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Abstract

Alumina thin films have been obtained by resistive evaporation of Al layer, followed by thermal oxidation by means of annealing in
appropriate atmosphere (air or O,-rich), with variation of annealing time and temperature. Optical and structural properties of the investigated
films reveal that the temperature of 550 °C is responsible for reasonable oxidation, which is accelerated up to 8 times for O,-rich atmosphere.
Results of surface electrical resistivity and Raman spectroscopy are in good agreement with these findings. Surprisingly, X-ray and Raman data
suggest also the crystallization of Si nuclei at glass substrate—alumina interface, which would come from the soda-lime glass used as substrate.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Alternative insulating materials with desired properties
enabling the use in field effect transistors (FET) have been
of great interest in the past recent years, mainly for substitution
of silicon dioxide (SiO,) in the role of gate layer [1-7].
Aluminum oxide (Al,O3), also known as alumina, is an
insulator material widely used as dielectric gate, tunneling
barrier and protection coating [1,8]. It has been distinguished
as an insulating material presenting several interesting proper-
ties such as high dielectric constant (high-k), large bandgap,
high adherence to several sort of materials and good thermal
and mechanical stability [1,3-9], being suitable to be used as
dielectric gate, where it shows low leakage current and low
density of interface defects. Materials with high-k used as gate
dielectrics lead to larger capacitance layers, which becomes
more efficient as the dielectric constant gets higher. For
instance, when comparing layers with the same thickness for
the dielectric gate role, the high-k material presents higher
capacitance as well as higher current through the conduction
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channel. Moreover, the lower tunneling probability of a high-k
material gate reduces the leakage current [4].

The electron transport in the high-k Al,O5 is mainly due to
oxygen vacancies and intrinsic defects originated from oxygen
deficiency. At high temperatures, the electron transport is
consistent with Poole—Frenkel conduction, due to field-enhanced
thermal excitation of trapped electrons from an intra-bandgap
trap state located 1.5-1.8 eV below the conduction band bottom
[5.8].

All of these relevant properties contribute to Al,O3; be
proposed for use in the gate of metal oxide field effect
transistor (MOSFET), turning out to be competitive to the
system SiO,/Si, in substitution to the traditional silicon dioxide
gate layer. Al,O3 allows the modulation of the electronic
transfer between source and drain with higher efficiency. This
is the case of the system Al,03/GaAs presented by Lin and
coworkers [8], which shows a leakage current one order of
magnitude lower than the system SiO,/Si [1,8].

Besides the use of ALO; as gate dielectrics in MOSFET [1], it
may be also utilized in metal oxide semiconductor (MOS)
capacitors [5], in thin film transistor (TFT) [6], in transparent
and flexible TFT [7] and graphene-based FET [3]. These applica-
tions were obtained using several types of deposition of Al,Os.

In this work, aluminum oxide films are obtained from
metallic aluminum deposition on glass substrates, followed
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by thermal annealing, which induces oxidation to alumina.
Thermal annealing conditions, such as temperature and time
are varied [10,11], and the optical and structural properties are
investigated by X-ray diffraction (XRD), UV-vis transmittance
spectra, Fourier transform infrared (FTIR) spectroscopy, and
Raman spectroscopy. Surface resistivity is also measured in
order to help the understanding of thermal oxidation process.
The metallic films are deposited by resistive evaporation
technique and the thermal annealing is carried out under
different O,-concentration atmospheres, allowing the oxygen
diffusion and surface crystalline structure modification [12].

2. Experimental

The deposition of aluminum oxide thin films consists
basically of two steps: (1) resistive evaporation of metallic
aluminum layer on soda-lime glass substrate and (2) thermal
annealing (TA) of the deposited film. The precursor metallic
aluminum, in the form of powder, was placed in tungsten
crucible, inside a Boc Edwards Auto 500 evaporation system
under low pressure (about 10> mbar). During the evaporation
process the substrates were kept under rotation attached to
the sample holder, in order to get a better homogeneity [13].
A crystalline quartz sensor was located inside the evaporation
chamber, being responsible for evaluation of the film thick-
ness. The evaporation rate was in the range 0.3-0.6 nms
until reaching a final thickness of about 140 nm.

TA of the aluminum films is carried out at different
temperatures: 400, 500 and 550 °C, in atmospheric (air) or
O,-rich conditions, for time varying from 2-24 h. The max-
imum TA temperature was chosen as 550 °C due to limitations
concerning the aluminum melting temperature (about 660 °C)
[12] and mainly due to the vitreous transition of the soda-lime
glass substrate (about 560 °C) [14]. Then, a temperature above
550 °C could cause softening of the glass, leading to film loss
of adherence. Samples were treated in atmosphere conditions
in an EDG 3P-S 1800 oven, whereas for samples treated in O,-
rich conditions, it was used an EDGCON 5P oven equipped

Table 1
Thermal annealing conditions for all the aluminum deposited films.

with a quartz tube. In this last case, the pressure was lowered
down to 10> mbar and then the oven was filled with O, until
1 atm. Table I lists the TA used for all the samples, concerning
temperature, time and O,-concentration conditions. In order to
get a reasonable comparison among samples, they were
divided in two types: (1) samples submitted to multiple
TA (M1A-MS5A) and (2) samples submitted to a sole TA
(S1A-S60), where “A” and “O” in the code of samples refer
to the atmosphere (air or O,, respectively) of the TA.

XRD measurements were done in a Rigaku D/Max-2100PC
diffractometer, coupled with a CuKa (0.15406 nm) radiation
source and Ni filter for elimination of CuKp line. All data were
treated with the program Peak Search. UV-vis transmittance
was done in Perkin Elmer equipment, model Lambda 1050.
FTIR was carried out in the ATR mode in the range 350-
4000 cm " in a Bruker equipment, model Vertex 70. Raman
spectra were obtained with excitation by the 488 nm line of an
Ar™ laser from Spectra-Physics, model Stabilite 2017 focused
to 50 x magnification, with laser spot of diameter 5 pm
irradiated on the sample surface. The Raman signal was
collected with a triple monochromator Jobin Yvon model
T64000 in backscattering configuration. Electrical resistivity
evaluation was done by measuring the surface resistance with a
Keithley electrometer, model 617, and using the sample
dimensions (Ohms's second Law).

3. Results and discussion

Fig. 1 shows X-ray diffractograms (Fig. la) and UV-vis
transmittance (Fig. 1b) of samples submitted to several TA.
It can be seen that samples M1A, M2A and M4A even after
several TA in air, still show the crystalline structure of face-
centered cubic (FCC) aluminum, with very intense peaks at
38.4°, 44.5°, 65.3° and 78.2° corresponding to planes with
Miller's indexes (111), (200), (220) and (311) respectively,
according to the file JCPDS-ICDD 2003 no. 89-2769. Besides,
it shows a slight oxidation, as can be noticed by the showing
up of low intensity peaks at 37.7°, 39.5°, 45.8° and 66.8°,

Sample Ist TA 2nd TA 3rd TA

MIA 400 °C 2 h air 500 °C 2 h air 550 °C 4 h air

M2A 550 °C 8 h air

M3AO 550°C 4h O,
1st TA 2nd TA 3rd TA 4th TA S5th TA

M4A 500 °C 4 h air 500 °C 6 h air 500 °C 8 h air 500 °C 10 h air 500 °C 16 h air

M5A 550 °C 4 h air 550 °C 6 h air 550 °C 8 h air 550 °C 10 h air 550 °C 16 h air
Sole TA

S1A 550 °C 16 h air

S2A 550 °C 20 h air

S3A 550 °C 24 h air

S40 500 °C 4h O,

S50 550°C 2h O,

S60 550°C 6h O,
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related to the planes (311), (222), (400) and (440), of the FCC
aluminum oxide, file JCPDS-ICDD 2003 no. 77-0396. Samples
M3AO and M5A, thermally annealed at 550 C, show higher
oxidation level after TA of 4 h in O,-rich atmosphere and 16 h
in air, respectively. The respective XRD pattern presents low
intensity peaks at 65.3° and 78.2° related to FCC Al, and the
appearing of the peaks at 37.7°, 39.5° 45.8°, 60.9° and 66.8°
related to the planes (311), (222), (400), (333) and (440),
respectively, of the FCC alumina. Surprisingly, the XRD pattern
shows peaks at 28.4°, 47.3° and 56.2°, which are probably
related to FCC crystalline silicon, associated to planes (111),
(220) and (311), respectively, of the file JCPDS-ICDD 2003 no.
27-1402. This silicon could be originated from the crystal-
lization of the component Si of the soda-lime glass substrate,
taking place at the interface with the oxidized Al film [18]. It
would be in good agreement with induced Si crystallization by
metallic Al [15-19], obtained by AIC technique (aluminum-
induced crystallization), where the silicon nucleates on the Al
surface. It is well known that amorphous Si in contact with
certain metals crystallizes well below the eutectic temperature of
the aluminum/silicon system [15].

UV-vis transmittance of these samples (Fig. 1b) illustrates
the difference between aluminum films with very low oxida-
tion (M1A, M2A and M4A) and films with higher oxidation
level to alumina (M3AO and M5A). In the first case, films are
rather opaque in the investigated range (200-1000 nm)
whereas oxidized films are partially transparent at beginning
of the analyzed wavelength range and have increasing trans-
parency in the visible range.

All samples revealed with alumina structure, correspond to
FCC aluminum oxide (JCPDS-ICDD 2003 no. 77-0396),
whereas the peaks of aluminum correspond to FCC Al
(JCPDS-ICDD 2003 no. 89-2769) and the structure of silicon
corresponds to FCC Si (JCPDS-ICDD 2003 no. 27-1402). All
the XRD experimental data are compared to the respective
crystallographic file as listed in Table 2.

Fig. 2 shows XRD and UV-vis transmittance data for
samples submitted to a sole TA for long times. Films with a
sole TA in O,-rich atmosphere (S40, S50 and S60) or in air
(S1A, S2A and S3A), with annealing time superior to 2 and
16 h, respectively, show fair oxidation only for TA tempera-
ture of 550 °C. This is evidenced in Fig. 2. These films present

a complete modification on the XRD pattern from aluminum to
alumina, with the only exception of film S40, which shows
low oxidation level even in O,-rich atmosphere, probably due
to TA temperature of 500 °C. The diffractogram corresponding
to this film evidences only two alumina peak, at 45.8° and
66.8°, and a maximum transmittance of about 15%, whereas
the transmittance for the other samples are much higher,
mainly for the visible range, as can be seen in Fig. 2b. The
peaks found in the XRD data of samples shown in Fig. 2 are
listed in Table 3.

The average crystallite size, evaluated through the Scherrer
equation [20] for films with Al,O5 crystalline structure, was
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Fig. 1. (a) XRD and (b) UV-vis transmittance of films submitted to several TA.

Table 2

Comparison between experimental diffraction data and the literature for films submitted to several TA, and related planes with respective Miller's index (k).
Samples Experimental FCC Al* FCC AlLO5® (hkl)
M3AO, M4A, M5A 37.7 - 37.7 311
MIA, M2A, M4A 38.4 38.47 - 111
M2A, M3AO, M4A 39.5 - 39.45 222
MIA, M2A, M4A 44.5 44.72 - 200
MIA, M2A, M3AO, M4A, M5A 45.8 - 45.87 400
M3AO, M5SA 60.9 - 60.83 333
MIA, M2A, M3AO, M4A, M5A 65.3 65.1 - 220
MIA, M2A, M3AO, M4A, M5A 66.8 - 66.9 440
MIA, M2A, M4A, M5A 78.2 78.23 - 311

“File JCPDS-ICDD 2003 no. 89-2769.
PFile JCPDS-ICDD 2003 no. 77-0396.
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about 12 nm. Besides, there is no noticeable difference on the  resistivity largely increased, varying up to 6 orders of
crystallite size concerning the total TA time or atmosphere. magnitude, when compared to the metallic Al layers, because

As already mentioned, it seems that the Al oxidation to Al,O5 is a well-known electrical insulator. The temperature
Al,O5 on the film surface takes place simultaneously with a Si
layer growth at substrate/Al interface. In this case the Si from Aluminum as deposited
the glass substrate diffuses to the interface and crystallizes
there [18]. The final assembly of films looks like Fig. 3.

Fig. 4 shows estimation of film resistivity measured at room
temperature, concerning total TA time, atmosphere and num-
ber of TA. Results are in good agreement with XRD results as
well as transmittance spectra. When oxidized, films have the

During the annealing
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Fig. 2. (a) XRD and (b) UV-vis transmittance of films submitted to a sole TA. Fig. 4. Film resistivity as function of total TA time and number of TA.
Table 3
Comparison between experimental diffraction data and the literature for films with a sole TA, and respective planes.
Samples Experimental FCC A" FCC A1203h (hkl)
S1A, S2A, S3A, S50, S60 37.7 - 37.7 311
S40 38.4 38.47 - 111
S1A, S2A, S3A, S50, S60 39.5 - 39.45 222
S40 44.5 44.72 - 200
S1A, S2A, S3A, S40, S50, S60 45.8 - 45.87 400
S1A, S2A, S3A, S50, S60 60.9 - 60.83 333
S40 65.3 65.1 - 220
S1A, S2A, S3A, S40, S50, S60 66.8 - 66.9 440
S40 78.2 78.23 - 311

“File JCPDS-ICDD 2003 no. 89-2769.
PFile JCPDS-ICDD 2003 no. 77-0396.
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shift from 500 to 550 °C seems to be limiting a critical
transition region, because this temperature variation is the
most relevant parameter for the increase of resistivity. TA at
500 °C, even with 44 h of total time, independent on the
atmosphere (air or O,-rich), does not lead to appreciable
structural modification neither transmittance increase, in total
accordance with the low resistivity, characteristic of metallic
films. On the other hand, TA at 550 °C, above 16 h of total TA
time, in air, leads to resistivity of about 2.10> Q m, suggesting
a tendency for the material to become an insulating material, in
good agreement with X-ray diffractogram, and high optical
transmittance. Films with TA carried out in O,-rich atmo-
sphere show resistivity augment with increasing TA total time
at 550 °C. For instance, films S50 and S60, with annealing
time of 2 and 6h, present resistivity of 0.53 x 10° and
1.7 x 10° Q m, respectively, whereas films S1A, S2A, S3A
and M5A, all with TA in air, show resistivity in the range
2 x 10°-3 x 10* Q m, but with total TA above 16 h.

Fig. 5 shows FTIR spectra of selected alumina films. This
result shows absorption bands at wavenumber 400, 670, 711 to
745, 882, 1064, 1600, 2300 and 3400 cm 1, some of them (up
to 1064 cm ') vary slightly from a film to another, being the
largest variation for the absorption band detected in the range
711-745 cm™'. A small difference in the transmittance inten-
sity among the films is also observed for the whole investi-
gated range. The weak infrared absorption band detected at
1064 cm ™' can be associated with the bending mode of AI-OH
bond [21,22] and the symmetric vibration mode of Al-O-H
bond, similar to what is found in boehmite (AIO(OH)) [23].
The absorption bands at 670 and 711-745 cm ™" are related to

100 ~
S
8 951
c
8
E
[2]
C
g 90 -

85 T T T T T

750 1500 2250 3000 3750
Wavenumber (cm™)
Fig. 5. FTIR spectra of selected alumina films.
Table 4

FTIR experimental datas and references.

the vibration mode of Al-O, where the Al has 4 and 6
coordination [21,22,24-26]. The range 400-1000 cm™ Uis
generally associated with stretching vibrations of the Al-O
bond [22]. The most intense bands, observed in Fig. 5 at 400
and 882 cm™ ', are in this range and represent the stretching
vibrations of Al-O bond in AlOg [22,26]. This analysis shows
the presence of tetrahedral and octahedral structures of alumina,
but also with slight probability of aluminum hydroxide pre-
sence, because after thermal annealing above 400 °C, it is
supposed that OH molecules are eliminated [21,23]. Noisy
and low intense bands about 1600 and 3400 cm ™! are related,
respectively, to stretching and bending modes of adsorbed H,0,
and the peak about 2300 cm ™! s related to CO, [21,23]. Either
the H,O vibrations as well as the CO, vibrations are often found
in FTIR spectra. Table 4 lists infrared absorption data, related to
alumina, and comparison with literature.

The same films analyzed by FTIR were also measured
by Raman spectroscopy and the results are plotted in Fig. 6.
The most prominent bands have peaks at 416, 433, 507 and
604 cm ', corresponding to molecule vibration in the a-Al,O5
[27-29]. Vibration related to frequencies 507, 433 and
401 cm ' indicate the length variation of the Al-O bond of
the isolated molecule of AlOg in y-Al,O; and the band at
604 cm ™' may be identified as isolated molecule of AlO, and
condensed groups of AlOg. Raman bands peaking at 355, 298
and 284 cm ™! are attributed to vibration of groups AlO4 and
AlOg also in the y-Al,O3 [26].

The very intense peak at 507 cm ™' could come from o- [29]
and y-Al,O5 [26], which are stable and metastable forms found
for alumina. Results of FTIR and Raman show the presence of

60 —
.:-2\ E 480 510 540
c 40 Raman shiﬂ(cm'ﬂ)
5 g
2 - M5A
8
2
G 204 7
S60
ww..] S50
M3AO
0 T T T T
300 400 500 600 700

Raman shift (cm™)

Fig. 6. Raman spectra of the alumina films. Inset: detail of the highest
intensity peak.

Experimental Reference Reference Reference Reference Material
400 cm ™! 414 em™ ! [22] 433 cm™ ! [26] ALO;
670 cm ™! 690 cm ™! [21] 635 cm™ ! [26] AlLO;
711-745 cm ™! 737 em™ ! [22] 730-760 cm ! [24] 710 cm ™! [25] 742 cm™ ! [26] ALO;
882 cm ™! 898 cm ™' [22] 840 cm ™! [26] AlLO;
1064 cm ™! 1070 em ™" [21] 1065 and 1073 cm ' [23] 1069 cm ™' [22] AlO(OH)
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Table 5
Raman experimental data and reference data.

Experimental Reference Reference Reference Reference Material

284 cm ™! 290 cm ' [26] ¥-ALOs

298 cm ! 315em™ ! [26] v-AlL O3

355cm™! 359 cm ™! [26] v-AlLO;

401 cm ™! 400 cm ™! [26] ¥-ALO3

416 cm ™! 418 cm ' [27] 420 cm " [28] 419 and 418 cm " [29] a-AlLO;

433 cm ™! 445 cm™ ! [26] 432 cm ™' [29] a-AlLO5; y-AlL O3
507 cm ™! 519 cm ' [17] 500 and 500-510 cm ™" [19] 502 cm ! [26] 492 cm~!' [29] a-ALO;; y-ALO;; Si
604 cm ™! 619, 597 and 610 cm ™' [26] 600 cm ' [29] a-AlLOs; y-ALO3

aluminum oxide in those two structures, agreeing partially with
the structure found by XRD, where only a metastable alumina
phase was found. The peak at 507 cm™' may also be
associated to silicon, which is attributed to nanocrystalline
silicon or defective crystalline silicon in Si lattice [19], also
referred as polycrystalline Si [17,30]. In this case, the Si would
come from the growth at substrate/Al interface [18], as already
discussed, in good agreement with some peaks found out the
DRX diffractograms. Table 5 lists the experimental Raman
bands positions and the possible identification with literature.

Raman data show the possible presence of a-Al,O3 in the
oxidized material, but the most probable result is the presence
of y-Al,O3, which would be in good agreement with the XRD
diffraction results. FTIR and Raman of film M40, which
shows metallic Al form, with a slight oxidation, was carried
out in the oxidized part of the film, and show that this oxidized
spot possess similar characteristics of completely oxidized
films, revealing an oxidation propagation mechanism.

Results may be summarized by stating that great modifica-
tions were found on the changing from aluminum to aluminum
oxide, as suggested by the XRD data, along with the UV-vis
transmittance results, which show oxidation increase when the
temperature of TA was 550 °C, leading to a transmittance
above 60%. A high surface resistivity and lattice vibration
related to alumina modes where also found by Raman and
FTIR spectra, and are in good agreement with the expected
oxidation.

4. Conclusion

The reported results show the influence of temperature, time
and atmospheric O,-concentration of thermal annealing (TA)
procedure on the oxidation of aluminum thin films. Tempera-
ture about 550 °C is needed in order to modify the Al structure
to alumina. TA carried out under room atmosphere conditions
show fair oxidation only for TA time above 16 h, whereas TA
under O,-rich conditions show oxidation in much less time,
2 h, which demonstrates the relevance of oxygen gradient,
suggesting that the oxygen atomic diffusion or the surface
reactivity are determinant processes.

The oxidation was noted through XRD alumina pattern,
indicating increase in the alumina peaks intensity, unlike the
Al peaks which tend to disappear as the oxidation is
accomplished, which leads to increase in the UV-vis

transmittance as well. The surface resistivity of oxidized
films reaches about 6 orders of magnitude higher compared
to as-deposited Al films. FTIR and Raman show the presence
of a-Al,0O5 as well as y-Al,Oj3, the former one the metastable
phase of alumina, in good agreement with XRD findings.

We believe that the investigation presented here is a
contribution towards the use of this sort of material as gate
in transparent field effect transistor (FET).
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