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1. Introduction
The search for alternative materials to silicon dioxide for 

use in electronic devices has grown in the past recent years1-3, 
related to a reduction in energy consumption and greater 
control of electric current in field-effect transistor (FET) 
devices2. It concerns the seek for insulating materials with 
appropriate properties, such as higher values of dielectric 
constant (high-k) for use in the gate terminal, allowing 
reduction of leakage current1-7. In this scenery, aluminum 
oxide presents interesting properties such as: high dielectric 
constant, wide bandgap, high corrosion resistance and high 
adhesion to various types of materials. These properties 
allow this oxide to be used as tunneling barrier8-10, dielectric 
gate and protective coatings in FET devices3,6. Concerning 
its combination with SnO2, it must be mentioned the large 
band offset, which is an important parameter for the coupling 
semiconductor / insulating related to the insulation in a 
FET device. The band offset is the discontinuity between 
valence and conduction bands in the heterojunction11, and 
must be taken into account in application for MOSFETs, 
where besides the insulating material with high-k, the 
band offset must be higher than 1 eV, in order to role as an 
effective barrier for electrons and holes12. Dielectrics with 
high bandgap are desired to increase the band offset and 
the stability of Thin Film Transistor (TFTs), because high 
conduction band offset helps the electrical confinement of 
charge carriers in the semiconductor12. Considering that the 

Al2O3 bandgap is about 9 eV and SnO2 is about 3.6eV[13], 
the bandgap difference is about 5.4eV, which allows a 
considerable band offset between respective valence and 
conduction band of these materials. In the case of the system 
ZnO/Al2O3, the bandgap difference is 5.7eV, because the 
ZnO has bandgap of about 3.3eV. It leads to a conduction 
band offset of 2.05eV and a valence band offset of 3.65 
eV[11]. Concerning the leakage current, Lin et al.14 have used 
ultrathin atomic-layer deposited Al2O3 on top of GaAs, and 
have obtained leakage current of about 10–10-10–9 A/cm2 at 
zero bias. They also show that their device has performance 
two orders of magnitude higher than the system HfO2 / Si[15], 
using the same thickness for the dielectric layer (5nm).

This work aims for obtaining aluminum oxide (alumina) 
as insulating material, in the form of thin films, to be used in 
semiconductor devices, mainly in FETs, as an alternative to 
conventional materials, such as silicon dioxide and hafnium 
oxide2. The technique for accomplish that is a quite simple 
method, the resistive evaporation technique, used for the 
deposition of the metallic Al layer, followed by a thermal 
annealing at appropriate temperature and atmosphere 
conditions, for oxidation of the metallic layer to alumina. 
In a previous work, an investigation on the details of the 
oxidation process of aluminum to aluminum oxide was 
prepared, through variations in heat treatment parameter 
settings, such as: atmosphere (air or O2-rich), time and 
temperature16. In the present work the obtained knowledge 
is used for the construction of a heterojunction between 
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alumina thin films and SnO2, which is used for building a 
simple device for electrical characterization.

In this paper, the heterojunction SnO2/Al2O3 is tested 
for undoped and Sb-doped SnO2, concerning its use as a 
transparent insulating layer for use in FETs. The alumina 
layers, which are the most external in the simple device, 
are thermally treated in different atmospheric conditions, 
considering the O2 pressure. Presented results include 
electrical characterization at varying temperature, X-ray 
diffraction, Raman spectroscopy and scanning electron 
microscopy (SEM). The main conclusion is that for an 
efficient insulating layer the thermal annealing must be 
as shortest as possible and then, O2-rich atmospheres are 
preferred.

2. Experimental
Alumina thin films were obtained by resistive 

evaporation of metallic aluminum at low pressure 
(10‑5mbar), in a Boc Edwards evaporator, Model Auto 
500. Aluminum powder was placed on a tungsten crucible 
and heated until evaporation on the substrates, which may 
be soda-lime glass or SnO2 thin films. These substrates 
were bonded to a rotating disk in order to obtain larger 
homogeneity in the deposition area. For transformation to 
aluminum oxide, the metallic aluminum films were oxidized 
during thermal annealing (TA) at 550 °C. Films deposited 
on soda-lime glass substrates, used in this work, have two 
alumina layers. The first layer was thermally annealed at 
550 °C for 2, 4 and 6 hours in O2 rich-atmosphere, for 
samples S1, S2 and S3, respectively, and 16 hours in air 
for the sample S4. The second aluminum layer added to 
these samples was thermally treated in room atmosphere 
conditions at 550 °C, for 12, 14 for the samples S1, S2, 
respectively, and for 16h for the samples S3 and S4.The 
O2-rich atmosphere condition was reached after vacuum 
was made in the chamber (quartz tube) which was filled 
with O2 until the atmosphere pressure. Then, we have two 
conditions: 1 atm of O2 (called here O2-rich) or a partial 
pressure of 2.1×10–1 atm (called here room atmosphere).

For the deposition of undoped SnO2 film, the preparation 
of the alcoholic SnO2 solution has SnCl4.5H2O as precursor 
and ethylic alcohol (C2H6O) as solvent17, which was 
dissolved under stirring with a magnetic bar, followed by 
addition of NH4OH until pH reaches 11. Ions Cl− and NH4

+ 
were eliminated by dialysis against distilled water. Films 
were deposited on silicate glass substrates by dip-coating 
with 10 cm/min dipping rate. Multi-dipped films were 
continuously deposited at room temperature with firing at 
400 °C for 10 min after each dip. Resulting undoped SnO2 
film (10 layers) was thermally annealed (T.A.) at 550 °C for 
1 h for crystallization of the film, and elimination of surface 
adsorbed oxygen species18. In the case of Sb-doped films 
the solution used for these thin films was obtained from the 
dissolution of SnCl4:5H2O in distilled water. Doping has 
been added to this solution through the SbF3 previously 
dissolved in HCl. In the deposition of SnO2: 4at% Sb by 
dip-coating, it was also used 10 layers, with intermediate 
and final thermal treatment identical to the undoped samples. 
In this case, the final annealing at 550 °C also promotes the 

almost complete oxidation of Sb+3 ion from the precursor 
SbF3 to Sb+5 present in the film19.

The heterojunctions Al2O3/SnO2 were obtained by 
deposition of aluminum thin films on top of SnO2 film, 
through a shadow mask, and subsequent oxidation to 
aluminum oxide during thermal annealing. This assembly 
was used to build a simple device, which was used for 
electrical characterization. For Al2O3/undoped SnO2, several 
aluminum layers were deposited, and after each layer the 
sample was submitted to thermal annealing at 500 °C for 1 
hour in O2-rich atmosphere. This sample was called here DU. 
In the case of Al2O3/Sb-doped (4at%) SnO2 with 2 layers of 
alumina the annealing time was of 16 h for the two layers 
for the devices D1 and D2, whereas the time was 24 h for 
the two layers of the device D3, all annealing carried out 
at 550 °C, in room atmosphere, where the required time 
is longer. Sn metallic layers were deposited as electrical 
contacts for the three terminals (source, drain and gate) of the 
heterojunction, resulting in a device as shown in Figure 1. 
The electrical connections for measurements of current as 
function of voltage (I×V) are also shown in Figure 1.

X-ray diffraction (XRD) data was collected in a Rigaku 
D/Max – 2100PC equipment at room temperature, using 
CuKα radiation and beam incident angle of 1.5° to the 
film surface from 20 to 80o with rate of 1o/min. Current 
and voltage were 20mA and 40KV, respectively. UV-Vis 
transmittance was obtained with a Perkin Elmer Lambda 
1050 equipment in the range 200 to 1000nm. Raman 
spectroscopy was done by excitation with the 488nm line 
of a Ar+ laser of Spectra-Physics, model Stabilite 2017 
with magnification of 50 times and power 5mW. The 
monochromator for the Raman signal was a Jobin Yvon 
T64000. Scanning electron microscopy (SEM) and energy 
dispersive X-ray spectroscopy (EDX) were carried out with 
a Quanta 2000 equipment, set with thermionic emitter and 
a detector Oxford (for EDX).

Current as function of temperature measurements were 
carried out under vacuum conditions, in a closed helium 
circuit cryostat of Janis Research, coupled with a Lake 

Figure 1. Schematic diagram of the device deposited layers and 
electrical connections to IxV measurements (a) lateral view, (b) top 
view.
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Shore Cryotronics temperature controller with 0.05 degree 
of precision. The source-drain current were measured with 
an Agilent Multimeter model 34401A, whereas the source-
gate (leakage current) were measured with a Keithley 
Electrometer model 6517A.

3. Results and Discussion
The electrical characterization evaluated through 

electrical resistance data for several temperatures, is shown 
in Figure  2, for a device built according to the diagram 
shown is Figure 1, with four (4) alumina layers treated at 
O2-rich atmosphere on the gate, and where SnO2 layer is 
undoped. The plotted resistance values are related to the two 
possible conduction channels in the device: source-drain, 
through the SnO2 conduction channel, and source-gate, 
which means the leakage current. The characterization of 
a heterojunction sample of undoped SnO2/Al2O3 with only 
one layer of alumina in the gate, leads to similar current 
magnitudes for source-drain and source-gate. However, 
when the number of layers is increased to 4, the magnitude 
of the resistance is about 4×108 ohms for the source-gate 
and 1.3×106 ohms for the source-drain, which means that 
only 0.3% of the current is lost through the gate as leakage 
current. The evaluated leakage current is about 10–10 A/
cm2 at zero bias, which is comparable to the system Al2O3/
GaAs[14]. However, this value was obtained with the device 
on operation and the current source-drain through the SnO2 
conductive channel is only about three orders of magnitude 
lower. The inset in Figure 2, show the relative resistance of 
source-drain to source-gate and the tendency is similar to the 
behavior of absolute value illustrated in main Figure 2. The 
sole exception is the point at 250K. The general tendency 
means that as the temperature increases, the source drain 
channel becomes much more conductive compared to the 
leakage current through the gate. It is an interesting result 
toward the production of electronic devices, which in 
general is designed to work about room temperature. The 
temperature dependent behavior of the resistance ratio drain/
gate is related to the temperature-dependent electron capture 
in the semiconductor layer, leading to a resistivity increase 

in the SnO2 film as the temperature decreases and then, to 
a value close to unity about 100 K, which means that the 
concurrent and parallel current paths becomes comparable. 
At 250K, this ratio deviates from the observed tendency and 
the ratio value is not as low as expected, suggesting that the 
Sn electrode deposited on the SnO2 film may be playing 
a different role in this temperature20. It is interesting to 
mention that 200-250 K is in the temperature range where 
the capture by defects is mostly active, including trapping 
by oxygen vacancies21,22, which is very relevant because 
these samples are not doped. Then, the depletion layer close 
to the interface metal-semiconductor may be influenced 
by the electron trapping by oxygen vacancies, which does 
not affect the device performance when the temperature 
is additionally decreased, because the interfacial layer is 
completely depleted and the overall resistivity is higher.

The importance of this result is significantly increased 
by taken into account that the SnO2 film is undoped and the 
conductivity of the conduction channel source-drain is not 
high (σ = 0.5 S.cm–1). The conductivity can be significantly 
increased by a doping procedure with a pentavalent doping 
ion such as Sb+5[23]. The deposition of Al2O3, leads to a porous 
material, and then, it may lead to direct metallic contact 
between SnO2 film and the Sn electrode layer. However, 
the deposition of a series of layers inhibits the percolation 
of pores, and a better insulation in the gate is obtained. 
This alumina layer insulation indicates that this procedure 
for Al2O3 layer deposition may be used for production of 
transparent field effect devices. There is a clear indication 
that an alumina multilayer deposition procedure must 
lead to a very efficient electrical insulation, with very low 
leakage current, for samples submitted to short annealing 
time in O2-rich atmosphere. Besides, the n-type doping of 
the SnO2 film may improve the current magnitude through 
the semiconductor layer, making the device very useful.

In order to fully understand the role of thermal annealing 
to the aluminum oxidation, samples were deposited on soda-
lime glass substrates and submitted to distinct annealing 
procedures. After oxidized, samples with one or two 
alumina layers were submitted to different characterization 
techniques, with results shown in Figure 3. Figure 3a shows 
the difference in optical transmittance between samples with 
one and two alumina layers. In both cases the observed 
transmittance refers to fully oxidized aluminum layers, 
with transparency greatly increased when compared to 
non-oxidized metallic film. The film is non-oxidized in 
situations previously to any annealing or when submitted 
to non-efficient thermal annealing procedure. It must 
be mentioned that by the procedure used here, oxidized 
samples needs about 16 h of annealing time in air whereas 
sample oxidized in O2-rich atmosphere needs only 2 h for 
complete oxidation. In both cases the annealing temperature 
is 550 °C[16]. As can be seen in Figure 3a, increasing the 
number of layers, there is a decrease in the film transparency 
(which is mainly evident for sample S2).

Previously to any TA, as-deposited aluminum is in 
the FCC crystalline structure (file number 89-2769 of the 
catalog JCPDS-ICDD 2003). Figure  3b concerns X-ray 
diffractogram of two thermally annealed Al2O3 films. The 
sequence of annealing for the two layers of samples S1, S2, 

Figure 2. Resistance of the source-drain and source-gate terminals 
as function of the temperature for sample DU. Inset: Relative 
resistance source-drain/source-gate.
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S3 and S4 was described in the Experimental section. After 
thermal annealing it is possible to notice the oxidation in 
the diffractogram (Figure 3b). Aluminum oxide found after 
annealing is γ-alumina, with spinnel structure (JCPDS-
ICDD 2003 number 77-0396). It is also possible to found 
crystalline Si, with FCC structure (JCPDS-ICDD 2003 
number 27-1402). This Si layer comes from the soda-lime 
glass substrate, where Si diffuses to the interface with the Al 
film16. It is similar to what happens in the AIC (aluminum-
induced crystallization) technique, for Si deposition24,25, 
where the silicon nucleates on the Al surface.

Figure 3c shows Raman data for thermally oxidized 
Al layers and show characteristic Al-O vibrations of 
γ-alumina26. Vibrations related to α-alumina are also 
present even though in less proportion when compared 
to γ-alumina. FTIR results16 are in good agreement with 
Raman data, presenting characteristic vibration of aluminum 
oxide. In Figure 3c, the most intense peak is shown about 
507cm–1, and although it may be related to alumina, most 
probably it can be associated to crystalline silicon27,28. In 
this case, the Si would be originated from the substrate24,25, 
diffusing to the interface substrate/Al, as discussed before, 
in good agreement with some peaks found out the XRD 
diffractograms.

Figure 3d shows X-ray diffractograms for Al2O3 
films deposited on Sb-doped SnO2 layers. It is observed 

a lower oxidation in the Al films compared to the same 
films deposited on soda-lime glass substrate, shown in 
Figure 3b. Although the TA is the same, for the Al2O3/SnO2 
the diffractogram still present peaks related to metallic 
aluminum with CFC structure and therefore, the oxidation 
to alumina is partial. Besides, unlike deposition of Al on 
soda-lime glass, Si peaks are absent in this case. It is in 
good agreement with the explanation of Si diffusion from 
the glass substrate to the interface, because in this case, 
there is no contact between the Al layer and the soda-lime 
glass substrate as the SnO2 intermediate layer avoids the 
Si diffusion.

In order to reinforce the XRD and Raman results 
shown in Figure 3, the composition of each sort of sample 
was analyzed by EDX. Table 1 lists the relative chemical 
composition (in weight) of the samples of Al2O3 deposited on 
soda-lime substrates and Al2O3 deposited on SnO2 thin films. 
It can be observed that there is a higher Si concentration 
in the sample deposited on the soda-lime glass substrate 
compared to the sample Al2O3/SnO2, in good agreement 
with the Si film formation in the first case. The higher 
oxygen concentration for the sample Al2O3/SnO2 refers to 
the deposition of two distinct oxide layers, along with the 
avoiding of Si layer growth, which also contributes for the 
decrease of the Si concentration in this sample. Si and other 
elements such as Na, K and Ca were found in EDX and 

Figure 3. (a) Transmittance in the UV-Vis-IR spectra for 2 alumina layer, (b) XRD of 2 alumina layer after TA, (c) Raman of 1 alumina 
layer on top of soda lime substrate. The most intense peak is magnified in the inset, (d) and XRD of the alumina on top of Sb-doped SnO2 
for three different devices (D1, D2, D3).
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belong to the soda-lime glass composition. Besides, there is a 
high percentage of Au due to its utilization for metallization 
needed in scanning electron microscopy (SEM) procedure.

Figure 4 shows some electrical properties of 4at%Sb-
doped SnO2 film. Resistivity as function of temperature 
is measured in the dark and after illumination for 6 min 
at several distinct temperatures with an InGaN LED of 
wavelength about 450nm. The photo-excitation is an 
interesting result, because the device proposed here is 
transparent, with potential use in Optoelectronics. The 
overall conductivity is not very high due to small crystallites, 
even though the free electron concentration is elevated29. The 
inset in Figure 4 shows the relative variation in the resistivity 
after irradiation at each temperature. The illumination 
increases the sample conductivity, even though the energy 
is below the SnO2 bandgap (corresponding to wavelength 
of about 350nm) and, then, electron-hole pair excitation 
does not take place. The increase in conductivity is a long 
duration effect, which is only destroyed for heating the 
sample until room temperature. It is interesting to notice that 
the least photo-induced excitation takes place about 200 K, 
in agreement with the evaluation of relative resistance of 
source-drain to source-gate (Figure 2), because at 250K, this 
ratio deviates from the observed tendency and is not as low 
as expected. Besides the possible Sn electrode influence, it is 
interesting to recall that 200-250 K is the temperature range 
where the capture by defects is mostly active, including 
trapping by oxygen vacancies21,22. In the case of 4at%Sb-
doped SnO2, reported in Figure  4, the least excitation is 

Table 1. Chemical composition (in weight) of the samples of Al2O3/
soda-lime substrate and Al2O3/SnO2 obtained from EDX results.

Element On top of soda 
lime glass (wt%)

On top of SnO2 
(wt%)

O 21.9 24.3
Al 17.7 14.0
Si 18.9 11.8
Sn - 12.2

Other 41.5 37.8

Figure 4. Resistivity as function of temperature for 4at%Sb-doped 
SnO2 film in the dark and after excitation for 6 min at different 
temperatures with an InGaN LED (λ about 450nm). Inset: relative 
variation of resistivity for photo-excitation at each temperature.

Figure 5. SEM of heterojunction Al2O3/Sb-doped SnO2 thermally 
annealed in air at 550 °C for 24 h, for each of the 2 alumina layers.

about 200 K, suggesting a poor optical ionization of defects, 
in this case Sb-centers must be added to oxygen vacancies. 
Besides, the highest photo-excitation takes place for room 
temperature, which is also an interesting result toward the 
design and production of transparent electronic devices, in 
good agreement to the relative resistance of source-drain 
to source-gate, shown for the undoped SnO2/Al2O3 sample, 
shown in Figure 2.

Although the Sb-doped film has semiconducting 
properties, reported on Figure 4, unlike data for undoped 
SnO2/Al2O3 the Sb-doped SnO2 /Al2O3 heterojunction, 
assembled by the simple device shown in Figure 1, presented 
the source-gate current higher than the source-drain, which 
was an unexpected and undesired result. The long annealing 
time in atmospheric condition, 16 h and 24 h at 550 °C, 
for the 2, 3 and 4 layers for the devices D1, D2 and D3, 
respectively, needed for the complete aluminum oxidation to 
alumina, probably caused this situation, due to interdiffusion 
of metallic ions between semiconductor/insulating layers 
and a higher degradation of the whole device. Nevertheless, 
the higher number of alumina layers increases 20 times the 
electrical resistance of the alumina coating when four layers 
are deposited, but the source-gate channel still presents 
lower resistance than the source-drain channel. The XRD 
difratograms (Figure 3d) are in good agreement with this 
result, since it does not show an efficient oxidation of the 
alumina layer when it is deposited on SnO2 films. Besides, 
it increases its roughness and non-uniformity as observed 
by confocal microscopy (not shown) and SEM, as will be 
seen below. Comparing the efficiency of oxidation process 
of thermal annealing in different atmospheres, it may be 
concluded that the alumina must be obtained by oxidation 
of aluminum in O2-rich atmosphere conditions, where the 
short time required allows an efficient oxidation and low 
leakage current. Besides, it avoids the degradation of the 
device quality caused by long annealing times.

Figure 5 presents SEM of the cross section of a 
heterojunction between Al2O3 and Sb-doped SnO2, for 
a sample submitted to a long thermal annealing of the 
alumina layer, 24 h at 550 °C for each of the two layers. 
When deposited over glass substrate, the alumina layer 
shows about 400nm of thickness whereas the Al2O3 film 
shown in Figure 4 is about 150 nm thick, probably due to 
the interdiffusion of metallic ions between layers, as already 
mentioned, due to the long thermal annealing. In this case, 
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the SnO2 layer seems to be 750nm thick. This thickness is 
much higher when compared to SnO2 layer grown separately 
on borosilicate glass substrate by the same procedure, with 
a final thermal annealing of 1h at 550 °C and 10 layers30, 
suggesting that the alumina layer shown in Figure  5 is 
swelled by interdiffusion of metallic ions. This is in good 
agreement with the poor insulating role of the alumina layer 
in the device, when the alumina is treated for a long time, 
justifying the probable presence of aluminum oxides nuclei 
in the conduction channel.

4. Conclusion
Combining the transparent semiconducting properties 

of SnO2 thin films with the insulating properties of Al2O3 
leads to a potentially applicable heterojunction. The simple 
device assembled here shows that the insulation depends on 
the number of layers deposited and on the time of thermal 
annealing, which must be short to avoid degradation 
of the alumina layer, recommending the use of O2-rich 
atmospheres. For single layers, the possible existence of 
pores has led to a source–gate current comparable to source–
drain current, in this case the contact between SnO2 and the 
Sn electrode is practically independent on the existence of an 
intermediate alumina layer. A similar result is obtained for 
multi-layered alumina with long thermal annealing in room 
atmosphere. In the case of the heterojunction of undoped 
SnO2 and Al2O3 (where the Al layers were treated under 

O2-rich atmosphere), when the number of alumina layers 
is four, the insulation increased significantly, suggesting 
that the deposition of more alumina layers led to much less 
percolated pores. The relative resistance of the conduction 
channel compared to the resistance of the channel through 
the gate terminal decreases significantly with number of 
layers and with increasing temperature, suggesting the use 
of this device at room temperature.

Besides aluminum oxide on spinnel structure, it was 
also found Si in the interface with Al film in the thermally 
treated layers, deposited on glass substrates.

The formation of SnO2/Al2O3 heterojunction, with 
alumina layer obtained from deposited Al layer with 
thermal annealing, may be seen as a potential technique 
for application in transparent transistor production, mainly 
due to its simplicity. Beside the low leakage current, the 
transparent characteristic of the whole device allow the 
interaction with light, mainly at room temperature, and the 
use in Optoelectronics.
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