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Structural and electrical properties of crystalline „12x …Ta2O5– xAl2O3 thin
films fabricated by metalorganic solution deposition technique

P. C. Joshi,a) S. Stowell, and S. B. Desu
Department of Materials Science and Engineering, Virginia Tech, Blacksburg, Virginia 24061-0237

~Received 5 May 1997; accepted for publication 8 July 1997!

Polycrystalline (12x)Ta2O5–xAl2O3 thin films were fabricated by metalorganic solution
deposition technique on Pt-coated Si substrate at a temperature of 750 °C. Thin films with
0.9Ta2O5–0.1Al2O3 composition exhibited improved dielectric and insulating properties compared
to Ta2O5 thin films. The measured small signal dielectric constant and dissipation factor at 100 kHz
were 42.8 and 0.005, respectively. The temperature coefficient of capacitance was 20 ppm/°C in the
measured temperature range of 25–125 °C. The leakage current density was lower than
631028 A/cm2 up to an applied electric field of 1 MV/cm. A charge storage density of 18.9 fC/mm2

was obtained at an applied electric field of 0.5 MV/cm. The high dielectric constant, low dielectric
loss, low leakage current density, and good temperature and bias stability suggest
(12x)Ta2O5–xAl2O3 thin films to be a suitable dielectric layer in integrated electronic devices in
place of conventional dielectrics such as SiO2 or Si3N4. © 1997 American Institute of Physics.
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Ta2O5 is a promising material for applications in hig
density dynamic random access memories~DRAMs!, elec-
troluminescent display devices, and gate dielectrics of me
oxide-semiconductor devices due to its high dielectric c
stant, low leakage current, low defect density, and h
breakdown field strength.1–5 Ta2O5 is a suitable alternative to
conventional insulator materials like Si3N4 and SiO2 in very
large scale integrated technology. The high dielectric c
stant and low loss insulating materials are also attractive
microwave devices.6 For successful integration into thes
electronic devices, extremely reliable Ta2O5 films with high
temperature and field stability are desired. The propertie
Ta2O5 films have been reported to be strongly dependen
the fabrication method, nature of substrate and electrode
terial, and postdeposition annealing treatment.7,8 Ta2O5

based composites have been investigated to improve th
electric and insulating properties of tantalum oxide.3,9 Re-
cently, it was shown that the electrical properties of bu
Ta2O5 can be significantly improved through 10% substi
tion of Al2O3.

10 The present work is an effort to fabricate th
thin films of (12x)Ta2O5–xAl2O3 material with enhanced
dielectric and insulating properties compared Ta2O5 for mi-
croelectronic applications. The (12x)Ta2O5–xAl2O3 mate-
rial is expected to be compatible with semiconductor p
cessing where both Ta and Al are already in use.

In this letter, we report the fabrication of the (
2x)Ta2O5–xAl2O3 thin films by metalorganic solution
deposition~MOSD! technique. MOSD processing has be
extensively used in thin film technology because of ea
composition control, good homogeneity, and uniform de
sition over a large substrate surface area.11 Thin films of (1
2x)Ta2O5–xAl2O3 were fabricated using aluminum nitra
and tantalum ethoxide as precursors. Acetic acid
2-methoxyethanol were selected as solvents. In the exp
ment, aluminum nitrate was initially dissolved in acetic ac
The clear solution thus formed was diluted wi

a!Electronic mail: pcjoshi@vt.edu
Appl. Phys. Lett. 71 (10), 8 September 1997 0003-6951/97/71(10)
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub

128.173.125.76 On: Fri, 
l-
-
h

-
r

of
n
a-

di-

-

-

r
-

d
ri-
.

2-methoxyethanol and then the solution of tantalum ethox
in 2-methoxyethanol was added to it with constant stirrin
The viscosity of the solution was controlled by varying t
2-methoxyethanol content. The precursor films were coa
on to Pt-coated Si substrates by spin coating using a ph
resist spinner operated at 6000 rpm for 60 s. Particula
were removed from the solution by filtering through 0.2mm
syringe filters. After spinning onto various substrates, fil
were kept on a hot plate in air for 10 min. After each coatin
this step was repeated to ensure complete removal of vol
matter. The postdeposition annealing of the films was car
out in an oxygen atmosphere. In the present letter, we re
the structural and electrical properties of 0.3mm thick films
with 0.9Ta2O5–0.1Al2O3 composition as the bulk materia
with the same composition exhibited the best dielectric a
insulating properties. The crystallinity of the films was e
amined by x-ray diffraction~XRD!. The microstructure of
the films was analyzed by atomic force microscopy~AFM!.
The electrical properties reported include dielectric, curre
voltage (I –V) and capacitance–voltage (C–V).

The pyrolyzed films~at ;350 °C! were found to be
amorphous and postdeposition annealing was required to
velop crystallinity. The structure of the films was analyz
by Scintag XDS 2000 diffractometer using CuKa radiation
at 40 kV. Figure 1 shows the XRD pattern of the films a
nealed at 750 °C. The films annealed at 700 °C were foun
be amorphous in nature. As the annealing temperature
increased to 750 °C, the films were found to be well cryst
lized with peaks attributable to orthorhombic (b – Ta2O5)
phase. The XRD patterns revealed that the films were p
crystalline in nature with no evidence of preferred orien
tion or secondary phases. The surface morphology of
0.9Ta2O5–0.1Al2O3 thin films was analyzed by Digital In-
strument’s Dimension 3000 atomic force microscope us
tapping mode with amplitude modulation. The scan area w
131 mm. The surface morphology of the films was smoo
with no cracks and defects, as shown in Fig. 2, and the
erage surface roughness was less than 0.3 nm. The
1341/1341/3/$10.00 © 1997 American Institute of Physics
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 This a
exhibited a dense microstructure and the grain size was
fine.

The dielectric properties of 0.9Ta2O5–0.1Al2O3 thin
films were measured in terms of the dielectric constante r

and loss factor tand. The dielectric measurements were co
ducted on metal-insulator-metal~MIM ! capacitors with a HP
4192A impedance analyzer. Several platinum electro
(area53.731024 cm2) were sputter deposited through
shadow mask on the top surface of the films to form M
capacitors. Figure 3 shows the low field dielectric const
and dissipation factor as a function of frequency for a
mm thick film annealed at 750 °C. The small signal dielect
constant and dissipation factor at a frequency of 100 k
were 42.8 and 0.005, respectively. The dielectric constan
0.9Ta2O5–0.1Al2O3 thin films was found to be much im
proved compared to the typical value (e r;25– 30) reported
for Ta2O5 thin films. The loss factor was found to be muc
lower than values reported for Ta2O5 thin films fabricated by
various techniques.8,12–15The permittivity showed no disper
sion with frequency up to about 1 MHz, as shown in Fig.
indicating that the values were not masked by any surf
layer effects or electrode barrier effects. As the freque
was increased above 1 MHz, the dielectric constant w
found to decrease and the loss factor was found to incre
with frequency. This behavior was found to be extrinsic
nature as similar behavior was observed at around the s

FIG. 1. X-ray diffraction patterns of 0.9Ta2O5–0.1Al2O3 thin films annealed
at 750 °C.

FIG. 2. AFM photograph of 0.9Ta2O5–0.1Al2O3 thin films annealed at
750 °C.
1342 Appl. Phys. Lett., Vol. 71, No. 10, 8 September 1997
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frequency for thin films of other dielectric materials.16 At
frequencies of the order of a few MHz, the stray inductan
L of the contacts and wires and/or the presence of a fi
resistance in series with the films, which may arise due
intrinsic or extrinsic sources, may cause such behavio17

Figure 4 shows the dependence of the film capacitance
the loss factor on the measurement temperature in the ra
25–125 °C. The temperature stability of the capacitance
measured in terms of the parameterDC/C0 , whereDC is
the change in capacitance relative to the capacitanceC0 at
25 °C. The change in film capacitance relative to film capa
tance at 25 °C was found to be lower than 0.2% up to 125
indicating good temperature stability of 0.9Ta2O5–0.1Al2O3

capacitors. The loss factor was found to increase from 0.
to 0.012 as the temperature was increased from 25 to 125
The temperature coefficient of capacitance in the measu
temperature range of 25–125 °C was found to be 20 ppm
which is comparable to the value reported for bulk mater
The high dielectric constant, low dielectric loss, and go
thermal stability characteristics show the suitability
0.9Ta2O5–0.1Al2O3 thin films as the insulating dielectric
layer for large value capacitors for various electronic d
vices.

For DRAM applications, a material with high dielectri
constant and good insulating characteristics is required
limiting factor for any DRAM capacitor dielectric is leakag
current. In a DRAM cell, the stored charge on the capac
leaks off with time through various leakage mechanis

FIG. 3. Dielectric constant and dissipation factor of 0.3mm thick
0.9Ta2O5–0.1Al2O3 films as a function of frequency.

FIG. 4. Dielectric constant and dissipation factor of 0.3mm thick
0.9Ta2O5–0.1Al2O3 films as a function of measurement temperature.
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 This a
which requires periodic refreshing of the stored charge.
the leakage current characteristics of the storage ca
itor dielectric are very important for DRAM applications
Figure 5 shows the leakage current characteristics
0.9Ta2O5–0.1Al2O3 thin films. The leakage current densi
versus electric field characteristics, as shown in Fig. 5, w
measured using HP 4140B test system by applying dc v
ages with a step height of 1 V and a delay time of 30 s. The
film conductivity was not found to change appreciably w
change in the polarity of the applied voltage indicating bu
limited conduction process. The leakage current density
the films was lower than 631028 A/cm2 up to an applied
electric field of 1 MV/cm indicating good insulating chara
teristics. The leakage current density was found to be m
improved compared to Ta2O5 thin films reported by various
techniques.5,7,8,12–15,18

The C–V measurements were conducted on MIM c
pacitors to analyze the bias stability. Figure 6 shows
C–V curves of Pt/0.9Ta2O5–0.1Al2O3/Pt capacitors ob-
tained by applying a small ac signal of 10 mV amplitude a
of 100 kHz frequency across the capacitor while the dc e
tric field was swept from a negative bias to positive bias. T
change in film capacitance was found to be less than 0.4%
to an applied voltage of 20 V indicating good field stabilit
The loss factor also showed good bias stability, as show
Fig. 6, and was found to vary in the range 0.005–0.007. T
charge storage density, defined byQc5e0e rE, was also
measured fromC–V characteristics. Here,e0 is the permit-

FIG. 5. J–E characteristics of 0.3mm thick 0.9Ta2O5–0.1Al2O3 films an-
nealed at 750 °C.

FIG. 6. C–V characteristics of 0.3mm thick 0.9Ta2O5–0.1Al2O3 films an-
nealed at 750 °C.
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tivity of free space,e r is the dielectric constant of the film
andE is the applied electric field. The charge storage den
was calculated to be 18.9 fC/mm2 at an applied electric field
of 0.5 MV/cm. At this bias the leakage current density w
lower than 1029 A/cm2. The high charge storage densi
compared to conventional dielectrics and low leakage cur
density suggest the suitability of 0.9Ta2O5–0.1Al2O3 thin
films for DRAM applications.

In conclusion, thin films of 0.9Ta2O5–0.1Al2O3 with
crystalline structure were successfully prepared by meta
ganic solution deposition technique on Pt-coated Si s
strates. For thin films with 0.9Ta2O5–0.1Al2O3 composition,
the dielectric and the insulating properties were found to
much improved compared to Ta2O5 thin films. The measured
small signal dielectric constant and dissipation factor at 1
kHz were 42.8 and 0.005, respectively. The MIM capacit
exhibited good temperature and bias stability. The tempe
ture coefficient of capacitance was 20 ppm/°C in the m
sured temperature range of 25–125 °C. The leakage cur
density was lower than 631028 A/cm2 up to an applied
electric field of 1 MV/cm. A charge storage density
18.9 fC/mm2 was obtained at an applied electric field of 0
MV/cm. The compatibility of Ta and Al with semiconducto
processing, and good dielectric and leakage current cha
teristics suggest the suitability of (12x)Ta2O5–xAl2O3 thin
films as capacitor dielectric layer for microelectronic app
cations.
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