCT1 aJICOPOIIIIIHO-UyTIIMBUX €JIEMEHTIB T'a30BUX CEHCOPIB.

KirouoBi ciioBa: 1iokcu 0J0Ba, HAHOPO3MIPHI IIAPH, EIEKTPUUHI XapaKTEPUCTUKU
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AJEKTPUYECKHUE XAPAKTEPUCTUKHA HAHOPASMEPHBIX TIVIEHOK SNO,,
CTPYKTYPUPOBAHHBIX C UCITIOJIB3OBAHUEM INOJIUMEPOB

Pe3rome

[IpoBenennsie B paboTe UCCIENOBAHUS AIEKTPUUECKUX XaPAKTEPUCTUK HAHOPA3MEPHBIX CIOCB
JIMOKCHJIa 0JIOBA MO3BOJIMJIA BBISIBUTH CYIIECTBEHHBIE OTJIMYUS B 3HAYEHUSIX MTPOBOJAMMOCTHU TUIEHOK
B BaKyyMe€ U Ha BO3JlyX€, UTO CBHUJIETEILCTBYET O 3aMETHOM BJIMSIHUU aJICOPOIIMOHHOTO B3aWMOJICH-
CTBUS C KUCJIOPOJIOM BO3yXa. YCTAaHOBJICH aKTUBAMOHHBIN Xapaktep kpuBbix T3TT o6pa3ios, 4To
00yCIIOBJICHO BKJIQJIOM B IIPOBOAMMOCTh PA3JIMYHBIX THUIIOB JOHOPHBIX IIEHTPOB — 00OJIee «MEIKUX»
MIPU HU3KHUX TeMIepaTypax u 0ojiee «mTyOOKHX» MPU BEICOKUX TeMIlepaTypax. Paccuntansl 3HaYeHUS
[TyOWHBI 3aJIETaHUs ATHX DPHEPreTUUECKUX YpoBHEH. MI3MeHeHne BETMUMHBI TTPOBOJUMOCTH TICHOK
[IpY IPOTPEBE B BAKYyME U MOCIEAYIOIIEM OXJIAXKIEHUH B BAKYyME J10 UCXOAHOM TeMIIepaTyphl SBIIS-
eTcsi 0OpaTUMBbIM U MHOTOKPATHO BOCIPOM3BOAMMBIM, YTO CBUETEIHCTBYET O CTAOMILHOCTH DJIEK-
TPUYECKHMX XapaKTEPUCTHK UCCIIENYEMBIX IUIEHOK SnO, 1 MEPCIIEKTUBHO JUIS UCTIOIL30BAHUSA CJIOEB B
Ka4eCTBE aJICOPOIMOHHO-UYyBCTBUTEIBHBIX AJIEMEHTOB Ta30BBIX CEHCOPOB.

KuroueBble cj1oBa: THOKCH 0JI0BA, HAHOPA3MEPHBIE CIIOU, AIEKTPUUECKUE XapAKTEPUCTUKHI
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