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THERMAL TRANSFORMATION OF ZRO,, HFO, AND AL O3 MIXED OXIDE

FILMSDEPOSITED BY CHEMICAL SOLUTION DEPOSITION

DEBORAH A. NEUMAYER, E. CARTIER,
IBM, T.J. Watson Research Center, P.O. Box 218, Y orktown Heights, NY 10598

ABSTRACT

The thermal stability, and microstructure of zirconium aluminum oxide (ZAO) and hafnium
aluminum oxide (HAO) mixed oxides were evaluated. The films were prepared by chemical
solution deposition (CSD) using a solution prepared from zirconium, or hafnium butoxyethoxide,
and aluminum butoxyethoxide dissolved in butoxyethanol. The films were spun onto SION,
coated S wafers and furnace annealed at temperatures from 500-1200 °C in oxygen for 30
minutes. The microstructure and electrical properties of ZAO and HAO films were examined as
afunction of Zr/Al and Hf/Al ratio and annealing temperature. The films were characterized by
X-ray diffraction, FTIR, RBS and AES. Crystallization/phase separation of ZrO, and HfO, in
ZAO and HAO films was observed to be concentration and annealing temperature dependent. At
low (<25%) ZrO, or HfO, concentrations at anneal temperatures less than 900 °C, an amorphous
g-aluminalike material was observed in the ZAO and HAO films. Phase partitioning of the ZAO
and HAO films was observed at higher ZrO, or HfO, concentrations and at higher anneal
temperatures. Addition of Al,O; to ZrO, or HfO, was found to increase the crystallization
temperature of tetraganol ZrO,, enable the formation of the tetragonal HfO, phase and increase
the annealing temperature at which transformation of the tetragonal to monoclinic phase of ZrO,
or HfO, is observed. Transformation from the tetragonal to the monoclinic phase was observed
to occur more readily at lower temperatures in HAO films than ZAO films. Evidence of
enhanced oxygen conduction at elevated temperatures was observed for 90% Hf 10% Al mixed

oxidefilms.



INTRODUCTION

In the quest for improved performance, CMOS circuits are becoming denser and the CMOS
devices smaller. The most common gate dielectric has been SiO,. Recently SiO,/SizN,
combinations have begun to gain interest as a replacement for pure oxide. However, as the
thickness of SiO, and SiO./SisN, stack films approach 10-20 A substantial problems appear,
including large leakage currents through the gate dielectric, concerns about the long term
dielectric reliability, and difficulty of manufacture and thickness control. A solution to the
problem is to use thick dielectric films having high dielectric constants (high K). Thus,
investigation of alternate gate oxides such as Al,O;, ZrO,, HfO,, and mixed oxides such as
zirconium and hafnium silicon oxide have been undertaken.® Al,Os, ZrO,, and HfO, are reported
to be thermodynamically stable in contact with silicon.? ZrO, doped Al,O; and zirconium
aluminum oxide (ZAO) has been considered as a gate oxide replacement.®** In this study, we
have utilized butoxyethoxide based chemical solution deposition (CSD) route as a quick and
inexpensive means of screening ZAO and HAO. Unlike chemical vapor deposition or physical
vapor deposition, CSD requires no vacuum equipment, no deposition tool development, and no
process development time to obtain desired stoichiometry (solution concentration is film
concentration). By utilizing a stable butoxyethoxide based chemistry with no aging effects,
solutions can be prepared and stored indefinitely between spinnings and still obtain the same
quality film.>® Bulk powders of ZAO have been prepared by CSD with different solution
chemistries,”#91011213 - However, no report exists describing the deposition of films of HAO or
ZAO utilizing a butoxyethoxide CSD chemistry. In an attempt to gain a better understanding of
the materials properties of ZAO and HAO we have prepared films of varying compositions of

ZAO and HAO and characterized their thermal stability and microstructural properties.



EXPERIMENTAL

Chemical Solution Deposition of ZAO and HAO

Zirconium aluminum oxide and hafnium aluminum oxide (HAO) mixed oxides of various
compositions in the xZr(100-x)AIO, (Z,AO, x = 17, 50 %), where x =17 is labeled as Z;;AO, x=
50 is labeled as Z5A O, and similarily for the xHf(100-x)AlIO, (H.AO, x= 25, 54, and 90) films
were fabricated by CSD. The CSD solutions were prepared from a mixture of zirconium,
hafnium and aluminum butoxyethoxides dissolved in butoxyethanol.>® The films were deposited
by spin casting on (5-20 A) SIO,N, coated Si substrates. The Zr/Al and Hf/Al ratio was varied by
mixing either a Zr or Hf butoxyethoxide solution and a separate Al butoxyethoxide. Solution
composition was determined by 1CP analysis by Galbraith Laboratories. After preparing spinning
solution and loading the spinning solution into a syringe, 0.45 and 0.1 nm syringe filters were
attached to the syringe and the spinning solution was syringed on the substrate until completely
wetted. The substrate was then spun for 20 sec at 2000-4000 rpm onto a SION, coated S
substrate which had been preheated on a 350 °C hot plate. After each spin-coating, the samples
were baked on a hot plate at 150 °C for 1-3 min, then at 350 °C for 3-10 minutesin air. ZAO and
HAO film thickness was varied by solution concentration, by spinning speed, and by depositing
multiple layers with a hot plate bake anneal between each layer. The fina film was hot plate
baked at 350 °C for a minimum of 30 minutes before furnace annealing at 400, 500, 700, 800,

900, 1000, or 1100 °C for 30 min or 1200 °C for 60 min in flowing oxygen.

ZAO and HAO Film Characterization

X-ray diffraction (XRD) spectra were obtained using a Philips PW1729 diffractometer with
Cu Ka radiation. The FTIR spectra were recorded with a Nicolet Nexus 670 spectrometer using
DTGS KBR detector and KBR beam splitter for mid-IR (4000-400 cm™) and using a DTGS
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polyethylene detector and a solid substrate beam splitter for far-IR (600-50 cm™) data collection.
The background for each spectrum was a piece of uncoated wafer that the ensuing films were
spun on. To minimize fringing effects and interna reflections, background and spectra were
collected at ~30° angle from the incident beam. The spectrum were analyzed using OMNIC v.
5.2 (Nicolet). After annealing at temperatures > 800 °C, absorption bands attributable to SIO, at
1180 cm™ and 1080 cm™ from the LO and TO components of the asymmetric stretch of the SiO,,
810 cm™* band attributed to skeletal network Si-O-Si symmetric stretching, and a band at 460 cm™
attributed to skeletal network Si-O-Si symmetric bending was observed in the FTIR spectra.
Therefore, a representative thermal SO, spectra was subtracted from the ZAO and HAO
spectrums of all films discussed in this paper annealed at 800, 900, 1000, 1100 and 1200 °C using
the subtraction feature of the OMNIC v. 5.2 software. For FTIR and X-ray diffraction (XRD)
analysis, film thickness were at least 1000 A thick. Film thickness was determined by n&k
analysis (n&k analyzer, n& k Technology, Santa Clara, Ca)** and confirmed by single wavelength
ellipsometry. Electric properties were measured using backside contact with In/Ga or thermally
evaporated Al and topside contact with thermally evaporated Al dots. The two types of
electrodes yield similar electrical response apart from the flat band shift due to the work function
difference of the metals. An average dielectric constant from a minimum of three different films
at thickness varying from 500-4000 A is reported. No dependence of thickness on dielectric

constant was observed.

RESUL TS and DISCUSSION

X-ray diffraction (XRD) was performed at room temperature on undoped Al,Os;, ZrO, and
HfO, films after annealing hot plate baked (350 °C 30 minutes in air) films at 400, 500, 700, 800,
900, 1000, 1100 °C for 30 minutes and 1200 °C for 60 minutesin flowing oxygen. The results are

summarized in Table 1. No evidence of any crystalline alumina phases was observed in the XRD
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for undoped alumina films annealed at temperatures < 1200 °C, after annealing at 1200 °C for 60
minutes peaks attributable to a-alumina was observed. XRD spectra of annealed pure ZrO, and
HfO, agreed with earlier published results,15 crystallization of alumina free tetragonal ZrO, was
observed after annealing at 500 °C, partial transformation from tetragonal to monoclinic ZrO, was
observed in the XRD spectra after annealing at 800-900 °C, only monoclinic ZrO, was observed
in the XRD spectra after annealing at 1000-1200 °C. Crystallization of HfO, differed, in that,
only monoclinic HfO, was observed after annealing at 500 -1200 °C.

X-ray diffraction was performed at room temperature on zirconium aluminum oxide and
hafnium aluminum oxide on various compositions in the xZr(100-x)AlO, where x =17 is |labeled
as Z;;A0, x=50 is labeled as Zs,A O, and similarily for the xHf(100-x)AlIO, (HAO, x= 25, 54,
films. X-ray diffraction was performed at room temperature on Z;;AO, and Zs,AO (zirconium
aluminum oxide) and HxAO, Hs,AO, and HeoAO (hafnium aluminum oxide) binary oxides after
annealing hot plate baked (350 °C 30 minutesin air) films at 500, 700, 800, 900, 1100 °C for 30
minutes and 1200 °C for 60 minutes in flowing oxygen. A typica series of XRD diffraction
patterns are shown in Figure 1 for H,AO. At 800 and 900 °C, no XRD peaks are observed,
characteristic of an amorphous film, after annealing at 1000 and 1100 °C, peaks attributable to
tetragonal HfO, are observed and after annealing at 1200 °C, peaks attributable to monoclinic
HfO, are observed. Similar results were observed in the Z;AO, and Zs,AO and HxsAO, HsAO,
and HoAO films. The annealing temperatures at which tetragonal and monoclinic ZrO, and
HfO,, and g and a alumina are observed by XRD or FTIR spectraare listed in Table .

As observed by XRD and in agreement with earlier results,***%11819 we have observed that
combination of ZrO, with alumina in the ZAO films delayed crystallization of tetragonal ZrO,
from 500 °C to at least 800 °C, and that transformation of the tetragonal to the monoclinic phase

was delayed from 900 °C to at least 1200 °C. As listed in Table I, Zs,AO converted from
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tetragonal to monoclinic after annealing at 1200 °C for 60 minutes and Z;;AO did not convert.
No reports of HAO deposited by CSD are found in the literature. However, we have observed in
agreement with the ZAO results, that combination of HfO, with Al,O; in the HxsAO, Hs,AO, and
HeAO films enabled the formation of the tetragonal phase of HfO, which crystallized at a lower
annealing temperatures than the monoclinic HfO, phase. The presence of the tetragonal HfO, or
ZrO, in the HAO or ZAO films at lower temperatures than the monoclinic phase might be
explained by the presence of Al,O; hindering the grain growth of HfO, or ZrO, preventing the

attainment of the critical particle size necessary for the tetragonal-monoclinic transformation.*

11,13, 15-18

FTIR

The FTIR spectrum of undoped Al,O; annealed at 400, 500, 700, 800, 900, 1100 °C for 30
minutes and 1200 °C for 60 minutes in flowing oxygen were collected and peaks assigned
according to the literature.’** In the FTIR spectrum of Al,O; after annealing at 400-1100 °C
(Figure 2), a broad absorption band between 3700 and 3000 cm™ is observed and assigned to O-H
stretching vibrations. The broadness of the OH band is indicative of great local disorder.®® The
center of this O-H band shifts upwards from 3372 cm™ to 3546 cm* and the intensity decreases as
the annealing temperature was increased from 400 to 1100 °C. The upward shift of the center of
the OH absorption band agrees well with a loss of hydrogen bonding between adjacent layers
with observed vibrational modes 3500-3300 cm™ and the retention of stronger hydrogen bonds
between hydroxy groups lying in the same plane with vibrational modes observed at higher
frequencies, 3600-3500 cm™*.?> However, the OH band does not completely disappear until
alumina has converted to the a phase after annealing at 1200 °C for 60 minutes. Weak absorption
bands at 2957, 2925, and 2850 cm™ associated with C-H stretch are observed and attributed to

residual organics in the film. These bands persisted even after annealing at 1200 °C for 60
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minutes and suggest the inclusion of organic fragments in the alumina network. Further support
for trapped organic fragments is provided by the observation of aweak absorption band at 2337
cm* which is assigned to trapped CO; in the film.??* The intensity of the trapped CO, band
increases with annealing temperature from 700-1100 °C and then decreases after annealing at
1200 °C. This band probably arises from pyrolysis of trapped organics in the film. The
absorption bands in the spectral region between 1700-1200 cm™ attributed to adsorbed water,
organics and carbonates in the film were observed to decrease in intensity and vary peak position
as the annealing temperature is increased. A band at 1630 cm™ is assigned to the H-OH bending
vibration of adsorbed water in the film,19202324283233 | the films annealed at 400 °C, absorption
bands at 1557, 1464, 1413, and 1345 cm™ were observed; in the films annealed at 500-800 °C
annealed films, only a broad absorption between 1700-1300 cm™ is observed, indicative of a
disordered microstructure and in the films annealed at 1000 and 1100 °C, absorption bands at
1596, 1527, 1446, and 1345 cm™ are observed. These bands are attributed to water, organics
and/or carbonates in the film.19202223323 |n the film annealed a 1200 °C, none of these
absorption bands are observed. In the films annealed at 350-800 °C, a broad two centered
absorption band is observed between 1000-200 cm™. This two centered band with approximately
equal intensity bands has one center at ~650-700 cm* and one at 590 cm™ with a shoulder at 410
cm®. This two centered broad band is characteristic of g-alumina®*2"%23 The broadness
absorption band is indicative of the disorder in the microstructure and is attributed to a wide
range of Al-O stretching modes for octahedral, AlOs and tetrahedral, AlO, units and complex
interactive vibrations.?* Generally, absorbance in the region 700-950 cm™ is associated with
tetrahedral sites in alumina and absorbance less than 700 cm™ is associated with octahedral sites
in adumina.*?#31  After annealing at 1000 °C and 1100 °C, the two centered broad band no

longer has approximately equal intensity bands, the strong absorption band centered at 540 cm™®
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increases in intensity, distinctive vibrational modes appear which are consistent with formation of
g-Al,03.2% The growth in intensity of the band centered at 540 cm™ is most likely associated
with the conversion of tetrahedral to octahedral sites in the alumina which accompanies the g q
phase transition.  After annealing at 1200 °C, absorption bands attributable to a-Al,O; are
observed at 635 (medium), 567 (strong), 501 (medium), 435 (strong) and 383 cm™* (medium) and
the lack of absorptions below 700 cm* is consistent with the complete conversion of tetrahedral
to octahedra sitesin a-Al,0s. %% %

The FTIR spectra of Z;;AO0 and Z5A 0O, HxsAO, Hs,AO, and HewAO binary oxides baked at
350 °C in air on a hot plate for 30 minutes are shown in Fig. 3. The peaksin the ZAO and HAO
spectra have been assigned according to the literature.**** The broad band between 3700 and
3000 cm? is assigned to O-H stretching vibrations. The band at 1630 cm* and 1580 cm™ is
assigned to the H-OH bending vibration of adsorbed water in the film!9202324283233 The hands at
1450 and 1420 cm™ are attributed to residual carbonates in the film. A band at 1100 cm™ is
attributed to the symmetrical Al-OH bending modes.®#*#%. 3334 Increasing ZrO, or HfO,
content decreases the intensity of the bands at 3400, and 1630 associated with absorbed water in
the film. From surface area studies of ZrO,-Al,O; powders, it is known that addition of ZrO,
decreases total surface area of ZrO.-Al,O; powders indicative of a denser microstructure.”**2 This
reduction in surface area may account for the reduction in OH and HOH in the films with
increasing ZrO, and HfO, content. In the Z;;AO and HxAO films, a broad two centered
absorption band is observed between 1000-200 cm™. This two centered band with approximately
equal intensity bands has one center at ~650-700 cm* and one at 590 cm™ with a shoulder at 410
cm! and is characteristic of galumina®* In the Zs;,AO, Hs,AO, and HeAO films, a broad
absorption band is observed between 1000-200 cm* centered at 440 cm* with a shoulder at 670

cm* and is attributed to a mixture of amorphous ZrO, or HfO, and g-alumina.



To gain a better understanding of the microstructural transformations occurring in the ZAO
and HAO films during annealing at elevated temperatures, FTIR spectra were collected from
Z17A0 (Fig. 4), and Zs,AO (Fig. 5) and HxAO (Fig. 6), Hs,/AO(Fig. 7) and HeoAO(Fig. 8) films
annealed for 30 minutes in oxygen at 500, 700, 800, 900, 1000, 1100 °C for 30 minutes and 1200
°C for 60 minutes in flowing oxygen. A progressive change in the FTIR spectrum is observed as
the annealing temperature isincreased. As the annealing temperature is increased, the absorption
bands associated with residual organics in the films decrease in intensity. A band at 2337 cm™ is
observed in the FTIR spectrum after annealing at 700-1200 °C and is assigned to trapped CO, in
the film.?*? The intensity of the trapped CO, band increases with annealing temperature from
700-1000 °C and then decreases after annealing at 1100 and 1200 °C. This band probably arises
from pyrolysis of organicsin the film. However, the complete loss of residual organics from 17%,
and ZsA0 and HxsAO, 54% and HeoA O films is not observed even after annealing at 1200 °C for
60m. As the annealing temperature is increased, the absorption bands associated hydroxyl and
adsorbed water in the films decrease in intensity and the center of the OH absorption band to
shifts 37-90 cm* upward from ~ 3400 to ~3490 cm™. A weak peak at 1106 cm™, with a shoulder
at 1260 cm* is observed after annealing at 350-700 °C and not after annealing at 800-1200 °C and
is assigned to the symmetrical and antisymmetrical Al-OH bending modes, respectively.
1920.23.2428.32.33 However, the complete loss of OH and H,O from Z;;AO and Zs,A0, HxsAO, Hs,AO,
and HypAO filmsis only observed after annealing at 1200 °C for 60m.

Dependence of the microstructure on stoichiometry and process conditions is most clearly
seen in the FTIR spectrum from 1000-200 cm™ which corresponds with M-O vibrations. In the
Z:17A0 films (Fig. 4) and HxsAO films (Fig. 6) annealed at 350-900 °C, a broad two centered
absorption band between 1000-200 cm™ with one center at ~630-680 cm™ and one center at

~540-570 cm™* and a shoulder at ~420 cm™ characteristic of g-alumina®® is observed and is
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nearly identical to the observed FTIR spectrum of undoped Al,O; annealed at 350-800 °C (Figure
2). Thenearly identical FTIR spectrum of the pure Al,O; film compared to the Z;;AO and HsAO
films is indicative of interspersion of Zr and Hf throughout the amorphous alumina network.
However as the anneal temperature isincreased, phase partitioning is observed in the Z;;AO films
and HxAO films. After annealing Z;-AO at 1000 °C, a strong absorption band centered at ~490
cm* with a shoulder at 394 cm™ and a very weak absorption band ~180 cm™ is observed and is
consistent with formation of tetragonal ZrO,. As the annealing temperature is increased to 1100
and 1200 °C, distinctive vibrational modes attributable to g-alumina are observed on the broad
absorption band. The resultant FTIR spectrum are attributed to a mixture of tetragonal ZrO, and
g-Al,O;. Similar results are observed after annealing HsAO at 1000 °C. A strong absorption
band centered at ~490 cm™ with a shoulder at 394 cm™ is observed and is consistent with
formation of tetragonal HfO,. After annealing H,sAO at 1100 and 1200 °C, distinctive vibrational
modes on the broad absorption band attributable to g-alumina and monoclinic HfO, are observed.
The HxsAO films annealed at 1100 and 1200 °C appear to be a mixture of g-alumina, and
monoclinic HfO,. The HxAO films differ from the Z17A0 films in that monoclinic HfO, forms
more readily at lower temperatures than monoclinic ZrQO..

In the FTIR spectrum of Z5AO films annealed at 350-500 °C (Fig. 5), and Hs,AO annealed at
350-800 °C (Fig. 7) annealed at 350-500 °C, a strong broad absorption band centered at 420 -440
cm is observed and attributed to a mixture of g-alumina and amorphous ZrO, or HfO,. Asthe
anneal temperature isincreased, additional phase partitioning is observed. After annealing Zs,AO
at 800, 900, 1000, and 1100 °C, a strong absorption band centered at 440 cm™ with a shoulder at
362 cm™ and a weak absorption band at 140 cm™ is observed and is consistent with formation of
tetragonal ZrO,. After annealing Zs,AO at 1200 °C, distinctive vibrational modes are observed at

725, 572, 489, 447, 416, 347, 263, and 226 cm* and are attributed to monoclinic ZrO,. After
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annealing Hs,AO at 900 °C, a broad strong absorption band centered at 480 cm™ is observed and
is attributed to a mixture of g-Al,O; and tetragonal HfO,. After annealing Hs,AO at 1000 °C, the
absorption band at 480 cm™ is broader with additional distinctive vibrational modes, suggestive
of a mixture of g-Al,O; and monoclinic HfO,. After annealing Hs,AO at 1200 °C, distinctive
vibrational modes are observed at 735, 632, 601, 513, 411, 325, 255, 235, and 183 cm™ and are
attributed to monoclinic HfO,. Again, monoclinic HfO, is observed to form more readily than
monoclinic ZrO..

As shown in the FTIR spectrum of HeAO (Fig. 4), in the films annealed at 350-500 °C, a
strong absorption band centered at 420 cm* is observed and attributed to and amorphous HfO..
After annealing at 700, 800, and 900 °C, a strong absorption band centered at ~424 cm™* with a
shoulder at 355 cm™ and a weak band at 250 cm™ is observed and is consistent with formation of
monoclinic HfO,. After annealing at 900, 1000, and 1200 °C, distinctive vibrational modes
attributable to monoclinic HfO, are observed. The HgAO films differ from pure HfO,, in that
tetraganol HfO, was observed after annealing at 700 and 800 °C, and the crystallization
temperature of monoclinic HfO, was increased to 900 °C instead of 500 °C for pure HfO..

The average measured dielectric constant was 15 and 13 for the Z;;AO, and Zs,AO films,
respectively and 14 and 13 for the H»AO and Hs,AO films. A dielectric constant of 7 was
observed for the HeAO films which was attributed to extensive oxidation of the underlying Si
substrate increasing the interfacial oxide thickness and thus decreasing the dielectric constant.
This hypothesisis consistent with the observation of very intense FTIR peaks attributed to SIO; in
the HooA O films after annealing at 1000 °C for 30 minutes.

Discussion

In the XRD and FTIR spectrum of pure Al,O; deposited by CSD, no crystallization of Al,O;
was observed until transformation into the a-Al,O; phase after annealing at 1200 °C for 60
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minutes. The lack of observed crystallization might be attributable to the persistent OH and H,O
content as observed in the FTIR spectrum of the Al,O; films. Even after annealing the films at
1100 °C for 30 minutes, OH was still observed in the FTIR spectrum. Apparently crystallization
and ordering of alumina is proceeded first by dehydroxylation and then by crystallization. In
agreement with previous results,*%%% we observed g-Al,Os at anneal temperatures <800 °C with
variable amounts of OH and H,O. g-Al,O; was observed at anneal temperatures of 900-1100 °C
with reduced amounts of OH. Complete loss of OH was only observed after conversion into
a-Al,O; after annealing at 1200 °C.

As discussed in the literatue *?°%2% the g- g phase transformations are continuous processes
and it is very difficult to have pure phases. The ¢ q transitions are displacive or topotactive (the
crystal structure transforms without destruction of the original crystal morphophogy) with the
oxygen anion array remaining cubic close packed. The only structural changes being a
redistribution of Al atoms between octahedral and tetrahedral sites*®* The FTIR spectrum are
consistent with this conjecture. Upon conversion to g-Al,Os, an increased intensity of the
absorption band at 540 cm™ which is generally associated with octahedral vibrations is observed.

The final explusion of OH from the alumina matrix was only observed after transformation
into a-Al,O; after annealing at 1200 °C. The g-a transition involves a reorganization of the
oxygen atoms from a cubic close packing in the g and g phases to a denser hexagonal
arrangement of oxygens. The transformation is associated with complete loss of tetrahedral sites
and condensation of octahedral sites, thus accounting for the final expulsion of OH from the
alumina matrix and the development of strong relatively narrow distinctive vibrationa modes
observed in the FTIR spectra of a-aluminaindicative of an ordered microstructure.

At low (<25%) ZrO, or HfO, concentrations at anneal temperatures less than 900 °C, an

amorphous g-alumina like material was observed in the ZAO and HAO films, suggestive of a
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nonequilbrium metastable mixture of Zr or Hf and Al. At higher ZrO, or HfO, concentrations or
at higher anneal temperatures, phase partitioning of the ZAO and HAO films was observed in
agreement with previously published results.”***>*® Tetragonal ZrO, or HfO, was observed to
precipitate during transformation of g-Al.O; to g-Al,Os;, suggesting that Zr atoms are intimately
bound within the g-Al,O; matrix.

In the HewAO films with 10% Al no evidence of alumina phase separation was observed by
XRD or FTIR even after annealing at 1200 °C for 60 minutes suggesting a solubility of at least
10% Al in HfO,. A dramatic alteration of transformation temperatures and stabilization of
tetraganol HfO, was observed relative to pure HfO,. In the HyoAO films crystallization of
tetragonal HfO, was observed after annealing at 700 and 800 °C. In contrast, pure HfO, was
observed to only crystallize in the monoclinic phase at annealing temperatures > 500 °C.

The average measured dielectric constants are 15 and 13 for the Z;7A0, and Zs,AO films,
respectively, and 14, 13, and 7 for the HxAO, HsAO, and HepAO films, respectively. The
measured dielectric constant of 7 for the HeAO films is attributed to extensive oxidation of the
underlying Si substrate, despite HoA O film thickness ranging from 1500 to 3900 A. As shown in
Figure 9, oxidation of the underlying Si increases with increasing HfO, content. The calculated
area under the Si-O peaks at 1260 and 1070 cm™ for the HgAO film is nine times as large as the
same Si-O peak areafor the HyAO film. Ytrriastabilized zirconiais a known oxgen conductor at
elevated temperatures. Doping of zirconia with ytrria creates oxygen vacancies which play an
essentia role in the conductivity mechanism. A maximum in oxygen conduction is observed at
8% Y in the ZrQ,.%3¢37:33940 10-25% Y doped HfO, is aso a known ionic conductor at elevated
temperatures.**  Similiar oxygen conduction is speculated to occur in the HAO films with the

HoAO film with 10% Al conducting more oxygen than the HsAO and Hs,AO films. To utilize
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ZAO and HAO films in transistors, annealing conditions and stoichiometry will have to be

carefully selected to not only minimize phase partitioning but also to avoid interfacial oxidation.

CONCLUSIONS

Crystallization and ordering of pure alumina was observed to proceed first by
dehydroxylation and then by crystallization. We observed g-Al,O; at anneal temperatures <800
°C with variable amounts of OH and H.O. g-Al,O; was observed at annea temperatures of
900-1100 °C with reduced amounts of OH. Complete loss of OH was only observed after
conversion into a-Al,O; after annealing at 1200 °C.

Crystallization/phase separation of ZrO, and HfO, in ZAO and HAO films was observed to
be concentration and annealing temperature dependent. At low (<25%) ZrO, or HfO;
concentrations at anneal temperatures less than 900 °C, an amorphous g-alumina like material was
observed in the ZAO and HAO films. Phase partitioning of the ZAO and HAO films was
observed at higher ZrO, or HfO, concentrations and at higher anneal temperatures. Combination
of ZrO, and HfO, with Al,O; in the ZAO and HAO films stabilized the tetragonal phase of ZrO,
or HfO,, and hindered the tetragonal to monoclinic transformation of ZrO, and HfO..
Transformation from the tetragonal to monoclinic phase was observed to occur more readily at
lower annealing temperatures in HAO films than ZAO films.

The dielectric constant of the Z;;AO and Zs,AO films and the HsAO and Hs,AO films was
greater than the dielectric constant of Al,O; alone. However, extensive oxidation of the
underlying Si substrate was observed in the HeAO films and attributed to enhanced oxygen
conduction at elevated temperatures. Therefore, to successfully utilize ZAO and HAO films in
transistors, annealing conditions and stoichiometry will have to be carefully selected to not only

minimize phase partitioning but also to avoid interfacial oxidation.
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Table 1. Annealing temperatures at which tetragonal (tet) and monoclinic (mc) ZrO, and HfO,

and g and a alumina are observed in the XRD or FTIR spectra of Al,O;, HfO,, ZrO,, ZAO and

HAO films. n/o: not observed.

ZrAlL,0, T T T Hf,AlL,Oy T T T
X= °C °C °C X= °C °C °C
tet ZrO, | mc ZrO, Al,Os tet HfO, | mc HfO; Al,O;
Al,O; - - 1200(a)
0.17 1,000 n/o 1000(q) 0.25 1,000 1,100 | 1000(q)
0.5 800 1,200 | 1200(q) 0.54 900 1,000 | 1000(q)
) ; - - 0.9 700 1,000 n/o
ZrO, 500 900 - HfO, n/o 500 -
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FIGURE CAPTIONS

Figure 1. X-ray diffraction pattern of H,sA O film annealed at 800, 900, 1000, 1100 and 1200 °C.

Figure 2. FTIR spectraof Al,Os films after annealing at 350, 400, 500, 700, 800, 1000, 1100 °C

for 30 minutes and 1200 °C for 60 minutes in flowing oxygen.

Figure 3. FTIR spectaof Z;;A0, ZsA0, HxsAO, Hs,AO, and HyAO films after hot plate bake at

350 °C for 30 minutesin air.

Figure 4. FTIR spectraof Z;;AO films after annealing at 350, 700, 800, 900, 1000, 1100 °C for

30 minutes and 1200 °C for 60 minutes in flowing oxygen.

Figure 5. FTIR spectraof ZsAO films after annealing at 350, 500, 800, 900, 1000, 1100 °C for

30 minutes and 1200 °C for 60 minutes in flowing oxygen.

Figure 6. FTIR spectraof HxsAO films after annealing at 350, 700, 800, 900, 1000, 1100 °C for

30 minutes and 1200 °C for 60 minutes in flowing oxygen.

Figure 7. FTIR spectra of Hs,AO films after annealing at 350, 700, 800, 900, 1000 °C, and 1100

°C for 30 minutes in flowing oxygen.

Figure 8. FTIR spectra of HpAO films after annealing at 350, 500, 700, 800, 900, 1000 °C for 30

minutes and 1200 °C for 60 minutes in flowing oxygen.
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Figure 9. FTIR spectraof HxAO, Hs,AO, and HewAO films after annealing at 1000 °C for 30

minutes in flowing oxygen with area under Si-O peak cal cul ated.
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Figure 1. X-ray diffraction pattern of H,sA O film annealed at 800, 900, 1000, 1100 and 1200 °C.
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Figure 2. FTIR spectraof Al,Os films after annealing at 350, 400, 500, 700, 800, 1000, 1100 °C

for 30 minutes and 1200 °C for 60 minutes in flowing oxygen.
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Figure 3. FTIR gpecta of Z;;A0, ZspA0, HxsAO, Hs/AO, and HeAO films after hot plate

bake at 350 °C for 30 minutesin air.
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Figure 4. FTIR spectraof Z;;AO films after annealing at 350, 700, 800, 900, 1000, 1100 °C for

30 minutes and 1200 °C for 60 minutes in flowing oxygen.
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Figure 5. FTIR spectraof ZsAO films after annealing at 350, 500, 800, 900, 1000, 1100 °C for

30 minutes and 1200 °C for 60 minutes in flowing oxygen.
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Figure 6. FTIR spectra of HxsAO films after annealing at 350, 700, 800, 900, 1000, 1100 °C for

30 minutes and 1200 °C for 60 minutes in flowing oxygen.
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Figure 7. FTIR spectra of Hs,AO films after annealing at 350, 700, 800, 900, 1000 °C, and 1100

°C for 30 minutes in flowing oxygen.
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