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Abstract Aiming for the investigation of insulating prop-

erties of aluminum oxide (Al2O3) layers, as well as the

combination of this oxide with tin dioxide (SnO2) for

application in transparent field effect transistors, Al thin films

are deposited by resistive evaporation on top of SnO2 thin

films deposited by sol–gel dip-coating process. The oxidation

of Al films to Al2O3 are carried out by thermal annealing at

500 �C in room conditions or oxygen atmosphere. X-ray

diffraction data indicate that tetragonal Al2O3 is indeed

obtained. A simple device and electric circuit is proposed to

measure the insulating properties of aluminum oxide and the

transport properties of SnO2 as well. Results indicate a fair

insulation when four layers or Al2O3 are grown on the tin

dioxide film, concomitant with thermal annealing between

each layer. The current magnitude through the insulating

layer is only 0.2% of the current through the semiconductor

film, even though the conductivity of the SnO2 alone is not

very high (the average resistivity is 2 X cm), because no

doping is used. The presented results are a good indication

that this combination may be useful for transparent devices.

Introduction

The seeking for materials with desired dielectric properties

for application in logical electronics has attracted a great

deal of attention and research, particularly deposition of

aluminum oxide (Al2O3) layers on devices based on gate

dielectric [1, 2]. Al2O3 is among the very interesting mate-

rials for this role due to some peculiar properties, such as high

dielectric constant (e/eo about 8.6 to 10), low leakage current,

high thermal stability and high optical bandgap (*9 eV) [3],

deserving a deep investigation. These properties make this

oxide very competitive to the widely used silicon dioxide

(SiO2) which has been used as insulating layer in field effect

transistor metal–oxide–semiconductor (MOSFET) [4, 5]. By

applying a voltage in the gate of the transistor, the electronic

transference between source and drain [6] may be efficiently

controlled if the oxide used in the gate presents high

dielectric constant [7] and low leakage current. High-

k dielectrics Al2O3, also known as alumina, has been suc-

cessfully used for this role [2, 5].

Although many techniques have been proposed to

deposition of alumina thin films [3, 5, 8–10], in this work a

rather simpler technique is used: resistive evaporation of

aluminum (Al) followed by oxidation in appropriate

atmosphere, to Al2O3. In this technique, the aluminum

metal is heated until evaporation, being deposited on a

substrate as a thin film. Considering that alumina has a

relatively high boiling temperature, 2980 �C [11], the

deposition of alumina directly on the substrate would be

hard. Aluminum has a slightly lower evaporation point, in

normal condition 2519 �C [12], besides this temperature

decreases drastically with the decrease of vapor pressure

[13]. Considering the low pressure used in the evaporation

chamber, the deposition of Al is rather convenient.

On the other hand, tin dioxide (SnO2) is a wide-bandgap

semiconductor (3.6–4.0 eV [14]), with fair chemical sta-

bility and very useful optical and electrical properties [15].

It has been widely used in several types of devices, such as

gas sensors [16, 17], transparent conducting electrodes [18],
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and optoelectronic devices [19]. It presents high transpar-

ency in the visible and is a good matrix for doping with

luminescent ions such as rare earths [20, 21]. Combination of

SnO2 with other materials, constituting heterojunctions, is

not a novelty. However, the combination proposed here

(SnO2/Al2O3) may be useful towards the fabrication of

transparent MOSFETS. SnO2 has also been combined with

gallium selenide (GaSe), a wide-bandgap semiconductor,

becoming also a prospective combination for use in opto-

electronic devices. SnO2/GaSe heterojunctions, having

optically transparent SnO2 electrodes, have been deposited

by thermal oxidation or by magnetron sputtering [22]. Sur-

face states where charge carrier recombination can occur are

formed at the interface during deposition of the SnO2 layer.

The presence of a high concentration of defects determines

the structure of the PL spectrum [22]. Most recently a

combination of SnO2 and GaAs grown by the same tech-

niques proposed here (sol–gel dip-coating and resistive

evaporation, respectively) [23] led to very interesting elec-

trical behavior of the heterojunction, concerning the inter-

face between the GaAs film and the SnO2 film, which

exhibited good quality and lower resistivity when compared

with the individual films.

Aiming for the combination of a transparent oxide semi-

conductor (with technologically desirable properties), along

with an insulating oxide, which is also transparent in the form

of thin film, the deposition of Al on top of a SnO2 thin film

was performed in this work, generating a simple SnO2/ Al2O3

heterostructure after thermal annealing. It is expected that the

thin films deposited by both of these processes will naturally

contain a high density of structural and interfacial defects.

However, the electrical characteristics of the resulting het-

erojunction, evaluated through current–voltage data for

several temperatures, point to very promising performance,

related to the low leakage current through the alumina layer,

when an appropriate number of layers is grown.

Experimental

The preparation of the alcoholic SnO2 solution has

SnCl4�5H2O as precursor and ethylic alcohol (C2H6O) as

solvent [24], 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 SnO2 film (10 layers) was thermally

annealed (T.A.) at 550 �C for 1 h.

Al evaporation was done by the resistive evaporation

technique, with 10-5 mbar of pressure in an EDWARDS

Auto 500 evaporation system, with tungsten filaments to

provide the Al wire heating. The metal was deposited on

the top of the SnO2 layer. Several aluminum layers were

deposited and after each layer the sample was submitted to

thermal annealing at 500 �C for 1 h in air atmosphere. Sn

electrodes have also been evaporated through the same

technique and system, to make electric contacts to the

films, in order to accomplish electrical measurements,

using Sn shots placed on a molybdenum crucible. Sn

electrodes were submitted to thermal annealing at 150 �C

for 30 min.

X-ray diffraction (XRD) data on films were obtained

with a RIGAKU diffractometer, model D/MAX-2100/PC,

using Cu Ka radiation (1.5406 Å) and a Ni filter for

elimination of Kb radiation. The scanning rate was 1�/min

in the range 20� to 80�.

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 Shore

Cryotronics temperature controller with 0.05� of precision.

The experimental setup is seen in Fig. 1a. The source–drain

current were measured with a Agilent Multimeter model

34401A, whereas the source–gate (leak current) were mea-

sured with a Keithley Electrometer model 6517A. The lateral

view of the resulting sample is shown in Fig. 1b.

Results and discussion

Figure 2 presents X-ray diffractograms for films with six

Al layers deposited on borosilicate substrates, followed by

thermal annealing (T.A.) between each layer in different

Fig. 1 Diagram of the device used for electrical characterization.

a Top view showing the electrical connections and b cross-section

view, using alumina as gate and Sn contacts (electrodes)
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atmospheres (oxygen or air). The labeled peaks correspond

to the CRYSTMET ID-477212 pattern, tetragonal alumina.

Table 1 shows the experimental diffraction angles corre-

sponding to curves (i) and (ii) of Fig. 2, compared to the

standard X-ray file (CRYSTMET ID-477212). Tetragonal

alumina has been observed for materials thermally

annealed between 500 and 700 �C [25] in good agreement

with our results, and the tetragonal character of the alumina

decreases for annealing temperatures above 700 �C. Many

other alumina phases have been identified for annealing

temperatures in the range 900–1100 �C [26]. Table 2

shows the crystallite size for the main identified alumina

directions evaluated according to the Scherrer equation

[27]. Previous to any thermal annealing, the Al X-ray

diffractogram (not shown) indicates FCC Aluminum

structure (CRYSTMET card number ID 35673). In Fig. 2,

the experimental Al peaks were subtracted from the dif-

fractograms pattern.

It is easily verified from Table 1, that the major differ-

ence (|Dh|) between experimental values (obtained from

Fig. 2) and crystallographic reference values (CRYSTMET

card number ID 477212), in the experimental range 20� to

80�, was 0.7 at 36.7�. The most intense peaks of the ref-

erence in the investigated range (20�–80�) are associated to

plans (0012), (220), (2212) and (400), located at 44.5�,

45.7�, 65.7�, and 66.6�, respectively, in very good agree-

ment with the observation shown in Fig. 2, for both

difractograms, as also described in Table 1. Previous to the

subtraction of Al peaks from Fig. 2, there are Al peaks at

38.5� and 78.2�, corresponding to (111) and (311) plans of

FCC Aluminum (CRYSTMET card number ID 35673).

These values are also observed in the experimental

diffractogram (not shown) of as-deposited Al films, pre-

viously to any T.A. Then, considering the deposition pro-

cess procedure, the presence of these peaks is probably

related to the remaining non-oxidized Al in the annealed

film, indicating that the oxidation process may not be

completely homogeneous throughout the film surface.

Figure 2 also allows inferring that the distinct atmosphere

(oxygen or air) does not lead to significant differences in

the Al2O3 film structure. There is also no meaningful dif-

ference between the average crystallite size (Table 2) of

these two annealing procedures. The estimated sizes are in

good agreement with the broaden profile of the peaks,

characteristic of nanocrystallites domains. The oxygen

atmosphere only contributes to a better definition of the

diffractogram pattern when compared to the simpler air

atmosphere. Although the oxidation is not complete all

over the film surface, the X-ray diffractograms shown in

Fig. 2 assures that the oxidation procedure leads to

tetragonal alumina. Figure 3 shows a scanning electron

microscopy (SEM) picture of the film surface, which was

thermally annealed in oxygen atmosphere. It is easily seen

that there are some heterogeneities in the surface, conse-

quence of the deposition procedure itself.

Infrared spectroscopy (not shown) presented a sharp

peak about 560 cm-1, which may be associated with Al–O

vibration [28]. Investigation on the annealing time at

500 �C reveals the increase in the films transparency with

time, suggesting that oxidation of Al to Al2O3 is a slow

reaction. The diffractogram of these films show that the

presence of alumina with tetragonal structure is indepen-

dent of film thickness and becomes noticeable for about

60 min of thermal annealing at 500 �C, which is exactly

the annealing time used in this work.

Electrical characterization through current–voltage

(I 9 V) measurements are carried out for several temper-

atures, and the results are shown in Fig. 4, using the device

with four alumina layers on the gate (about 200 nm of

thickness). The characterization of a heterojunction sample

of SnO2/Al2O3 with only one layer of alumina (about

70 nm) in the gate, leads to similar magnitudes of source–

drain and source–gate currents. However, when the number

of layers is increased to 4, leading to a thickness of about

200 nm, the magnitude of the current is of 6.54 9 10-8 A

for the source–gate and 30.7 9 10-6 A for the source–

drain, considering an applied voltage of 40 V, which

means that only 0.2% of the current is lost through the gate

as leakage current. The importance of this result is sig-

nificantly intensified by taken into account that the SnO2

film is undoped and the conductivity is not high

(r = 0.5 S cm-1). The conductivity can be significantly

increased by a doping procedure with Sb [29] or F [30], for

instance. It is expected that the deposition of Al layer along

with the T.A. procedure at 500 �C for oxidation to Al2O3
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Fig. 2 X-ray diffractograms of alumina films obtained from Al

oxidation, thermally annealed (T.A.) in different atmospheres (air or

oxygen-rich). Al peaks of the diffractogram of the starting material

were subtracted

J Mater Sci (2011) 46:6627–6632 6629

123



must lead to an heterogeneous surface, where the presence

of porous (holes) through the treated materials is not sur-

prising. The irregularities on the surface are seen in Fig. 3,

where a SEM picture of the surface of a sample with six

alumina layers is shown. Besides, the oxidation is not as

effective as expected, due to the observation of some FCC

Aluminum peaks in the diffractograms. Then, the alumina

layer 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. As the temperature

decreases, the magnitude of the current in the conduction

channel (source–drain) decreases, as expected for a semi-

conductor and, then, the current through the gate becomes

also lower, although presents a relative higher value when

compared to the drain current. At 100 K, the source–gate

current is still lower than the source–drain current but they

present comparable magnitudes. It should be noticed that as

the temperature is decreased, the electron capture in the

SnO2 semiconductor channel increased the insulator

behavior of this material, and in this case, the current must

be divided between the two insulator paths: SnO2 and

Al2O3. As the temperature is increased the general growth

of the current magnitude in the semiconductor film leads to

a relative better insulation in the alumina gate layer.

Figure 5 shows the ratio of current source–gate to

source–drain, obtained for several temperatures. It can be

observed that, except for the measurement carried out at

250 K, there is general tendency for the ratio to become

close to unit as the temperature is decreased. This tem-

perature-dependent behavior of the current ratio gate/drain

confirms the electron capture in the semiconductor layer,

leading to a resistivity increase in this film and then,

comparable insulating paths when the temperature reaches

100 K. At 250 K, this ratio as not as low as expected and a

peculiar behavior is observed, where besides the higher

current source–gate when compared to source–drain, the

I 9 V characteristics of the source–drain current is not

linear, suggesting that the Sn electrode deposited on the

SnO2 film may be playing a different role in this temper-

ature. It is interesting to mention that the decay of photo-

induced conductivity measurements carried out for SnO2

Table 1 Comparison between diffractograms angles obtained for the films produced through T.A. in different atmospheres and reference

CRYSTMET ID 477212

(hkl) Experimental 2h T.A.

in oxygen (�)

2h reference

ID 477212 (�)

|Dh| between

columns 2 and 3

Experimental 2h T.A.

in air (�)

|Dh| between

columns 5 and 3

104 21.2 21.5 0.3 21.2 0.3

110 22.9 22.4 0.5 22.9 0.5

114 26.2 26.8 0.6 26.2 0.6

201 32.0 32.1 0.1 32.0 0.1

203 33.9 33.8 0.1 – –

0010 36.0 36.7 0.7 36.0 0.7

213 37.5 37.5 0 37.5 0

206 39.6 39.1 0.5 39.6 0.5

0012 44.7 44.5 0.2 44.7 0.2

220 45.9 45.7 0.2 45.9 0.2

223 47.1 47.1 0 47.1 0

2212 65.2 65.7 0.5 65.2 0.5

400 66.9 66.6 0.3 66.9 0.3

Table 2 Crystallite size estimation on main directions

Al2O3 film Crystallite size (nm)

(0012) (220) (2212) (400)

T.A. in O2 11.6 14.0 12.7 12.1

T.A. in air 12.6 12.6 12.7 12.6

Fig. 3 Scanning electron microscopy (SEM) of Al2O3 sample

surface of a film with six layers
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films [31] reveals that this temperature is in the range

where the capture by defects is the most active, including

trapping by oxygen vacancies [32]. This information is

very relevant for the simple device proposed here, because

the sample is not doped, and then, the vacancies are the

most efficient donors in the n-type SnO2 undoped semi-

conductor. Then, the depletion layer close to the interface

metal–semiconductor is influenced by the electron trapping

by oxygen vacancies, which does not affect the conduction

mechanism when the temperature is further decreased,

because the interfacial layer is completely depleted and the

overall resistivity is higher, as shown by the results pre-

sented in Fig. 4. However, the probable depletion of the

interfacial layer is a matter for future investigation.

The alumina layer insulation, which leads to the results

shown in Figs. 4 and 5, indicates that this procedure for

achievement of Al2O3 layer 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. Besides, the n-type doping of the SnO2

film may improve the current magnitude through the

semiconductor layer, making the device very useful.

Moreover, the conducting layer may be doped with rare-

earth luminescent centers, leading to very many possibili-

ties, such as electric field-triggered emission.

Conclusion

Adding the transparent semiconducting properties of SnO2

thin films to the insulating properties of Al2O3, a potential

technologically applicable heterojunction has been created.

The simple device assembled here shows that the insulation

depends on the number of layers deposited. The possible

existence of pores in the single layer has led to a source–

gate current comparable to source–drain current, indicating

that the contact between SnO2 and the Sn electrode is

independent on the existence of an intermediate alumina

layer. However, when the number of alumina layers was

increased to four, the insulation increased significantly,

suggesting that the deposition of more alumina layers led to

much less percolated pores. The electrical characterization

of this heterojunction (SnO2/Al2O3) at low temperature

(100, 150, 200, and 250 K) presents a gate current lower

than the drain current, and the ratio of source–gate current

to source–drain current increases with temperature lower-

ing (gets close to the unit), showing the electron trapping in
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the SnO2 layer, characteristic behavior of a semiconductor.

Moreover, it shows the potentiality of this array for room

temperature applications.

Films obtained through deposition of aluminum and

oxidation at 500 �C to Al2O3 presents tetragonal alumina

structure as shown by X-ray diffraction data, no matter the

atmosphere of thermal annealing.

The formation of SnO2/Al2O3 heterojunction, with alu-

mina layer obtained from deposited Al layer with thermal

annealing, may be seen as a potential technique for appli-

cation in transparent transistor production, mainly due to its

simplicity.
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