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This article presents a comprehensive spectroscopic study of chemical phase separation in
zirconium silicate alloys, (ZrO2)x(SiO2)12x , using Fourier transform infrared spectroscopy, x-ray
photoelectron spectroscopy, extended x-ray absorption fine structure spectroscopy, and near edge
x-ray absorption spectroscopy. These measurements are complemented by measurements of x-ray
diffraction and high resolution transmission electronic microscopy imaging. This combination has
been applied to Zr silicate alloys, providing the first comprehensive comparisons of the relative
sensitivities of these spectroscopic techniques applied to micro- and nanoscale chemical phase
separation of high-k dielectric alloys. ©2003 American Vacuum Society.
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I. INTRODUCTION

One of the more important limitations for the integratio
of transition metal silicate alloys such as (ZrO2)x(SiO2)12x

and (HfO2)x(SiO2)12x as gate dielectrics into advanced
devices is a chemical phase separation of these pseudob
alloys into SiO2 and transition metal oxides, ZrO2 for Zr
silicate alloys, and HfO2 for Hf silicate alloys.1–3 The studies
of this article are important for device processing, sin
phase separation results in significant decreases in effe
dielectric constants, reducing the gate capacitance requ
for aggressive device scaling. This separation occurs in
same regime of temperatures,;900 °C, required for integra
tion of deposited dielectrics into device fabricatio
processing.4,5 As an example, chemical phase separation
curs in the 1000 °C temperature range required for dop
activation in source, drain, and polycrystalline gate el
trodes in field effect transistors~FETs! employing conven-
tional processing protocols. It is therefore important to ide
tify spectroscopic approaches that cannot only iden
chemical phase separation accompanied by crystalliza
detectable by conventional diffraction techniques such
x-ray diffraction ~XRD!, but also to detect chemical phas
separation that occurs with amorphous, or nanocrystal
phases too small for detection by conventional diffract
methods.

This article presents a comprehensive spectroscopic s
of chemical phase separation using Fourier transform in
red spectroscopy~FTIR!, x-ray photoelectron spectroscop
~XPS!, x-ray absorption spectroscopy~XAS!,6,7 including
extended x-ray absorption fine structure spectroscopy~EX-
AFS!, and near edge XAS~NEXAS!. These measuremen
are complemented by measurements of x-ray diffract
~XRD! and high resolution transmission electronic micro
copy ~HRTEM! imaging. This combination has been appli
to Zr silicate alloys, and provides the first comprehens
comparisons of the relative sensitivities of these techniq

a!Present address: Dept. of Chemical Engineering, University of Color
Boulder, CO 80309; electronic mail: gerry–lucovsky@ncsu.edu
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applied to nanoscale chemical phase separation of diele
alloys. The techniques used in this study can also be app
to chemical phase separation in other silicate alloy syste
including Hf silicate alloys as in Ref. 3.

II. EXPERIMENTAL PROCEDURES

Rutherford backscattering spectroscopy~RBS!, XPS, Au-
ger electron spectroscopy~AES! and XAS measurements ut
lized films approximately 20–50 nm thick deposited on
Si~100! substrates at 300 °C by a remote plasma process
scribed in detail elsewhere.2 Films greater than approxi
mately 150 nm thick were deposited:~i! onto Si~100! sub-
strates for FTIR and XRD and~ii ! onto fused silica substrate
for EXAFS and NEXAS measurements. In summary, the
spective Si and Zr source gases, 2% SiH4 in He, and Zr~IV!
t-butoxide, Zr@OC(CH3)3#4 , were delivered directly into the
substrate downstream region of a remote plasma rea
through two different shower-head injectors. The react
was driven by active oxygen atom species produced in
remote plasma generation region of the reactor and tra
ported downstream by the gas flow dynamics. The Zr:Si ra
in the deposited films was determined by the relative fl
rates of the respective Zr and Si source gases. An He2

~20:1! mixture was subjected to remote plasma excitation,
W at 13.56 MHz, and used to initiate the remote plas
enhanced chemical vapor deposition~RPECVD! process.
Substrates were treated in a H2O/HF ~100:1! solution prior to
film deposition to remove the superficial native oxide. Pr
to the Zr silicate alloy deposition, ana-SiO2 layer approxi-
mately 3 nm thick was deposited on the Si substrate
RPECVD to provide a chemical buffer layer between t
plasma-deposited Zr silicate alloys and the Si substrate.
purpose of this buffer layer was:~i! to suppress Zr source ga
reactions with the Si substrate during film deposition and~ii !
to prevent reactions between the alloy and the Si subst
during postdeposition annealing. The alloy composition
the bulk films, reported as the Zr:Si:O ratio, was determin
by RBS. RBS results indicated that the (ZrO2)x(SiO2)12x

alloy films were homogeneous, and fully oxidized with a
o,
17833Õ21„4…Õ1783Õ9Õ$19.00 ©2003 American Vacuum Society
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uncertainty in composition,dx560.03.1,2 These results
were used to calibrate on-line AES results where a lin
dependence was demonstrated between the ratio of the
rivative spectrum peak-to-peak heights for ZrMNN(MVV) and
OKVV(KLL) features and alloy composition as determined
RBS. Films were annealedex situin an inert Ar ambient for
1 min utilizing an AG minipulse 310 rapid thermal anneali
~RTA! apparatus with an uncertainty in annealing tempe
ture of 615 °C.

FTIR absorption measurements, in the mid-
(4000– 400 cm21) and far-IR (700– 50 cm21), were per-
formed utilizing a Nicolet Magna-FTIR 750 spectromet
The spectrometer was continuously purged with dry N2 de-
livered from a liquid N2 source to minimize absorption from
IR active species present in the atmosphere, e.g., H2O and
CO2. The spectrometer utilizes a He/Ne laser for opti
bench alignment which was performed prior to all data c
lection runs. The mid-IR measurements utilized a deutera
tri-glycine sulfate~DTGS! detector with a KBr window, and
a KBr beam splitter. The far-IR measurements a DTGS
tector with a polyethylene window and a Si substrate be
splitter.

XRD measurements were made using a Bruker x-ray
fractometer with a beryllium area detector centered atu
positions of 25° and 50°. XPS measurements of O 1s, C 1s,
Zr 3d, and Si 2p core levels were made using a Riber LA
3000 spectrometer with nonmonochromatic MgKa radiation
~1253.6 eV! and a pass energy of 20 eV. The system b
pressure for XPS measurements was 3310210 Torr. Data
were corrected for charging effects using the C 1s peak at
284.6 eV from adventitious carbon contamination on the fi
surface. The repeatability of measuring peak spectral p
tions was found to be,0.2 eV. The as-deposited films we
also characterized on-line by AES using a Phi system a
base pressure of 8310210 Torr. The Auger process was in
tiated by a 3 keV e beam which was defocused to preve
damage to the film structure. OKVV and ZrMVV transitions
were measured as a function of film composition and
repeatability of peak kinetic energy determinations w
,0.4 eV.

EXAFS and NEXAS measurements were made at the
tional Synchrotron Light Source at Brookhaven Nation
Laboratory.6 Absorption spectra for the OK1 edge NEXAFS
were recorded by measuring the photon energy depend
of primary photoelectron yield, and absorption data for
EXAFS and NEXAS studies using the ZrK1 edge were ob-
tained by monitoring x-ray fluorescence.

III. EXPERIMENTAL RESULTS

FTIR results are shown in Figs. 1~a!–1~c! for the mid-IR
spectral range from 400 to 1600 cm21. As a point of refer-
ence, this spectral range includes the Si–O–Si asymmetric
stretching vibration between 900 and 1300 cm21, the Si–
O–Si symmetric stretching~or bending! vibration centered a
about 810 cm21, and the Si–O–Siout-of-plane rocking vi-
bration centered at about 450 cm21, all for noncrystalline
SiO2 .8,9 Figure 2 includes a FTIR spectrum over a wid
J. Vac. Sci. Technol. B, Vol. 21, No. 4, Jul ÕAug 2003
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FIG. 1. Infrared absorbance vs wave number (cm21) for alloy samples with:
~a! x50.10,~b! x50.23, and~c! x50.5. Spectra are plotted from bottom t
top as a function of temperature, as deposited, and annealed in Ar for 1
at 600, 700, 800, and 900 °C.
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1785 Rayner, Jr., Kang, and Lucovsky: A spectroscopic study of chemical phase separation 1785
spectral range (100– 1500 cm21) for an alloy withx50.61.
Figure 3 displays the spectrum from 200 to 1200 cm21 for
an as-deposited ZrO2 film. There are no changes in the spe
tral features of this film as function of postdeposition anne
ing to 900 °C, consistent with no detectable OH or H2O
bands in the infrared spectrum. Our experience with high
and/or H2O content ZrO2 or HfO2 films is that they are
amorphous as-deposited, and then crystallize at tempera
of about 400– 600 °C as the OH and/or H2O leaves the film,
or reacts with the Si substrate.

The changes in the Zr silicate spectra observed in Fig
and 2 with respect to alloy composition in the as-depos
state are brought about by alloying with ZrO2 , and the

FIG. 2. Infrared absorbance vs wave number (cm21) for alloy samples with
x50.61. Spectra are plotted from bottom to top as a function of tempera
as deposited, and annealed in Ar for 1 min at 600, 700, 800, and 900

FIG. 3. Infrared absorbance vs wave number (cm21) for an as-deposited
crystalline ZrO2 thin film.
JVST B - Microelectronics and Nanometer Structures
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changes after annealing at 900 °C will be shown to be as
ciated with chemical phase separation with and without cr
tallization detectable by XRD.

XPS results are shown in Figs. 4–6. Figures 4~a! and 4~b!
are, respectively, O 1s core level and numerically differenti
ated spectra. The systematic changes in line shape in F
4~a! and 4~b! have been interpreted in terms of changes
the oxygen atom coordination with alloy composition.2 In the
range of alloy composition fromx50.0 to 0.5, wherex
50.5 corresponds to the chemically ordered ZrSiO4 phase,
the O atom coordination increases from two for SiO2 to three
for ZrSiO4 , while in the range fromx50.5 to 1.0 the coor-
dination increases from three to four for ZrO2 .2

Figures 5~a! and 5~b! display XPS core level spectra, re
spectively, for the Si 2p feature, and the Zr 3d doublet. The
weaker Zr 3d doublet feature with the larger core level bin
ing energy between approximately 184 and 186 eV is the
3d3/2 component, and the stronger feature between 181
183 eV is the Zr 3d5/2 component. Figure 6 presents XPS
1s core level spectra for (ZrO2)x(SiO2)12x alloys with com-

e,
.

FIG. 4. X-ray photoelectron core level spectra:~a! O 1s and ~b! numerical
derivative of O 1s. Each of these spectra is for as-deposited (300 °C)
silicate alloys withx50.00, 0.23, 0.62, 0.78, and 1.00.
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positions,x50.35, 0.45, 0.60. The plots in Fig. 6~a! are for
samples annealed in Ar at 900 °C for 60 s and those in
6~b! are the corresponding first derivatives. These are to
compared, respectively, with spectra in Figs. 4~a! and 4~b!,
which are for as-deposited films with compositions spann
the same range as those in Figs. 6~a! and 6~b!. The spectra in
Figs. 4~a! and 4~b! indicate asymmetric line shapes, where
those in Figs. 6~a! and 6~b! clearly indicate two discrete an
separated spectral components.

Oxygen atomK1 NEXAFS spectra for transitions origi
nating in the O 1s state are displayed in Figs. 7~a! and 7~b!
for Zr silicate alloys~a! as-deposited and~b! after a 900 °C
rapid thermal anneal.6,7 The Zr 4d* features, marked in Fig
7~a!, sharpen up after the annealing, and the Zr 5s* band
between 540 and 550 eV develops structure indicative of
crystalline state. It will be shown in Sec. IV that the spec
in Fig. 7~b! are for alloys that have undergone a chemi
phase separation associated with the formation of ei
nanocrystalline ZrO2 for x50.35 and 0.45, or alarger scale
crystalline component forx50.6.

FIG. 5. X-ray photoelectron core level spectra for as-deposited (300 °C
silicate alloy films:~a! Zr 3d for x50.23, 0.62, 0.78, and 1.00 and~b! Si 2p
for 0.00, 0.23, 0.62, and 0.78.
J. Vac. Sci. Technol. B, Vol. 21, No. 4, Jul ÕAug 2003
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Figures 8~a! and 8~b! present the results of EXAFS stud
ies for compositions ofx50.25 and 0.55, and are comple
mented in Figs. 9~a! and 9~b!, which display NEXAS for the
alloy with x50.55.10 Consider first the radial distribution
functions~RDFs! obtained from the analysis of the EXAF
data.11 The as-deposited samples are essentially the same
cept for a narrowing of the Zr–O peak and the reduction o
satellite feature at a slightly increased radius. There are m
significant changes between these RDFs after the 900 °C
neal. The most notable is the increase in relative strengt
the peak labeled Zr–Zr, which corresponds to a sec
neighbor distance. Additional features, marked with arro
and due to more distant Zr–O and Zr–Zr coordination she
are also stronger in thex50.55 sample.

Figures 9~a! and 9~b! are NEXAS12 and the corresponding
numerically differentiated NEXAS spectra, respectively,
an as-deposited and annealed alloy withx50.55. By analogy
with spectra in Fig. 7~a!, the shoulder at;18.003 keV in
Fig. 9~a! and the peak at;18.000 keV in Fig. 9~b! are as-
signed to transitions from the Zr 1s state to Zr 4d* states,

rFIG. 6. X-ray photoelectron core level~a! O 1s spectra of (ZrO2)x(SiO2)12x

alloys withx50.35, 0.45, and 0.60 annealed in Ar at 900 °C for 60 s and~b!
the corresponding derivative spectra.
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1787 Rayner, Jr., Kang, and Lucovsky: A spectroscopic study of chemical phase separation 1787
and the features at;18.015 and;18.030 keV in Fig. 9~a!,
and peak at;18.010 keV in Fig. 9~b! are assigned, respec
tively, to transitions to Zr 5s* states.7 FTIR indicates SiO2
and ZrO2 phases forx.0.5 following a 900 °C RTA and
XRD revealsc-ZrO2 in a tetragonal phase. Therefore, t
NEXAS for x;0.55 sample following 900 °C RTA corre
sponds mainly to the Zr atoms in the ZrO2 phase, i.e., Zr–Zr
second neighbor bonding. The spectroscopy results prese
above are complemented by XRD data in Figs. 10~a! and
10~b!, and high resolution transmission electronic micro
copy imaging in Figs. 11~a! and 11~b!. Consider first the
as-deposited films in Figs. 10~a! and 10~b!, where the pri-
mary difference is the strength of a broad noncrystalline f
ture that occurs about 2u values of 26° and 38°. This featur
is stronger in the 0.5 alloy in Fig. 10~b! than in the 0.23 alloy
in Fig. 10~a! and therefore must be assigned to a Zr bond
feature. The broad feature in Fig. 10~b! does not change fo
anneals up to 800 °C, but at 900 °C, the XRD spectrum
Fig. 10~b! changes markedly and the peaks index as tet
onal ZrO2 . In contrast, no crystalline features are detected
Fig. 10~a! after the 900 °C anneal.

The HRTEM images in Figs. 11~a! and 11~b! are after a
900 °C anneal, respectively, for alloys with compositionsx

FIG. 7. O K1 NEXAS for Zr silicate alloy withx50.35, 0.45, and 0.60:~a!
as deposited and~b! after a 900 °C 1 min anneal in Ar.
JVST B - Microelectronics and Nanometer Structures
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50.23 and 0.5. Thex50.23 micrograph displays darker re
gions, four of which are highlighted, separated by brigh
regions. Based on differences in atomic weight, the dark
gions are assumed to be ZrO2 ~atomic weight5107.2 a.u.) or
ZrO2 rich, and the lighter regions are assumed to Si2

~atomic weight560.1 a.u.) or SiO2 rich. Based on the spac
ing of lattice planes in the Si substrate, the dark regions
nanometer in scale,;3 – 5 nm. The circled region in the
upper right-hand region shows some parallel line struct
indicative of increased long range order with respect to
other three highlighted regions; however, a comparison w
the highlighted regions in Fig. 11~b! indicates that these par
allel line structures are restricted to a smaller region, and
the lines in Fig. 11~a! are qualitatively different as well
These assignments in Fig. 11~a! with regard to the chemica
constituents in dark and bright regions are consistent with
micrograph in Fig. 11~b! that shows the dark regions of Fig
11~b! having parallel lines, indicative of lattice planes th
are assigned to ZrO2 . The crystallite size in the region
circled in Fig. 11~b! is larger than about 10 nm in its longe

FIG. 8. Fourier transform radical distribution functions, obtained from E
AFS vs interatomic distance for two Zr silicate alloys with:~a! x50.25 and
~b! x50.55. Transforms are for as-deposited and 900 °C annealed sam
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1788 Rayner, Jr., Kang, and Lucovsky: A spectroscopic study of chemical phase separation 1788
dimension and is about 2 to 3 times larger than the reg
highlighted in the upper left-hand corner of Fig. 11~a!.

IV. DISCUSSION OF EXPERIMENTAL RESULTS

Consider first the FTIR results in Figs. 1~a!, 1~b!, and
1~c!. The dominant features in thex50.10 sample are clearly
at frequencies close to the normal mode absorptions of
temperature, deposited noncrystalline SiO2 thin films. Of
particular interest in these films is the shoulder at 970 cm21,
a feature not present in noncrystalline SiO2 . This has been
assigned in Ref. 1 to a stretching vibration associated wi
terminal Si–O bond that is a product of the SiO2 network
disruption that occurs upon forming a pseudobinary al
with ZrO2 .3,5 The feature is specifically associated with
terminal O atom covalently bonded to a network Si, a
making a considerably more ionic bond with a Zr41 ion ~see
Fig. 1 of Ref. 2!. This feature is then expected to grow as t
ZrO2 content increases, and this is clearly evident in Fi
1~a! and 1~b!. Figure 12~a! is a plot of the absorption in the

FIG. 9. NEXAFS for a 0.55 Zr silicate alloys, displaying the absorpti
spectra, and the differentiated absorption spectra for as-deposited
900 °C annealed samples.
J. Vac. Sci. Technol. B, Vol. 21, No. 4, Jul ÕAug 2003
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spectral region of the asymmetric and symmetric modes
tween 700 and 1400 cm21. The increase in the number o
terminal Si–O bonds has two effects on these spectra, w
are amplified in the derivative spectrum in Fig 12~b!. As x is
increased the leading edge and trailing edge features of
symmetric stretching mode increase in relative strength
the central peak. The leading edge feature has been ass
to a fourfold coordination symmetry determined out-o
phase oxygen atom motions about a common Si,9 and the
peak at;1060 cm21 is assigned to the in-phase oxyge
atom motion. As the number of dangling Si–O bonds is
creased these symmetry-determined motions lose the sig
cance they have for a tetrahedral arrangement of twofo
coordinated oxygen atoms and the high frequency shou
and central peak merge as in Si suboxides, SiOx , x,2.10 The
low wave number shoulder is a manifestation of bond bre
ing, and the creation of terminal Si–O groups,1,2 and has its
own spectroscopic signature. The spectrum forx50.5 in Fig.
2~c! is for a chemically ordered alloy in which the SiO2

network has beencompletely disrupted. It is comprised of
SiO4

42 ions and Zr41 ions, where the oxygen atoms have

nd

FIG. 10. X-ray diffraction results for two Zr silicate alloys:~a! 0.23 and~b!
0.50, as a function of temperature.



h
ce

r
in

t
in
er
bo

°C
f
ca
-

e
iO

be

um
s

e-

nd
low.

s-
the

ns
f. 2.

ibit
not

tive

cen-
ent

g a
he
-

Zr

1789 Rayner, Jr., Kang, and Lucovsky: A spectroscopic study of chemical phase separation 1789
threefold coordination.2 For the as-deposited spectra, and t
samples annealed below 900 °C, the first broad feature
tered at about 900 cm21 is the signature of the SiO4

42 ion.
This assignment is supported by the spectrum in Fig. 2 fo
ZrO2-rich alloy, with x50.61. The second broad feature
Fig. 2, centered at approximately 410 cm21, is due to Zr–O
vibrations as an amorphous structure. This assignmen
supported by the absorption spectrum for a crystall
sample of ZrO2 in Fig. 4, which shows considerably sharp
features in the same spectral regime centered at a
400 cm21.

The four sets of spectra in Figs. 2~a!, 2~b!, and 2~c! and
Fig. 3 showed marked changes after annealing to 900
These are consistent with a chemical phase separation o
homogeneous alloy, or solid solution, into its two chemi
constituents, SiO2 and ZrO2. In particular, the marked de
crease in Figs. 2~a! and 2~b! of the 970 cm21 Si–O terminal
group vibration is consistent with this bonding being r
stricted to the internal phase boundaries between the S2

and ZrO2. After the 900 °C anneal, the spectral features
low about 500 cm21 in the x50.61 spectrum in Fig. 3 are
quantitatively different that those in the crystalline spectr
of ZrO2 in Fig. 3. This is assigned to the differences in cry

FIG. 11. HRTEM images for two Zr silicate alloys samples after annealin
900 °C: ~a! x;0.25 and~b! x;0.50. The length scale is established by t
Si lattice plane spacing of;0.33 nm in the lower portion of each micro
graph.
JVST B - Microelectronics and Nanometer Structures
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talline structure, and/or crystallite size. The similarity b
tween the leading edge of this band in Figs. 1~c! and 3, after
the 900 °C anneal suggests crystallinity in thex50.5 sample
as well, but this is not definitive based solely on FTIR, a
will be resolved in the other measurements discussed be

Figures 4~a! and 4~b! present O 1s XPS core level spec-
tra, and differentiated XPS core level spectra for a
deposited Zr silicate alloys. The asymmetric character of
features, that is most pronounced in thex50.23 and 0.76
alloys, is a manifestation of different bonding coordinatio
for oxygen atoms and has been addressed in detail in Re
Figures 5~a! and 5~b! are XPS spectra for:~a! Zr 3d core
states, and~b! Si 2p states. Since these spectra do not exh
any marked asymmetries, differentiated spectra are
shown. The spectra in Figs. 6~a! and 6~b! are the XPS O 1s
core level spectra, and the corresponding first-deriva
spectra, respectively, for compositions ofx50.35, 0.45, and
0.60 after annealing at 900 °C. These spectra have a con
tration independent doublet character that is clearly evid

t

FIG. 12. FTIR spectra and differentiated FTIR spectra for as-deposited
silicate alloys:~a! x50.25 and~b! x50.50.
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1790 Rayner, Jr., Kang, and Lucovsky: A spectroscopic study of chemical phase separation 1790
in the differentiated spectra, and also present in the undif
entiated spectra for thex50.45 and 0.60 alloys. Based o
comparisons with the O 1s core level spectra in Fig. 4~a!, the
two alloy concentration independent features in these spe
are assigned to SiO2- and ZrO2-rich phases. There is no as
pect of these spectra that discriminates between crysta
and noncrystalline ZrO2 , or between ZrO2 with different de-
grees of crystallinity, e.g., nanocrystallites,5 nm, and
larger crystallites or grains.10 nm. However, the additiona
and/or confirmatory information relative to chemical pha
separation that is evident in the numerically differentia
spectra in Fig. 6~b! is obvious.

Figures 7~a! and 8~b! present oxygen atomK1 edge XAS
spectra for three Zr silicate alloys,x50.35, 0.45, and 0.6, a
deposited in~a! and after a 900 °C rapid thermal anneal
~b!. Oxygen atomK1 edge spectra have been discussed
detail for ZrO2 , the alloys in this article, as well as othe
transition metal oxides, e.g., HfO2 and Y2O3, and transition
metal silicates and aluminates, e.g., HfO2– Al2O3 and
HfO2– SiO2 alloys.7 The changes that occur after the 900 °
anneal are significantly stronger in thex50.60 alloy, and
these will be shown to be a result of chemical phase sep
tion that is accompanied by crystallization. The 4d* feature
is much sharper, and the structure in the 5s* feature is es-
sentially the same as that in the oxygen atomK1 edge of
crystalline ZrO2 as presented in Ref. 7.

The emergence of second neighbor Zr–Zr features
Figs. 8~a! and 8~b! after the 900 °C anneal is clear eviden
of a transition in which there is order on a crystalline sca
The differences between the Fourier transform spectra
Figs. 8~a! and 8~b! after this anneal are consistent with i
creased crystalline order in thex50.55 alloy as compared to
the 0.25 alloy. This difference in crystalline order is clea
evident in the XRD results presented in Figs. 10~a! and
10~b!. After annealing at 900 °C, there are clearly crystalli
features in the XRD spectrum of a sample withx50.5,
whereas, there are no distinct crystalline features in thx
50.23 feature after this anneal. This suggests larger, m
well organized crystallinity in the 0.55 sample, consiste
with the relative size of the Zr–Zr features in the EXAF
analysis after the 900 °C anneal. This explanation is s
ported by the HRTEM images in Figs. 11~a! and 11~b!,
which are forx;0.25 and;0.5 alloys after a 900 °C annea
The contrast in Fig. 11~a! is consistent with chemical phas
separation into ZrO2- and SiO2-rich regions, with the darke
regions being ZrO2 rich. There is some suggestion of orde
ing in the regions highlighted by the thicker white ring
however, these are qualitatively different than the latt
planes clearly evident in Fig. 11~b!. Combined with the EX-
AFS results in Figs. 8~a! and 8~b!, the HRTEM images sug
gest that there are crystallites on a scale;10 nm in thex
;0.5 alloy, and that any crystalline order is on a mu
smaller scale,,5 nm, in thex;0.25 alloy. This interpreta-
tion is consistent with a concentration gradient of Zr in t
alloy films. The alloy closer the substrate has less ZrO2 , and
therefore shows a smaller degree of crystalline organiza
after the 900 °C anneal.
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Finally, the spectra in Figs. 9~a! and 9~b! are consistent
with a chemical phase separation that includes a ZrO2-rich
phase after the 900 °C anneal.

The experimental data presented in this article clea
identify different types of phase separation. For alloy co
positions greater thanx;0.5, chemical phase separation a
ter an anneal at 900 °C in a chemically inert environm
such as Ar is accompanied by crystallization on a scale
is readily detectable by XRD@Fig. 10~b!#, and is also clearly
evident in HRTEM images@Fig. 11~b!# where the crystallite,
or grain size, is;10 nm. This conclusion is supported by th
relative strength of the Zr atom second neighbor feature
the radial distribution function derived from EXAFS@Fig.
8~b!#. The crystallinity of the separated ZrO2-rich phase is
also evident in the XAS oxygenK1 edge spectra in Fig. 7~b!.

Chemical phase separation is also evident for all com
sitions by the other spectroscopic approaches used, for
ample, FTIR, XPS, and differential XPS; however, the
techniques cannot give additional information relative
crystallinity For example, the HRTEM and EXAFS spect
indicate evidence for crystallinity but on a scale of;3 nm,
which is too small to give features that can be detected
conventional XRD.

The combination of spectroscopic approaches prese
in this article provide a tool box that can be applied to oth
pseudobinary alloys as well. For example, derivative X
applied to O 1s spectra before and after annealing cyc
provides a sensitive technique for detecting separation,
EXAFS measurements provide a sensitive technique for
tablishing differences in the dimensions of the resulting cr
tallites. The combination of these two spectra with HRTE
provides a way of determining the size of the crystallites
the range of 3–10 nm. The results of this study indicate t
chemical phase separation of Zr silicate alloys gener
yields in a ZrO2 cyrstalline phase, where the size of th
crystallites is a function of the alloy composition. For e
ample, for an alloy composition of;0.25, the crystallites are
;3 nm, whereas for an alloy composition of;0.5 they in-
crease to about 10 nm.

In conclusion, combining derivative XPS with EXAF
RDFs provides an unambiguous and effective way to st
chemical phase separation with different degrees of crys
lization. This is of importance for semiconductor device pr
cessing since chemical phase separation in SiO2-rich Zr and
Hf silicates reduces gate dielectric capacitance, and there
can adversely affect current drive in FETs.13
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