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The physical and electrical properties of noncrystalline Al2O3, Ta2O5, and their alloys,
(Ta2O5)x(Al2O3)12x , are investigated. Characterization by Auger electron spectroscopy and
Fourier transformation infrared spectroscopy confirm these alloys are homogeneous with
pseudobinary in character, and display increased thermal stability. Capacitance–voltage and current
density–voltage data as a function of temperature demonstrate that the Tad states of the alloys act
as localized electron traps, and are at an energy approximately equal to the conduction band offset
of Ta2O5 with respect to Si. ©2001 American Vacuum Society.@DOI: 10.1116/1.1388606#
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I. INTRODUCTION

As device dimensions are scaled according to the 1
Technology Roadmap for Semiconductors,1 the equivalent
gate oxide thickness must decrease below about 1.5
Scaling of lateral dimensions of Si field effect transistors
,100 nm requires replacement of thermally grown SiO2 by
deposited dielectrics with higher dielectric constantsk than
SiO2. The primary motivation for the replacement is bas
on an assumption that physically thicker films with dielect
constants greater than SiO2 will reduce tunneling, and at the
same time produce low defect density interfaces that prov
equivalent channel transport for electrons and holes. Al2O3

and Ta2O5 have previously been investigated as replacem
gate dielectrics for silicon dioxide in complementary–meta
oxide–semiconductors~MOS! devices,2,3 and this article ex-
tends these studies to their pseudobinary allo
(Ta2O5)x(Al2O3)12x . It has previously been established th
a large amount of intrinsic fixed negative charge,;6
31012cm22, is present at the internal dielectric interface
Al2O3 and SiO2.

4,5 Alloying Al 2O3 with an oxide that has
inherent positive interfacial charge such as Ta2O5 represents
a possible way to compensate the negative charge
thereby provide a charge neutral interface.

In order to identify the physical and chemical propert
of the (Ta2O5)x(Al2O3)12x alloys that are of importance in
gate dielectric applications, it is important to first understa
the corresponding properties of the two end members,
cluding the local atomic structure and any changes that
likely to occur upon alloy formation. The27Al nuclear mag-
netic resonance spectra of~a, b, andg!-Al2O3

6–8 reveal two
distinct resonances assigned, respectively, to Al atoms in
tahedral and tetrahedral bonding environments. A comb
tion of octahedral and tetrahedral bonding has been prop
for noncrystalline Al2O3 as well.9,10 X-ray diffraction of high
temperature crystalline Ta2O5 ~Ref. 11! has lead to the as
signment of a unit cell containing both six- and eightfo
coordinated Ta atoms where the bridging O atoms are t
and threefold coordinated. However, the Ta–O bond leng

a!Electronic mail: gerry–lucovsky@ncsu.edu
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show a large spread, and the nearest neighbor bondin
better described by coordination of six. The bonding in no
crystalline Ta2O5 is essentially the same as in the crystalli
phase, and Raman12 and infrared spectroscopy10 studies are
consistent with the sixfold coordination as well.

The coordinations of Al and Ta atoms in their noncryst
line oxides suggests that Ta atoms substitutionally repl
the sixfold coordinated Al atoms in the (Ta2O5)x(Al2O3)12x

alloys and form a homogenous oxide with unique electri
and physical characteristics. This expectation is consist w
the results presented below.

Robertson has calculated the band gaps and band o
energies with respect to Si for for Ta2O5 and Al2O3.

13 Rob-
ertson has predicted values of 0.36 eV for the Ta2O5–Si band
offset and 2.8 eV for the Al2O3–Si band offset. These assign
ments are based on crystalline forms of these oxid
Miyazaki has determined values of 0.28 and 2.08 eV
these offset energies for amorphous Ta2O5 and Al2O3, re-
spectively, using photoemission spectroscopy.14 The differ-
ence between the two values for Al2O3 is consistent with the
differences in coordination between crystalline corrundum
a-Al2O3, where the coordination is 6, and the noncrystalli
Al 2O3, where the ratio of four- to sixfold coordinated Al i
3:1.9,10 The lowest lying conduction band states of Al2O3 are
associated with 3s and 3p states of Al, whereas the lowes
lying conduction band states of Ta2O5 are associated with 5d
states of Ta.13 Additionally, the antibondingd states are lo-
calized on the Ta atoms,15 whereas the Al 3s and 3p states
are significantly more delocalized.

II. EXPERIMENTAL APPROACH

Thin films of the end members and their alloys have be
deposited using metal organic bubblers of triethyldialum
num tri-sec-butoxide,16 and tantalum pentaethoxide. The
materials were deposited at a process chamber pressu
300 mTorr by remote plasma enhanced chemical va
deposition~RPECVD! with a 300 °C substrate temperature17

MOS capacitors were made using a field isolation te
nique with areas of 50350mm2 on 0.06–0.08V cm boron
doped and 0.02–0.05V cm phosphorous doped Si substrate
Prior to the aluminum gate contact evaporation the sam
16061Õ19„4…Õ1606Õ5Õ$18.00 ©2001 American Vacuum Society
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FIG. 1. FTIR spectra of as-deposite
and annealed Al2O3–Ta2O5 alloy
films. The changes in the spectra
character of the alloy films, as
deposited and after annealing, are n
consistent with a mixture of two dis-
crete oxide phases. This is supporte
by the increased stability against crys
tallization of the alloy films with re-
spect to the respective end-memb
compounds.
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were annealed between 700 and 900 °C for 30 s, depen
on the composition, using an AG Associates minipulse ra
thermal annealer~RTA!. It has been shown for silicon diox
ide deposited by RPECVD that an RTA is necessary to p
mote structural and chemical relaxation of the film and
interface with Si.18 After the RTA and prior to the Al gate
metal evaporation a 30 min formal gas anneal, 10%H2 in N2,
at 400 °C was performed. This sequence was followed
reduce reactions between the Al metal gate and the diele
films.2

III. EXPERIMENTAL RESULTS

Fourier transform infrared~FTIR! and Auger electron
spectroscopy~AES! studies in Figs. 1 and 2, respectivel
indicate that the infrared active vibrational modes and e
tronic states of the alloys are not simply a superposition
the end member compounds, but rather display features
are indicative of new bonding arrangements that are expe
in a homogeneous pseudobinary alloy. Changes in the F
spectra as a function of annealing further indicate the c
tallization temperature of the alloys is increased with resp
to the end-member crystallization temperatures by appr
mately 100 °C. For Al-rich, alloys this temperature increa
from 900 °C for Al2O3 to 1000 °C and for Ta-rich alloys
from 800 °C for Ta2O5, to 900 °C.

The interface formation for the end-member compoun
and the alloys was investigated with in line AES at the init
stages of film deposition.4 The deposition process was inte
rupted every 10 s, the sample was transferred to the A
chamber, and an AES scan was taken. The spectrum reve
two silicon peaks: one for silicon bonded to silicon~Si–Si!
91 eV and another of silicon bonded to oxygen~Si–O! 76
eV. The Si–Si peak was present for hydrogen termina
silicon at the start of the deposition. The 76 eV peak
peared after 10 s along with decreased amplitude 91
JVST B - Microelectronics and Nanometer Structures
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FIG. 2. Differential AES spectra for the Al2O3–Ta2O5 alloy system. The Al
LVV feature shifts from 68 eV in metallic Al, to 54 eV in Al2O3 and 56 eV
in a Ta2O5-rich alloy. The feature at 170 in metallic Ta, shifts to 163 eV in
Ta2O5, and is at 160 eV in an Al2O3-rich alloy. The 1s oxygen atom feature
shifts from 504 eV in Ta2O5 to 508 eV in Al2O3.
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FIG. 3. 1 MHz C–Vs for Al2O3,
Ta2O5, and a representative
Al2O3–Ta2O5 alloy at room tempera-
ture for: ~a! an N-MOS capacitor on a
p-type Si substrate, and~b! a
P-MOS capacitor on ann-type Si sub-
strate.
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peak. The ratio of the two is consistent with;0.6 nm of
SiO2 being formed at the interface during the initial stages
deposition. Additionally the Al–O and Ta–O peaks we
also observed. After 20 s the Si–O peaks are no longer
ible consistent with a film thickness of approximately 2–2
nm, and an electron escape depth resolution of appr
mately 0.6 nm. Previous results from Al2O3 indicated that
the layer of SiO2 is not increased in thickness for long
deposition times and is not changed during postdeposi
annealing. For the end member Al2O3, these results are con
sistent with AES, nuclear reaction activation, a
capacitance–voltage (C–V) measurement techniques.4

C–V data were taken at 1 MHz for the devices at roo
temperature, and are shown for the two end members
43% Ta2O5 alloy N-MOS and 57% Ta2O5 P-MOS, in Fig. 3,
where N and P, respectively, refer to the minority carriers
the p-type andn-type silicon substrates~this notation is the
convention for field effect transistors!. The alloys display
significant flatband shifts to more positive voltages and
ditionally significant hysteresis. The positive increase in fl
band voltage can be attributed to negative charge at the
terface with or in the bulk oxide. The dependence of flatba
voltage on thickness has been used to determine the loc
of this charge in Al2O3 dielectrics.4 For Al2O3 devices there
is a linear dependence on thickness indicating that fi
charge is located at the interface between the Al2O3 film and
the interfacial SiO2 layer.19 This assignment is based on th
temperature dependentC–V and current density–voltag
J–V traces, where the absence of significant hysteresis i
cates that the dominant contribution to the positive flatba
voltage shifts are due to fixed not trapped charge. The
band dependence has not been investigated for the alloys
the shift to positive values is larger and includes signific
hysteresis as well. This is consistent with increased nega
charge that is due to trapping of electrons as well as fi
charge. The direction of the hysterisis is consistent with e
J. Vac. Sci. Technol. B, Vol. 19, No. 4, Jul ÕAug 2001
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tron trapping in the oxide in the immediate vicinity of th
interface.

Temperature dependentC–V data for Al2O3 and Ta2O5

devices are displayed in Figs. 4~a! and 4~b!. At 200 °C the
Al2O3 displays a shoulder in theC–V curve; a shoulder is
also visible for all temperatures for Ta2O5 devices. Follow-
ing the modeling approach in Ref. 19, this shoulder can
assigned an interfacial electron trapping state in the sili
band gap.

Figures 5 and 6 show the temperature dependenceC–V
and J–V plots for the 43% Ta alloy devices. ForC–V the
hysteresis was found to decrease and finally reverse direc
for increasing temperatures. Over the same tempera
range, the flat band voltage decreases as well. Shifts in
band voltages are generally accepted to be due to~i! fixed
chargeQf , ~ii ! mobile chargeQm, ~iii ! oxide trapped charge
Qot, or ~iv! interface trapped chargeQit, sometimes called
D it.

20 The mobile charge termed can be neglected since t
perature dependentC–V indicated that after high tempera
ture measurements, 200 °C, there was no change in the r
temperature results. This leaves fixed charges, and oxide
interface trapped charge terms to be accounted for.

Hysteresis inC–V measurements is normally attribute
to ~i! charge trapping in the oxide or at the interface,~ii !
mobile charge, and ~iii ! remnant polarization, i.e.
ferroelectrics.20 Up to 150 °C the direction of hysteresis
consistent with either hole or electron trapping. Beyond t
temperature the hysteresis switches directions and is m
consistent with either mobile charge or remnant polarizati
Neither Al2O3 nor Ta2O5 are ferroelectric materials and
mobile charge contribution was not shown in the flat ba
voltage. We do not as of yet have a clear explanation for
hysteresis reversal.

TheJ–V temperature dependence for the alloys is sho
in Fig. 6, thex axis is plotted with a Frenkle–Poole-typ
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FIG. 4. Temperature dependence of
MHz C–V traces for SiO2, Al2O3, and
Ta2O5 devices.
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scale. Figure 7 displaysJ vs 1/T at a fixed field,E56.3
3106 V/cm.

The conduction through an insulting film can typically b
derived from two mechanisms:~i! carrier excitation, such a
trap release, and~ii ! transport.21 Both of these mechanism
usually have a temperature dependence described in the
of Eq. ~1!, whereW is the activation energy:

b t5b0 exp ~2W/kT!. ~1!

This activation energy,W, is what we believe is evident in
Fig. 7. We do not make any attempts to separate the
mechanisms because of the nontrivial equations they re
sent. Instead we present a simple energy level picture
agrees remarkably well with this experiment and oth
experimental14 and theoretical values.13

FIG. 5. Temperature dependence of 1 MHzC–V traces for NMOS 43%
Ta2O5 alloy device. The arrows indicate the direction of the hysteresis.
JVST B - Microelectronics and Nanometer Structures
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Figure 7 can be fit with by two exponential functions wi
different activation energies as shown in the figure. The v
ues of the activation energies are consistent with a locali
Ta-d state that acts as electron trap at 0.31 eV above th
conduction band. The larger activation energy of; 1.44 eV
is then attributed to the energy necessary for the electron

FIG. 6. Current densityJ vs the square root of the electric field across t
dielectric film.



l
o

ue
tio
o

-

e

he
r

a-

i-
lo

as
ti

m
e
it
ti
t

uc
pe
e

t
es

he

in
ed
en
sult
is at
f
rgy

r
tate

ure-
tion

e

ap

ymp.

nd

Lett.

hys.

em.

r,

L.

ner

nol.

J.

)

n

in

. E.

1610 Johnson, Hong, and Lucovsky: Electrons traps at interfaces between Si „100… and Al 2O3 1610
escape from these traps into the delocalized/extended A2O3

conduction band states at increased temperatures. This w
also explain the shift in flat band voltages to negative val
for increased temperatures. The addition of these activa
energies along with a calculated Schottky barrier lowering
0.2 eV for a field of 63106 V/cm19 should then be approxi
mately equal to the conduction band offset between Al2O3

and Si. These additions result in a value of 1.95 eV in agr
ment with the measurements of Ref. 14.

A larger energy barrier holes limits the possibility that t
activation is a result of hole traps. The barriers as measu
by photoemission spectroscopy are 3.75 eV for Al2O3 and
3.25 eV for Ta2O5 with respect to the silicon substrate v
lence band.14

IV. CONCLUSIONS

From the temperature dependence ofC–V and J–V
traces for Al2O3–Ta2O5 alloys we conclude that the ant
bonding or conduction band states of the alloys include
calized states at;0.3 eV above the Si conduction band,
well as extended states about 2.1 eV above the Si conduc
band edge~see Fig. 7!. The localized states are derived fro
atomicd states of the Ta atoms that once occupied provid
band through which the electron traverses the oxide w
little impedance. The extended states are the conduc
band states of the Al2O3. This local state is not a defect, bu
is an intrinsic state that is derived from the electronic str
ture of the Ta transition metal atom. Recent experiments
formed in our laboratory have used x-ray absorption sp
troscopy to study Zr antibondd states in ZrO2–SiO2 alloys
with essentially the same result.22 Zr introduces localizedd
states about 1.5 eV above the Si conduction band, and
energy of these states does not vary with alloying. Th

FIG. 7. J vs 1/T for NMOS 43% Ta2O5 alloy device at VG2VFB

523.0 V.
J. Vac. Sci. Technol. B, Vol. 19, No. 4, Jul ÕAug 2001
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localized states do not mix in any significant way with t
extendeds-like conduction band states of the SiO2 compo-
nent of the alloys, which is consistent with a band picture
which aluminum oxide acts as the bulk matrix and localiz
trapping centers are distributed throughout the bulk. Wh
the two activation energies are added together the re
agrees with the above statement and the lower energy
the approximate value of the Tad states in the bulk oxide o
tantalum. From this it has been concluded that the ene
levels of the Tad states in Ta2O5 retain their bulk characte
and remain localized, introducing a trapping state. This s
is not a defect but is inherent to the chemistry of Tad states.
The activation values are in good agreement with meas
ments and calculations by other parties of the conduc
band offset of Ta2O5 and Al2O3.
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