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Electrical, optical, and structural characteristics of Al,O5 thin films
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The optical, structural, and electrical characteristics of aluminum oxide thin films deposited by
pulsed ultrasonic sprayed pyrolysis are reported. The films are deposited on crystalline silicon at
temperatures from 400 to 550°C using a chemical solution of aluminum acetylacetonate, as source
of aluminum, and N, N-dimethylformamide, as solvent. A H,O-NH,OH mist is supplied
simultaneously during deposition to improve the films’ properties. The results showed that the
properties of the as deposited films depended strongly on the number of pulses used and on the
substrate temperature. The thickness of the films is under 300 A and the best films’ properties
showed an index of refraction close to 1.6 and a root mean square surface roughness of about 7.5 A
in average. Infrared spectroscopy shows that SiO, is observed at the interface with silicon of the
Al,O5 films and seemed to play, as expected, a dramatic role in the electrical characteristics of the
interface. Films with a dielectric constant higher than 8 and an interface trap density at midgap in

the 10° eV~ cm

-2 range are obtained. Films deposited with three pulses and at 550 °C are able to

stand an electric field up to 4 MV/cm. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2838467]

I. INTRODUCTION

Aluminum oxide (Al,O3) thin films deposited by physi-
cal or chemical methods actually find several applications in
different areas of technological research. This is mainly be-
cause of their properties such as high mechanical resistance,
chemical and thermal stability, and high electrical resistivity.
In the microelectronics industry, Al,O5 is considered a good
candidate to replace silicon oxide (SiO,) as complementary
metal-oxide-semiconductor transistor gate dielectric. Actu-
ally, for further advance in silicon microelectronics, alterna-
tive thin films are strongly demanded. In this application, the
main goal is to get an alternative high-k gate dielectric with
a low “equivalent oxide thickness” (EOT). In addition, for
these alternative oxides, good thermodynamic stability and
high interface quality on silicon are necessary.l’2 Besides
Al,O3, some of the most studied oxides are Hf02,3 La203,4
Y203,5 ZrOz,6 etc. These oxides have dielectric constants
higher than 10 (SiO, has a dielectric constant of 3.9). Al,O;
shows high dielectric strength (a dielectric constant close to
10), good thermodynamic stability up to high temperatures,
and high interface quality when deposited on silicon. Fur-
thermore, Al,O; films are amorphous when the deposition
temperature is of the order of or lower than 700 °C. All these
properties are considered favorable when synthesizing alu-
mina thin films.>"" Al,O5 films with good characteristics
have been obtained when sophisticated techniques such as
atomic layer de:position7 (ALD), metal organic chemical va-
por deposition,® (MOCVD), or pulsed laser deposition’
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(PLD) are used. For example, low leakage currents of about
1 nA/cm? at an applied electric field of 2 MV/cm are ob-
served in alumina films with 120 A thickness using ALD.
Under the best experimental conditions, Al,O5 films depos-
ited by MOCVD show a leakage current of 10 nA/cm? at an
equivalent oxide thickness of 3.6 nm. The films of Al,O4
deposited by PLD on silicon have shown an interface trap
density in the range of 1.2X 10'° eV~! cm™ when deposited
at room temperature. Al,O5 films grown by rf magnetron
sputteringlo at room temperature and 200 and 300 °C
showed that the best dielectric breakdown strength was of
2.1 MV/cm. In this latter case, the thickness of the films
ranged from 45 to 130 nm. However, the spray pyrolysis
technique is the only inexpensive technique that has been
used to obtain high quality alumina thin films with properties
similar or superior to the ones obtained with some of the
most elaborated methods.">™” In previously reported work,
100 nm thick alumina films deposited with the spray pyroly-
sis technique were obtained with dielectric strengths of about
5 MV/cm, interface trap densities in the range of
10" eV cm?, and a dielectric constant in the range of 7.9. It
was shown that the addition of a mist of H,O improved the
electrical, structural, and optical properties of the films.'¢~'8
More recent reports have shown that the addition of a source
of nitrogen during deposition of the films can improve their
properties.z’5 In the present work, we used the pulsed sprayed
ultrasonic method to obtain alumina thin films as thick as
300 A. From our best information, no previous attempts had
been performed to obtain alumina films with excellent prop-
erties in this range of thickness with any low cost deposition
technique such as spray pyrolysis. The films were pulsed
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deposited under short aerosol shots in order to control their
final thickness. H,O—NH,OH mist was also supplied simul-
taneously during deposition. The result was that we obtained
films with high dielectric constant as well as good optical
and structural properties.

Il. EXPERIMENTAL PROCEDURE

The Al,O; thin films were prepared from aluminum
acetylacetonate [Al(acac);] dissolved in
N, N-dimethylformamide (N,N-DMF). These raw materials
were supplied by Alfa AESAR and J.T. Baker, respectively.
The films were deposited in the temperature range from
400 to 550 °C on crystalline Si(100) and Si(111). For this
work, a modified ultrasonic spray pyrolysis technique was
used,””?® in which the aerosol droplets, consisting of
Al(acac); in N,N-DMF, were supplied during fixed periods
of time. This method was adopted in order to achieve a
smaller film thickness than those previously achieved with
the regular spray deposition method. The modified method is
named in this work as pulsed ultrasonic sprayed pyrolysis
(PUSP). The films were obtained supplying one, two, or up
to three short pulses (shots) that elapsed 3 or 5 s each. For
the films that were deposited at 400 °C, each deposition
pulse (shot) elapsed 5 s, and the interruption time between
one pulse and the next was of 3 s. For the films deposited
from 450 to 550 °C, each deposition pulse elapsed 3 s, and
the interruption time between one pulse and the next was of
3 s, too. So, when supplying two or three pulses, a period of
3 s separated each one. The spray pyrolysis technique has
been used widely to obtain films or coatings of different
materials, mainly metallic oxides, since the technique is used
under atmospheric pressure conditions. The spray pyrolysis
technique is considered an inexpensive and scalable tech-
nique to obtain films and coatings with excellent properties.
The technique consists in supplying an aerosol from a chemi-
cal solution which undergoes a pyrolytic decomposition on a
hot substrate, leading to a solid film or coating on top of the
surface used as substrate. However, the technique has not
been attempted to obtain films thinner than 1000 A. Most of
the films that are obtained with this technique usually range
from 0.1 up to a few microns.>! For this work, the films of
Al,O5 were prepared with a 0.09 mol/1 chemical solution
formed with Al(acac); in N,N-DMF. A molten tin bath was
used as thermal energy source for the substrate to achieve the
pyrolytic reaction. A mist of 1H,O—1NH,OH was supplied
simultaneously during deposition. Furthermore, nitrogen
(N,) at a flow rate of 5 1/min was used as carrier gas. The as
deposited films were characterized in a Gaertner LSE Stokes
ellipsometer (632.8 nm), a Nicolet infrared spectrometer,
model 519P, and an atomic force microscope, the latter one
from Digital Instruments. In addition, the Al,O5 films were
incorporated into metal-oxide-semiconductor structures in
order to carry out the electrical characterization. For this
task, aluminum dots (with a surface area of 0.001 cm?) were
evaporated on top of the Al,O5 films. Ramp -V (ramp rate
of 0.5 V/s) and capacitance-voltage measurements were ob-
tained with a Keithley commercial system using the model
82-DOS simultaneous C-V program.
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FIG. 1. Deposition rate (continuous line) and index of refraction (dashed
line) of the Al,O5 deposited as a function of the substrate temperature.

lll. RESULTS AND DISCUSSION

Figure 1 shows the deposition rate and the index of re-
fraction as a function of the substrate temperature of the
Al,O5 films deposited from one and up to three pulses. It is
observed that the index of refraction increases in general
with the number of pulses applied during deposition. This
indicates that the density of the films is improved with the
number of pulses supplied. The high index of refraction in
the films (close to 1.66) is indicative of a high quality amor-
phous alumina thin film.*> However, the films that are depos-
ited with a single pulse result with a very low index of re-
fraction (lower than 1.4). This low value indicates that the
films deposited under this condition are porous and have as a
consequence a very poor overall quality.23 The films that are
deposited with two pulses show an intermediate index of
refraction between the ones obtained with one and three
pulses. The deposition rate of the films is also shown in Fig.
1. It is observed that the films that are deposited with two or
three pulses show a deposition rate that increases almost lin-
early with temperature. The deposition rate is found in the
range of about 10 up to ~30 A/s when the substrate tem-
perature varies from 400 to 550 °C. This deposition rate
compares favorably with the ones obtained previously in
thicker alumina films that were deposited with the same mo-
lar concentration but using air as carrier gas.lsf17 In this work
the range of deposition rates are higher compared with the
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TABLE I. Main properties of the best Al,O5 films deposited at different substrate temperatures and with the

different aerosol pulses.

T (°C) K d (A) d, (A) d, (A) Dy, (eV~'em™) d,/d, E (MV/cm)

Three pulses

450 8.2%0.5 202 28 174 (3.3x0.1)x 10 6.2 <09

500 8.2+0.6 289 41 248 (2.7+0.5)x 10" 6.0 <2

550 8.9+0.8 307 24 283 (2.6+0.3) x 10'° 11.8 <4
Two pulses

550 8.9+0.8 201 16 185 (4.4+0.2)x 10 11.6
One pulse

500 9.1 146 10 136 1x101 13.6

one obtained by other authors using a CVD technique.s’]3 A
high deposition rate could be a good advantage for some
applications. The films that are deposited with a single pulse
show in average depositions rates larger than 30 A/s. How-
ever, in this latter case, it seems that the films are not homo-
geneous throughout the entire substrate surface, since large
variations in thickness were found. In all cases, at least three
different measurements of the thickness were performed on
random sites of the surface of the film. The lack of homoge-
neity in the films deposited with a single pulse seems to be
confirmed with the low values of the index of refraction
measured. From these results, it seems that the time elapsed
during deposition pulses is of great importance for obtaining
Al,O5 films with good homogeneity and high index of re-
fraction using the pulsed sprayed pyrolysis technique. From
these results, it can be inferred that, under the experimental
conditions mentioned, a good decomposition of the aerosol
to yield an alumina film requires about 13 s when deposition
is carried out at 400 °C and about 9 s when deposition is
done in the range of 450-550 ° C. It seems that the latter
elapsed time values are necessary to obtain homogeneous
and high index of refraction alumina films. The thickest film
was about 300 A, as shown in Table I, which lists a selected
group of films deposited under different conditions, with the
best characteristics.

Figure 2 shows the infrared spectra of the films that were
deposited at temperatures ranging from 400 to 550 °C and
with three pulses. Previous infrared results from thick and
amorphous Al,Oj; films present a wide band centered around
700 cm~!. This band could correspond to the overlapping of
the AlI-O stretching mode (750—850 cm™") and the O—-Al-O
bending mode (650—700 cm™!), as reported previously.22 In
this work, all the alumina films deposited with the different
experimental conditions show the characteristic AI-O band
centered close to 700 cm™!. The whole infrared characteris-
tics of the films deposited are depicted in the spectra shown
in Fig. 2. The intensity of the Al-O band is small for the
films deposited at 400 or 450 °C. This is probably due to the
existence of a small number of Al-O bonds formed because
of a very thin film. On the other hand, when the films are
deposited at 500 or 550 °C, the intensity of this band is
larger, probably because thicker films are obtained at these
temperatures. An absorption peak at approximately
1100-1050 cm™ is clearly noticed in the films deposited at

500 and 550 °C. This one is associated with the Si—O bond
vibration in the stretching mode.** The Si0, film grown im-
mediately on top of the silicon substrate is due to the oxida-
tion of the silicon wafer. The SiO, is very noticeable when
the films are deposited at 500 or 550 °C even when a single
pulse is used. It has been shown in previous studies that it is
in general very difficult to get rid of the growth of SiO,
mainly because most systems work under nonequilibrium
conditions. The presence of SiO, on top of the crystalline
silicon is even observed in thin films that are fabricated un-
der high vacuum conditionings. In addition, the existence of
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FIG. 2. Infrared spectra of the Al,O; films deposited with three pulses and
at 550 °C.
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FIG. 3. AFM image of the surface of an Al,O; film deposited with three
pulses and at 550 °C.

Si0O, increases the EOT of the films and reduces the effective
dielectric constant of the alternative high-k dielectric. A lot
of work is being done about this issue."? A further discussion
on this SiO, layer will be presented later when the electrical
characterization of the films is discussed. The infrared spec-
tra show in addition a band around 1500 cm™' due to carbon
related bonds.” This one might be due to an incomplete
decomposition of the Al(acac); used as aluminum source. It
has been observed that most films that are deposited by
means of an organic source are usually not free from carbon
related bonds. In our case, further measurements need to be
done in order to estimate the amount of carbon that might
remain in the films, although it seems that it does not have a
dramatic influence in them.'®

Figure 3 shows an atomic force microscope (AFM) im-
age of the surface of an Al,O5 film deposited at 500 °C with
three pulses. Our films show in average a surface roughness
of 15 A. In general, a low surface roughness of alternative
high-k dielectrics is required for the application in the micro-
electronics industry.z’17 Films deposited at 500 °C show in
general the lowest root mean square surface roughness
(~7.5 A). Figure 4 shows the behavior of the rms surface
roughness as a function of the substrate temperature for the
films deposited under the different numbers of pulses. On the
other hand, films deposited at 450 and 550 °C present aver-
age rms roughnesses that are much higher, ~22 and ~16 A,
respectively. It is still not clear why there is a minimum in
the surface roughness in the films deposited at 500 °C, but it
might be related to the surface kinetics during the growth of
the films.”!

The electrical characterization of the alumina thin films
is shown in Figs. 5-8. Figure 5 shows a typical capacitance
versus voltage graph (C-V) in low and high frequencies for a
film deposited at 500 °C under three pulses. In general, the
electrical results are the average of at least three different
capacitors randomly chosen on each alumina thin film depos-
ited for this purpose. The inset in Fig. 5 shows the interface
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FIG. 4. Root mean square surface roughness of the Al,O; deposited films as
a function of the substrate temperature.

trap density (D;) of the films. The D; of the films was ex-
perimentally determined from the simultaneous low and high
frequency C-V curves.”® The D;; is shown in Fig. 6 and is
listed in Table I for the best films obtained. In almost all
cases, the interface trap density was in the 10'° range at
midgap. This interface trap density is one order of magnitude
lower than the one that was reported in previous works.'®!
These results suggest that a high quality interface was
achieved probably due to the influence of the ammonia dur-
ing deposition of the alumina films. The good participation
of the source of nitrogen during deposition of thin films has
been highlighted in some high-k dielectrics such as yttrium
oxide and hafnium oxide.”?’ The effective dielectric constant
of our films was also determined from the high frequency
C-V curves in accumulation. The second column in Table I
also lists the effective dielectric constant. The effective di-
electric constant was found between 8 and 9. This is shown
in Fig. 6, too. Again, these values are higher than those re-
ported in previous work'*! (~7.9). These results suggest
that the role of the SiO, layer in our films is very dramatic.
In order to appraise its important influence, the following
analysis and discussion were performed.

The thicknesses of the SiO, and Al,O5 layers, denoted,
respectively, by d; and d, are calculated according to a rela-
tion that results from the series capacitance between the SiO,
and Al,Oj5 layers,
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FIG. 5. Typical capacitance vs voltage graph (C-V) in low and high fre-
quencies for a film deposited with three pulses at 550 °C. The inset shows
the interface trap density as a function of the silicon midgap.

d d, d
=42 (1)
K Kq Ky
where
d=d1+d2 (2)

is the total thickness of the films. The thickness d was ex-
perimentally measured by ellipsometry. In Eq. (1), « is the
effective dielectric constant, which was also determined ex-
perimentally. For this task, we had to assume that the SiO,
layer has a dielectric constant of 3.9 (=«;). The dielectric
constant of the Al,O; layer varies with the deposition
technique,z’m’ll but recent results have shown that it can
reach values up to =10 (=k,). Taking into account the above
information, the following relation should hold for d,:

b)) 3
« 39/ "A\10 39/ ®)

From Eq. (3), d, can be calculated, and taking into account
Eq. (1), d; can also be determined. Table I also lists these
calculated thicknesses of the Al,O5 and SiO, layers, respec-
tively. From the results of Table I, it is observed that the
thinner the SiO, layer, the larger the interface trap density.
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FIG. 6. Dielectric constant (continuous line) and interface trap density
(dashed line) as a function of the substrate temperature of the best Al,O5
films deposited.

This result might suggest that a very thin SiO, film might
start losing its excellent passivation properties on silicon. It
has been stated that the properties of SiO, are usually lost
when its thickness is of only a few atomic layers.1 This result
is shown in Fig. 7. In addition, the effective dielectric con-
stant increases as the SiO, layer thickness is being reduced.
This result is shown by plotting the d,/d, ratio as a function
of the effective dielectric constant (inset in Fig. 7). However,
this latter result should saturate at higher values of the ratio.
An equivalent result is shown by Groner et al.” From this
analysis, it seems that the interface SiO, layer plays an im-
portant role in the interface properties of the alumina films
deposited by the PUSP technique. It can be concluded that
the combination of a SiO, layer under an Al,O5 layer can
provide a high effective dielectric constant with an interface
trap density close to the one shown by a high quality26 Si0,
when a nitrogen source is added during the deposition pro-
cess. Thus, the electrical properties of the films can be tuned
in order to obtain films with a desired value of interface traps
and with a high dielectric constant.

Finally, ramped /-V measurements are shown in Fig. 8
for alumina films deposited with three pulses, which pre-
sented the best I-V characteristics when deposited at 550 °C.
It was observed that at low fields, only the constant displace-
ment current associated with the voltage ramp applied is
present. However, at higher fields (after 2 MV), an injection
current across the oxide is observed up to electric field close
to 4.0 MV/cm at which a destructive breakdown is ob-
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FIG. 7. Interface trap density as a function of the SiO, layer thickness. The
inset shows the variation of the dielectric constant as a function of the ratio
of the Al,O5 to the SiO, layer thicknesses.

served. Films deposited at 550 °C with only two pulses can
stand an electric field lower than 2.0 MV/cm. Films depos-
ited at lower temperatures (450 or 400 °C) with three pulses
can stand at most 0.9 MV/cm (not shown). In general, films
deposited with two and one pulses at any temperature do not
lead to high quality I-V characteristics.

IV. CONCLUSIONS

High quality aluminum oxide thin films were deposited
on silicon using the pulsed ultrasonic spray pyrolysis tech-
nique from Al(acac); in N,N-DMF. The results showed that
the optical, structural, and electrical properties of the as de-
posited films depended strongly on the number of pulses and
on the substrate temperature used during deposition. The ad-
dition of a H,O—NH,OH mist supplied simultaneously dur-
ing deposition seemed to improve the interface quality of the
as deposited films. Films as thick as ~300 A were obtained
with an index of refraction close to 1.6 and a root mean
square surface roughness of about 7.5 A. SiO, found in the
films at the interface with silicon seemed to play an impor-
tant role in the electrical characteristics of the interface.
Films with a dielectric constant higher than 8 and an inter-
face trap density at midgap in the 10'° eV~' cm™ range were

J. Appl. Phys. 103, 034105 (2008)
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FIG. 8. Ramp [-V characteristic for an Al,O; film deposited with three
pulses and at 550 °C.

obtained. Films deposited with three pulses at 550 °C were
able to stand an electric field up to 4 MV/cm.

ACKNOWLEDGMENTS

The authors appreciate the technical assistance of J.
Garcia-Coronel, R. Fragoso, M. Guerrero, and A. Soto of the
Physics Department of CINVESTAV-IPN. The authors are
also grateful for the financial support from CONACyT-
Mexico, as well as to SIP-IPN and COFAA-IPN (Grant Nos.
20060899 and 20071246).

'J. Robertson, Rep. Prog. Phys. 69, 327 (2006).

’G. D. Wilk, R. M. Wallace, and J. M. Anthony, J. Appl. Phys. 89, 5243
(2001).

R. C. Smith, N. Hoilien, C. J. Taylor, T. Z. Ma, S. A. Campbell, J. T.
Roberts, M. Copel, D. A. Buchanan, M. Gribelyuk, and W. L. Gladfelter,
J. Electrochem. Soc. 147, 3472 (2000).

4s. Guha, E. Cartier, M. A. Gribelyuk, N. A. Borjarczuk, and M. A. Copel,
Appl. Phys. Lett. 77, 2710 (2000).

3G. Alarcon-Flores, M. Aguilar-Frutis, C. Falcony, M. Garcia-Hipolito, J. J.
Araiza-Ibarra, and H. J. Herrera-Suarez, J. Vac. Sci. Technol. B 24, 1873
(2006).

D. G. Schlom and J. H. Haeni, MRS Bull. 27, 198 (2002).

™. D. Groner, J. W. Elam, F. H. Fabreguette, and S. M. George, Thin
Solid Films 413, 186 (2002).

8p. Wiest, V. Capodieci, O. Blank, M. Gutsche, J. Schulze, I. Eisele, J.
Matusche, and U. 1. Schmidt, Thin Solid Films 496, 240 (2006).

°P. Katiyar, C. Jin, and R. J. Narayan, Acta Mater. 53, 2617 (2005).

'%W. H. Ha, M. H. Choo, and S. Im, J. Non-Cryst. Solids 303, 78 (2002).

""M. Voigt and M. Sokolowski, Mater. Sci. Eng., B 109, 99 (2004).

M. Xu, C.-H. Xu, S.-J. Ding, H.-L. Lu, D. W. Zhang, and L.-K. Wang, J.

Downloaded 22 Sep 2008 to 132.248.12.55. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



034105-7 Carmona-Tellez et al.

Appl. Phys. 99, 074109 (2006).

BA. R. Chowdhuri and C. G. Takoudis, Thin Solid Films 446, 155 (2004).

K. Varatharajan, S. Dash, A. Arunkumar, R. Nithya, A. K. Tyagi, and B.
Raj, MRS Bull. 38, 577 (2003).

157 Guzman-Mendoza, M. Garcia-Hipdlito, M. Aguilar-Frutis, and C.
Falcony-Guajardo, J. Phys.: Condens. Matter 13, L955 (2001).

1M, Aguilar-Frutis, M. Garcia, C. Falcony, G. Plesch, and S. Jimenez-
Sandoval, Thin Solid Films 389, 200 (2001).

M. Aguilar-Frutis, M. Garcia, and C. Falcony, Appl. Phys. Lett. 72, 1700
(1998).

85 s. Kim, H. A. Marzouk, P. J. Reucroft, J. D. Robertson, and C. E.
Hamrin, Appl. Phys. Lett. 62, 681 (1993).

G. Blandenet, M. Court, and Y. Lagarde, Thin Solid Films 77, 81 (1981).

J. Appl. Phys. 103, 034105 (2008)

M. Langlet and J. C. Joubert, in Chemistry of Advanced Materials, edited
by C. N. R. Rao (Blackwell Science, Oxford, England, 1993), p. 55.

2T, T. Kodas and M. J. Hampden-Smith, Aerosol Processing of Materials
(Wiley-VCH, New York, 1999).

2W. A. Pliskin, J. Vac. Sci. Technol. 14, 1064 (1977).

M. Born and E. Wolf, Principles of Optics (Cambridge University Press,
Cambridge, 2001).

**T. Maruyama and S. Arai, Appl. Phys. Lett. 60, 322 (1992).

»H. Guo, W. Zhang, L. Lou, A. Brioude, and J. Mugnier, Thin Solid Films
458, 274 (2004).

?E. H. Nicollian and J. R. Brews, MOS (Metal Oxide Semiconductor) Phys-
ics and Technology (Wiley, New York, 1982).

7K. Xiong, J. Robertson, and S. J. Clark, J. Appl. Phys. 99, 044105 (2006).

Downloaded 22 Sep 2008 to 132.248.12.55. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



