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High-resolution x-ray photoelectron spectroscopy~XPS! was applied to characterize the electronic
structures for a series of high-k materials (HfO2)x(Al2O3)12x grown on ~100! Si substrate with
different HfO2 mole fractionx. Al 2p, Hf 4 f , O 1s core levels spectra, valence band spectra, and
O 1s energy loss all show continuous changes withx in (HfO2)x(Al2O3)12x . These data are used
to estimate the energy gap (Eg) for (HfO2)x(Al2O3)12x , the valence band offset (DEn) and the
conduction band offset (DEc) between (HfO2)x(Al2O3)12x and the~100! Si substrate. Our XPS
results demonstrate that the values ofEg , DEn , andDEc for (HfO2)x(Al2O3)12x change linearly
with x. © 2002 American Institute of Physics.@DOI: 10.1063/1.1492024#
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High-k gate dielectrics as alternates to SiO2 have re-
ceived tremendous attention due to the aggressive down
ing of complementary metal–oxide–semiconductor field
fect transistor dimensions, which in turn results in increas
levels of tunneling current.1 HfO2 has emerged as one of th
most promising high-k candidates due to its high dielectr
constant, large energy gap, and compatibility with conv
tional complementary metal–oxide–semiconductor~CMOS!
process.2–4 However, it may suffer recrystallization at hig
temperature during postdeposition annealing, which in t
may induce higher leakage current and severe boron pen
tion issues. On the other hand, Al2O3 films grown directly on
Si was reported to remain amorphous up to 1000 °C.5 Re-
cently Al has been proposed to alloy HfO2 to raise the di-
electric crystallization temperature, and encouraging res
were demonstrated.6 It was reported that when Al concentra
tion is increased to 31.7%, the corresponding crystalliza
temperature increases to between 850 and 900 °C, whic
about 400 °C higher than that for HfO2 . In this work, the
energy gap (Eg) of (HfO2)x(Al2O3)12x , the valence band
offset (DEn) and the conduction band offset (DEc) between
(HfO2)x(Al2O3)12x and the Si substrate as functions ofx are
obtained based on x-ray photoelectron spectroscopy~XPS!
measurement. This information is of vital importance in a
sessing (HfO2)x(Al2O3)12x as a most promising high-k gate
dielectric in future CMOS device technology.

The principles of using high-resolution XPS to obta
bothEg andDEn for the dielectrics including SiO2 and vari-
ous high-k materials can be found in Refs. 7–9. The cond

a!Electronic mail: elelimf@nus.edu.sg
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tion band offset (DEc) can also be derived using the Si e
ergy gap value of 1.12 eV.10

A total of five (HfO2)x(Al2O3)12x samples of variousx
values prepared by atomic layer deposition~ALD !, with low-
dopedp-type Si ~100! wafers as substrates (P;1015 cm23)
were studied in this work. A thin layer of oxide around 10
was thermally grown on each Si wafer after the pregate cl
using HF last. The wafers were sent to GENUS for ALD a
a pre-HF vapor clean to remove the oxide was conduc
prior to the deposition of the dielectric films. The depositi
temperature for the ALD process is 300 °C. The thicknes
of the (HfO2)x(Al2O3)12x films are around 20 nm obtaine
by a spectroscopic ellipsometer~Woollam Model M-2000!.
The ex situXPS measurements were carried out using a
ESCALAB 220i-XL system,11 equipped with a monochro
matized AlKa source (hn51486.6 eV) for the excitation of
photoelectrons. All of the high-resolution scans were take
a photoelectron take-off angle of 90° and a pass energy o
eV. Under such configurations, the full width at half max
mum of Si 2p5/2 core level recorded from H-terminated S
surface was measured as;0.45 eV, which gives an indica
tion of the instrument energy resolution. Al 2p, Hf 4 f , C 1s,
O 1s, valence band maximum, and O 1s energy loss spectra
were measured and analyzed. The intensities for all the X
spectra reported here have been normalized for compar
and all of the spectra are calibrated against C 1s peak~285.0
eV! of adventitious carbon.

The chemical compositions of variou
(HfO2)x(Al2O3)12x samples@change from HfO2 (x51) to
Al2O3 (x50)# can be determined by the intensities of t
XPS lines. The five samples are denoted as HAO-1
HAO-5, respectively, and their corresponding elemen
© 2002 American Institute of Physics
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TABLE I. Elemental composition of various (HfO2)x(Al2O3)12x samples~labeled as from HAO-1 to HAO-5!
estimated by XPS. The HfO2 mole fraction valuex as in (HfO2)x(Al2O3)12x are also given in the table. The H
at. %5x/(522x) and the Al at. %52(12x)/(522x) are determined by the intensities of XPS lines.

HAO-1 HAO-2 HAO-3 HAO-4 HAO-5

Hafnium at. % 33.9% 25.8% 18.4% 9.6% 0
Aluminum at. % 0 9.2% 18.2% 27.7% 39.8%
Oxygen at. % 66.1% 65% 63.4% 62.7% 60.2%

HfO2 mole fraction value
x as in (HfO2)x(Al2O3)12x

1 ;0.85 ;0.67 ;0.41 0
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compositions as well as the value ofx are given in Table I.
All the samples show good stoichiometry and trace amou
of carbon are detected from all of the samples’ surfaces.

XPS spectra for Hf 4f , Al 2p, and O 1s core levels are
shown in Figs. 1~a!, 1~b!, and 1~c!. It is observed that all the
core level peak positions of Hf 4f , Al 2p, and O 1s expe-
rience a shift to higher binding energy with the increase
Al2O3 concentration in (HfO2)x(Al2O3)12x system, and
these changes are similar to the XPS chemical shifts
ZrSiO4 vs SiO2 and ZrO2 as discussed in Ref. 12. The earli
shift is due to the fact that Hf is a more ionic cation than
in (HfO2)x(Al2O3)12x ,13 and thus the charge transfer co
tribution changes with the increase of Al concentration.12,13

FIG. 1. XPS spectra for~a! Hf 4 f core levels,~b! Al 2 p core levels, and~c!
O 1s core level taken from various (HfO2)x(Al2O3)12x samples. The core
level peak positions of Hf 4f , Al 2p, and O 1s shift continuously towards
greater binding energy with increasing Al components. For O 1s spectra,
solid lines are experimental data and dashed lines are the curve fittin
sults. From the curve fitting results, it is clearly shown that the Al–O bo
~;531.2 eV! component increases with increasing Al composition.
143.248.118.122. This article is copyrighted as indicated in the abstract
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For the O 1s core level spectra~the solid lines!, a curve-
fitting method~Gaussian fitting; the dashed lines! is applied
to analyze the variation in O 1s spectra shape. For th
samples HAO-2, HAO-3, and HAO-4, three peaks can
clearly resolved. The peak located at;530.5 eV is attributed
to Hf–O bonds, and another peak at;531.2 eV to Al–O
bonds. From the curve-fitting results as well as the Os
spectra collected from HfO2 ~HAO-1! and from Al2O3

~HAO-5!, it is obvious that Al–O components increase wi
increasing Al in (HfO2)x(Al2O3)12x . The shoulder at
;532.3 eV is generally interpreted as due to residual surf
contaminants~i.e., C–O bonds!14 and it is observed that this
shoulder decreases with the decrease of Hf componen
(HfO2)x(Al2O3)12x . However, Hf 4s photoelectron line is
also located around this energy.15 Therefore, it is suggested
that both of the earlier-indicated sources contribute to
peak at;532.3 eV.

Let us turn to focus on the major topic: energy ba
alignment for the (HfO2)x(Al2O3)12x . Figure 2~a! shows
the O 1s energy-loss spectra, which are caused by the o
going photoelectrons suffering inelastic losses to collect
oscillations~plasmon! and single particle excitations~band to
band transitions!.16 As is well known, the energy gap value
for the dielectric materials can be determined by the ons
of energy loss from the energy-loss spectra.8,16 By this mean,
the energy gap value for HfO2 ~sample HAO-1! is measured
as 5.2560.10 eV, and for Al2O3 ~sample HAO-5! it is mea-
sured as 6.5260.10 eV. The energy gap value of Al2O3 is
consistent with those reported by Itokawaet al.8 (6.55
60.05 eV) and Benderet al.9 (6.760.2 eV). From the re-
sults, a linear change of energy gap value withx in the
(HfO2)x(Al2O3)12x system is also observed.

The determination of valence band alignment
(HfO2)x(Al2O3)12x on Si substrate was made by measuri
the valence band maximum~VBMax!-difference between the
(HfO2)x(Al2O3)12x grown on p-Si~100! substrate sample
and the H-terminatedp-Si ~100! substrate sample with th
same substrate doping ofP;1015 cm23, as demonstrated in
Fig. 2~b!.17 The VBMax of each sample is determined b
extrapolating the leading edge of valence band spectrum
the base line@the cross points in Fig. 2~b!# from its specific
spectrum.16 Thus, DEn values of 3.0360.05 eV and 2.22
60.05 eV are obtained for Al2O3 and HfO2, respectively.
The DEn value of Al2O3 is consistent with the value 2.9
60.2 eV reported by Benderet al.9 A gradual change of the
valence band density of states is also observed from sam
HAO-1 to HAO-5, as indicated by the dashed arrow in F
2~b!.

With the knowledge of Si energy gap value of 1.12 e
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the DEc values for (HfO2)x(Al2O3)12x can be simply de-
rived by the equation

DEc5Eg2DEn21.12~eV!. ~1!

HenceDEc for HfO2 is calculated as 1.9160.15 eV and
for Al2O3 , it is calculated as 2.3760.15 eV. Afanas’evet al.
reported 3.2360.08 eV for the ~100! Si valence band to
Al2O3 conduction band offset, measured by intern
photoemission.18 Using 1.12 eV energy gap for Si, the Si
Al2O3 conduction band offsetDEc is calculated to be 2.11
60.08 eV, which in turn is in reasonable agreement with
XPS result.

The Eg , DEn , andDEc values obtained by XPS mea
surements and by Eq.~1! for samples HAO-1 to HAO-5 are
plotted in Fig. 3. By linear least square fit, the followin

FIG. 2. ~a! O 1s energy loss spectra for various (HfO2)x(Al2O3)12x

samples. The cross points~obtained by linearly extrapolating the segment
maximum negative slope to the base line! denote the energy gapEg values.
The dashed arrow shows the continuous change in the energy loss s
contour from sample HAO-1 to HAO-5.~b! XPS valence band spectra take
from various (HfO2)x(Al2O3)12x grown on~100! Si substrate samples an
H-terminated~100! Si substrate sample. The cross point from each spect
denotes the VBMax for that specific sample. The valence band alignm
DEv is obtained by the difference of VBMax between th
(HfO2)x(Al2O3)12x and the H-terminated Si. The dashed arrow indica
the gradual change in the valence band density of states from sa
HAO-1 to HAO-5.

FIG. 3. Dependence ofEg , DEv , and DEc for (HfO2)x(Al2O3)12x on
HfO2 mole fractionx. TheEg andDEv data are obtained by XPS measur
ments. TheDEc data are calculated by Eq.~1!. The solid lines are obtained
by linear least square fits of the data points.
Downloaded 18 Apr 2013 to 143.248.118.122. This article is copyrighted as indicated in the abstract
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equations are obtained:

Eg56.5221.27x ~eV!, ~2a!

DEn53.0320.81x ~eV!, ~2b!

DEc52.3720.46x ~eV!, ~2c!

where x stands for the mole fraction of HfO2 in
(HfO2)x(Al2O3)12x , as clearly demonstrated in Table I. Ac
cordingly, the electrical properties of (HfO2)x(Al2O3)12x

gate dielectrics can be tuned by simply changing the Hf2

mole fraction while keeping the stoichiometry of the mate
als.

In conclusion, high-resolution XPS measurements w
performed to investigateEg andDEn of (HfO2)x(Al2O3)12x

high-k materials. Al 2p, Hf 4 f , O 1s core levels spectra
valence band spectra, and O 1s energy loss spectra all show
continuous changes with the variation of HfO2 mole fraction
x in (HfO2)x(Al2O3)12x . Eg , DEn , and DEc values for
(HfO2)x(Al2O3)12x on Si ~100! are determined and can b
expressed by 6.5221.27x (eV), 3.0320.81x (eV), and
2.3720.46x (eV), respectively.
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