Spectroscopic study of chemical phase separation
In zirconium silicate alloys
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This article presents a comprehensive spectroscopic study of chemical phase separation in
zirconium silicate alloys, (Zr),(Si0,),_y, 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 highk dielectric alloys. ©2003 American Vacuum Society.
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[. INTRODUCTION applied to nanoscale chemical phase separation of dielectric
) L ] _alloys. The techniques used in this study can also be applied
One of the more important limitations for the integration y, chemical phase separation in other silicate alloy systems
of transition m_etal silicate aIons_ such_as _(%DQSlOZ)l,X _including Hf silicate alloys as in Ref. 3.
and (HfQ,),(Si0,),_« as gate dielectrics into advanced Si
deviceg isa qhemical phas_@T separation qf these pSGUdObiM}WEXPERIMENTAL PROCEDURES
alloys into SiQ and transition metal oxides, ZyCfor Zr
silicate alloys, and Hf@for Hf silicate alloys'~The studies Rutherford backscattering spectrosca®BS), XPS, Au-
of this article are important for device processing, sinceder electron spectroscokES) and XAS measurements uti-
phase separation results in significant decreases in effecti@ed films approximately 20-50 nm thick deposited onto
dielectric constants, reducing the gate capacitance require?f(100 substrates at 300 °C by a remote plasma process de-
for aggressive device scaling. This separation occurs in thecribed in detail elsewhefeFilms greater than approxi-
same regime of temperatures900 °C, required for integra- Mately 150 nm thick were deposited) onto S{100 sub-
tion of deposited dielectrics into device fabrication Strates for FTIR and XRD an@) onto fused silica substrates
processind:® As an example, chemical phase separation ocfor EXAFS and NEXAS measurements. In summary, the re-
curs in the 1000°C temperature range required for doparfiPective Si and Zr source gases, 2% SikiHe, and Zfiv)
activation in source, drain, and polycrystalline gate eleci-butoxide, ZFOC(CHs)3]4, were delivered directly into the
trodes in field effect transistor§"ET9 employing conven- substrate downstream region of a remote plasma reactor
tional processing protocols. It is therefore important to identhrough two different shower-head injectors. The reaction
tify spectroscopic approaches that cannot only identifywas driven by active oxygen atom species produced in the
chemical phase separation accompanied by crystallizatioffmote plasma generation region of the reactor and trans-
detectable by conventional diffraction techniques such aforted downstream by the gas flow dynamics. The Zr:Si ratio
x-ray diffraction (XRD), but also to detect chemical phase in the deposited films was determined by the relative flow
separation that occurs with amorphous, or nanocrystallinédtes of the respective Zr and Si source gases. An fle/O
phases too small for detection by conventional diffraction(20:1) mixture was subjected to remote plasma excitation, 15
methods. W at 13.56 MHz, and used to initiate the remote plasma
This article presents a comprehensive spectroscopic studthanced chemical vapor depositi9RPECVD process.
of chemical phase separation using Fourier transform infraSubstrates were treated in a®fHF (100:1) solution prior to
red spectroscopyFTIR), x-ray photoelectron spectroscopy film deposition to remove the superficial native oxide. Prior
(XPS), x-ray absorption spectroscopXAS),®” including 0 the Zr silicate alloy deposition, amSiO, layer approxi-
extended x-ray absorption fine structure spectrosa@  mately 3 nm thick was deposited on the Si substrate by
AFS), and near edge XASNEXAS). These measurements RPECVD to provide a chemical buffer layer between the
are complemented by measurements of x-ray diffractiorPlasma-deposited Zr silicate alloys and the Si substrate. The
(XRD) and high resolution transmission electronic micros-purpose of this buffer layer waf) to suppress Zr source gas
copy (HRTEM) imaging. This combination has been applied reactions with the Si substrate during film deposition é&nd
to Zr silicate alloys, and provides the first comprehensivel® prevent reactions between the alloy and the Si substrate
comparisons of the relative sensitivities of these techniqueduring postdeposition annealing. The alloy composition of
the bulk films, reported as the Zr:Si:O ratio, was determined
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uncertainty in composition,dx=+0.03}? These results
were used to calibrate on-line AES results where a linear
dependence was demonstrated between the ratio of the de-
rivative spectrum peak-to-peak heights forggmvyy and
Okvv(kLL) features and alloy composition as determined by
RBS. Films were annealegk situin an inert Ar ambient for

1 min utilizing an AG minipulse 310 rapid thermal annealing
(RTA) apparatus with an uncertainty in annealing tempera-
ture of =15 °C.

FTIR absorption measurements, in the mid-IR
(4000-400 cm?') and far-IR (700-50 cm'), were per-
formed utilizing a Nicolet Magna-FTIR 750 spectrometer.
The spectrometer was continuously purged with dpyds-
livered from a liquid N source to minimize absorption from : ! ‘ ‘

IR active species present in the atmosphere, e.§Q khd
CO,. The spectrometer utilizes a He/Ne laser for optical 1600 1400 1200 1000 800 600 400

Absorbance (a.u.)

-1
bench alignment which was performed prior to all data col- Wavenumbers (cm™)
lection runs. The mid-IR measurements utilized a deuterated ‘ : ; : :
tri-glycine sulfate(DTGS) detector with a KBr window, and x=0.23 @ 1068 3 1 (b)

a KBr beam splitter. The far-IR measurements a DTGS de-
tector with a polyethylene window and a Si substrate beam
splitter.

XRD measurements were made using a Bruker x-ray dif-
fractometer with a beryllium area detector centered @t 2
positions of 25° and 50°. XPS measurements ofSDQ 1s,

Zr 3d, and Si D core levels were made using a Riber LAS-
3000 spectrometer with nonmonochromatic Klg radiation
(1253.6 eV and a pass energy of 20 eV. The system base
pressure for XPS measurements was 1® ° Torr. Data
were corrected for charging effects using the €peak at
284.6 eV from adventitious carbon contamination on the film
surface. The repeatability of measuring peak spectral posi- - L B
tions was found to be<0.2 eV. The as-deposited films were 1600 1400 1200 1000 800 600 400

Absorbance (a.u.)

also characterized on-line by AES using a Phi system at a Wavenumbers (cm™)
base pressure of>810 *° Torr. The Auger process was ini- ‘ ; ; ; :
tiated ty a 3 keVe beam which was defocused to prevent x=0.50 @ 1068: | 3 (c)

damage to the film structure.Qy and Zj,yy transitions
were measured as a function of film composition and the
repeatability of peak kinetic energy determinations was
<0.4eV.

EXAFS and NEXAS measurements were made at the Na-
tional Synchrotron Light Source at Brookhaven National
Laboratory? Absorption spectra for the &, edge NEXAFS
were recorded by measuring the photon energy dependence
of primary photoelectron yield, and absorption data for the
EXAFS and NEXAS studies using the Rr; edge were ob-
tained by monitoring x-ray fluorescence.

Absorbance (a.u.)

I |
LINN e S B B B B S B B B M M B B R R S B B B B a

[ll. EXPERIMENTAL RESULTS 1600 1400 1200 1000 800 600 400

FTIR results are shown in Figs(d—1(c) for the mid-IR Wavenumbers (cm™)
spectral range from 400 to 1600 ¢ As a point of refer-
ence, this spectral range includes the-G#Siasymmetric
stretching vibration between 900 and 1300 ¢mthe Si—
O-Si symmetric stretchin@r bending vibration centered at "
about 10 e, and the Si-O-Sout-of-plane rocking vi- % ST seoarce v weve e (Sl saes i
bration centered at about 450 ¢f all for noncrystalline top as a function of temperature, as deposited, and annealed in Ar for 1 min
Si0,.%° Figure 2 includes a FTIR spectrum over a wider at 600, 700, 800, and 900 °C.
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Fic. 2. Infrared absorbance vs wave number (&jnfor alloy samples with
x=0.61. Spectra are plotted from bottom to top as a function of temperature,
as deposited, and annealed in Ar for 1 min at 600, 700, 800, and 900 °C.

spectral range (100—1500 cr) for an alloy withx=0.61.
Figure 3 displays the spectrum from 200 to 1200 énfor

an as-deposited ZrJilm. There are no changes in the spec-
tral features of this film as function of postdeposition anneal-
ing to 900°C, consistent with no detectable OH oyCH
bands in the infrared spectrum. Our experience with high OH
and/or HO content ZrQ or HfO, films is that they are
amorphous as-deposited, and then crystallize at temperatures
of about 400—600 °C as the OH and/os®leaves the film,

O1s - d(Intensity)/dE (a.u.)

4 1 Il | 1 1 | 1 1 4
LI I B 0 e e

526 527 528 529 530 531 532 533 534 535 536 537

or reacts with the Si substrate.

The changes in the Zr silicate spectra observed in Figs. 1

Binding Energy (eV)

Fic. 4. X-ray photoelectron core level specttal O 1s and (b) numerical

and 2 with respect to alloy composition in the as'depC)Sl'[(:"(zierivative of O k. Each of these spectra is for as-deposited (300 °C) Zr

state are brought about by alloying with ZrOand the

Absorbance (a.u.)

1200 1000 800
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Wavenumbers (cm™)

Fic. 3. Infrared absorbance vs wave number (&nfor an as-deposited,

crystalline ZrQ thin film.

JVST B - Microelectronics and

Nanometer Structures

silicate alloys withx=0.00, 0.23, 0.62, 0.78, and 1.00.

changes after annealing at 900 °C will be shown to be asso-
ciated with chemical phase separation with and without crys-
tallization detectable by XRD.

XPS results are shown in Figs. 4—6. Figurés) 4nd 4b)
are, respectively, Od.core level and numerically differenti-
ated spectra. The systematic changes in line shape in Figs.
4(a) and 4b) have been interpreted in terms of changes in
the oxygen atom coordination with alloy compositfoim the
range of alloy composition fronx=0.0 to 0.5, wherex
=0.5 corresponds to the chemically ordered ZrSphase,
the O atom coordination increases from two for St@three
for ZrSiQ,, while in the range fromx=0.5 to 1.0 the coor-
dination increases from three to four for Zr®

Figures %a) and 3b) display XPS core level spectra, re-
spectively, for the Si p feature, and the Zr @ doublet. The
weaker Zr 3l doublet feature with the larger core level bind-
ing energy between approximately 184 and 186 eV is the Zr
3d3, component, and the stronger feature between 181 and
183 eV is the Zr 85, component. Figure 6 presents XPS O
1s core level spectra for (Zr9,(SiO,),_ alloys with com-
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Fic. 5. X-ray photoelectron core level spectra for as-deposited (300 °C) ZiFiG. 6. X-ray photoelectron core levéd) O 1s spectra of (ZrQ),(Si0,)1_y
silicate alloy films:(a) Zr 3d for x=0.23, 0.62, 0.78, and 1.00 afig) Si 2p alloys withx=0.35, 0.45, and 0.60 annealed in Ar at 900 °C for 60 s(@anhd
for 0.00, 0.23, 0.62, and 0.78. the corresponding derivative spectra.

positions,x=0.35, 0.45, 0.60. The plots in Fig(& are for Figures 8a) and &b) present the results of EXAFS stud-
samples annealed in Ar at 900 °C for 60 s and those in Figies for compositions ok=0.25 and 0.55, and are comple-
6(b) are the corresponding first derivatives. These are to benented in Figs. @) and 9b), which display NEXAS for the
compared, respectively, with spectra in Figéa)dand 4b), alloy with x=0.55° Consider first the radial distribution
which are for as-deposited films with compositions spannindunctions(RDF9 obtained from the analysis of the EXAFS
the same range as those in Fig&)@&nd Gb). The spectrain  datal! The as-deposited samples are essentially the same ex-
Figs. 4a) and 4b) indicate asymmetric line shapes, whereascept for a narrowing of the Zr—O peak and the reduction of a
those in Figs. @) and &b) clearly indicate two discrete and satellite feature at a slightly increased radius. There are more
separated spectral components. significant changes between these RDFs after the 900 °C an-
Oxygen atomK; NEXAFS spectra for transitions origi- neal. The most notable is the increase in relative strength of
nating in the O & state are displayed in Figs(af and 7b)  the peak labeled Zr—Zr, which corresponds to a second
for Zr silicate alloys(a) as-deposited antb) after a 900°C  neighbor distance. Additional features, marked with arrows
rapid thermal annedl” The Zr 4d* features, marked in Fig. and due to more distant Zr—O and Zr—Zr coordination shells,
7(a), sharpen up after the annealing, and the &F %and are also stronger in the=0.55 sample.
between 540 and 550 eV develops structure indicative of the Figures 9a) and 9b) are NEXAS? and the corresponding
crystalline state. It will be shown in Sec. IV that the spectranumerically differentiated NEXAS spectra, respectively, of
in Fig. 7(b) are for alloys that have undergone a chemicalan as-deposited and annealed alloy with0.55. By analogy
phase separation associated with the formation of eithewith spectra in Fig. ®), the shoulder at-18.003 keV in
nanocrystalline Zr@for x=0.35 and 0.45, or &arger scale  Fig. 9a) and the peak at-18.000 keV in Fig. ¢b) are as-
crystalline component fox=0.6. signed to transitions from the Zrslstate to Zr 41* states,
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as deposited antb) after a 900 °C 1 min anneal in Ar. Radius (Angstroms)

Fic. 8. Fourier transform radical distribution functions, obtained from EX-
AFS vs interatomic distance for two Zr silicate alloys wita) x=0.25 and

and the features at 18.015 and~ 18.030 keV in Fig. %), (b) x=0.55. Transforms are for as-deposited and 900 °C annealed samples.
and peak at-18.010 keV in Fig. ®b) are assigned, respec-
tively, to transitions to Zr §* states. FTIR indicates SiQ
and ZrG phases forx>0.5 following a 900°C RTA and =0.23 and 0.5. Th&=0.23 micrograph displays darker re-
XRD revealsc-ZrO, in a tetragonal phase. Therefore, the gions, four of which are highlighted, separated by brighter
NEXAS for x~0.55 sample following 900 °C RTA corre- regions. Based on differences in atomic weight, the dark re-
sponds mainly to the Zr atoms in the ZrPhase, i.e., Zr—Zr gions are assumed to be ZrGtomic weight=107.2 a.u.) or
second neighbor bonding. The spectroscopy results presentédO, rich, and the lighter regions are assumed to ,SiO
above are complemented by XRD data in Figs(al@nd (atomic weight60.1 a.u.) or Si@rich. Based on the spac-
10(b), and high resolution transmission electronic micros-ing of lattice planes in the Si substrate, the dark regions are
copy imaging in Figs. 1B and 11b). Consider first the nanometer in scale;-3—5nm. The circled region in the
as-deposited films in Figs. 1@ and 1Qb), where the pri- upper right-hand region shows some parallel line structure
mary difference is the strength of a broad noncrystalline feaindicative of increased long range order with respect to the
ture that occurs aboutf/alues of 26° and 38°. This feature other three highlighted regions; however, a comparison with
is stronger in the 0.5 alloy in Fig. 16) than in the 0.23 alloy the highlighted regions in Fig. 1) indicates that these par-
in Fig. 10@ and therefore must be assigned to a Zr bondingallel line structures are restricted to a smaller region, and that
feature. The broad feature in Fig. (bD does not change for the lines in Fig. 1la) are qualitatively different as well.
anneals up to 800°C, but at 900 °C, the XRD spectrum inThese assignments in Fig. (&L with regard to the chemical
Fig. 10b) changes markedly and the peaks index as tetrageonstituents in dark and bright regions are consistent with the
onal ZrQ,. In contrast, no crystalline features are detected immicrograph in Fig. 1(b) that shows the dark regions of Fig.
Fig. 10@) after the 900 °C anneal. 11(b) having parallel lines, indicative of lattice planes that
The HRTEM images in Figs. 14) and 11b) are after a are assigned to ZrO The crystallite size in the region
900 °C anneal, respectively, for alloys with compositions circled in Fig. 11b) is larger than about 10 nm in its longest
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Fic. 9. NEXAFS for a 0.55 Zr silicate alloys, displaying the absorption Fic. 10. X-ray diffraction results for two Zr silicate alloy&) 0.23 and(b)

spectra, and the differentiated absorption spectra for as-deposited ary20 @s a function of temperature.
900 °C annealed samples.

spectral region of the asymmetric and symmetric modes be-
dimension and is about 2 to 3 times larger than the regiofiween 700 and 1400 cni. The increase in the number of
highlighted in the upper left-hand corner of Fig.(a1l terminal Si—O bonds has two effects on these spectra, which

are amplified in the derivative spectrum in Fig(hR As x is

increased the leading edge and trailing edge features of the
IV. DISCUSSION OF EXPERIMENTAL RESULTS symmetric stretching mode increase in relative strength to

Consider first the FTIR results in Figs(al, 1(b), and the central peak. The leading edge feature has been assigned

1(c). The dominant features in the=0.10 sample are clearly to a fourfold coordination symmetry determined out-of-
at frequencies close to the normal mode absorptions of loyphase oxygen atom motions about a common &id the
temperature, deposited noncrystalline Si@in films. Of  peak at~1060cm ! is assigned to the in-phase oxygen
particular interest in these films is the shoulder at 970tm atom motion. As the number of dangling Si—O bonds is in-
a feature not present in noncrystalline $iOrhis has been creased these symmetry-determined motions lose the signifi-
assigned in Ref. 1 to a stretching vibration associated with aance they have for a tetrahedral arrangement of twofold-
terminal Si—O bond that is a product of the Si@®etwork  coordinated oxygen atoms and the high frequency shoulder
disruption that occurs upon forming a pseudobinary alloyand central peak merge as in Si suboxides,Si3<2.2° The
with ZrO,.%° The feature is specifically associated with alow wave number shoulder is a manifestation of bond break-
terminal O atom covalently bonded to a network Si, anding, and the creation of terminal Si—O grougfsand has its
making a considerably more ionic bond with & Zrion (see  own spectroscopic signature. The spectrunxfei0.5 in Fig.
Fig. 1 of Ref. 2. This feature is then expected to grow as the2(c) is for a chemically ordered alloy in which the SiO
ZrO, content increases, and this is clearly evident in Figsnetwork has beerompletely disruptedit is comprised of
1(a) and Xb). Figure 1Za) is a plot of the absorption in the Sin’ ions and Zt" ions, where the oxygen atoms have a
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Fic. 11. HRTEM images for two Zr silicate alloys samples after annealing at T
900 °C: (a) x~0.25 and(b) x~0.50. The length scale is established by the ! : / ! ! |
Si lattice plane spacing of-0.33 nm in the lower portion of each micro- -ttt
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threefold coordinatioR.For the as-deposited spectra, and theFic. 12. FTIR spectra and differentiated FTIR spectra for as-deposited Zr
samples annealed below 900 °C, the first broad feature cefflicate alloys:(@ x=0.25 and(b) x=0.50.
tered at about 900 cnt is the signature of the SfO ion.
This assignment is supported by the spectrum in Fig. 2 for a
ZrO,-rich alloy, with x=0.61. The second broad feature in talline structure, and/or crystallite size. The similarity be-
Fig. 2, centered at approximately 410 chis due to Zr-O  tween the leading edge of this band in Fig&)knd 3, after
vibrations as an amorphous structure. This assignment ihe 900 °C anneal suggests crystallinity in #0.5 sample
supported by the absorption spectrum for a crystallineas well, but this is not definitive based solely on FTIR, and
sample of ZrQ in Fig. 4, which shows considerably sharper will be resolved in the other measurements discussed below.
features in the same spectral regime centered at about Figures 4a) and 4b) present O & XPS core level spec-
400 cm L. tra, and differentiated XPS core level spectra for as-
The four sets of spectra in Figs(a®, 2(b), and Zc) and  deposited Zr silicate alloys. The asymmetric character of the
Fig. 3 showed marked changes after annealing to 900 °Cieatures, that is most pronounced in the 0.23 and 0.76
These are consistent with a chemical phase separation of tladloys, is a manifestation of different bonding coordinations
homogeneous alloy, or solid solution, into its two chemicalfor oxygen atoms and has been addressed in detail in Ref. 2.
constituents, Si@and ZrG. In particular, the marked de- Figures %a) and 5b) are XPS spectra for(a) Zr 3d core
crease in Figs. @) and 2b) of the 970 cm! Si—O terminal  states, andb) Si 2p states. Since these spectra do not exhibit
group vibration is consistent with this bonding being re-any marked asymmetries, differentiated spectra are not
stricted to the internal phase boundaries between the SiGshown. The spectra in Figs(é§ and @b) are the XPS O &
and ZrQ,. After the 900 °C anneal, the spectral features becore level spectra, and the corresponding first-derivative
low about 500 cmit in the x=0.61 spectrum in Fig. 3 are spectra, respectively, for compositions)of 0.35, 0.45, and
quantitatively different that those in the crystalline spectrum0.60 after annealing at 900 °C. These spectra have a concen-
of ZrO, in Fig. 3. This is assigned to the differences in crys-tration independent doublet character that is clearly evident

JVST B - Microelectronics and  Nanometer Structures
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in the differentiated spectra, and also present in the undiffer- Finally, the spectra in Figs.(8 and 9b) are consistent
entiated spectra for the=0.45 and 0.60 alloys. Based on with a chemical phase separation that includes a,Zich
comparisons with the Oslcore level spectra in Fig.(d), the  phase after the 900 °C anneal.
two alloy concentration independent features in these spectra The experimental data presented in this article clearly
are assigned to Si@and ZrQ-rich phases. There is no as- identify different types of phase separation. For alloy com-
pect of these spectra that discriminates between crystallingositions greater tharn~0.5, chemical phase separation af-
and noncrystalline Zr®, or between Zr@with different de-  ter an anneal at 900 °C in a chemically inert environment
grees of crystallinity, e.g., nanocrystallites5nm, and such as Ar is accompanied by crystallization on a scale that
larger crystallites or grains 10 nm. However, the additional is readily detectable by XREFig. 10b)], and is also clearly
and/or confirmatory information relative to chemical phaseevident in HRTEM imagegFig. 11(b)] where the crystallite,
separation that is evident in the numerically differentiatedor grain size, is-10 nm. This conclusion is supported by the
spectra in Fig. @) is obvious. relative strength of the Zr atom second neighbor features in
Figures Ta) and 8b) present oxygen atoid; edge XAS the radial distribution function derived from EXAF%ig.
spectra for three Zr silicate alloys=0.35, 0.45, and 0.6, as 8(b)]. The crystallinity of the separated Zz@ich phase is
deposited in(@) and after a 900 °C rapid thermal anneal in @lso evident in the XAS oxygeK, edge spectra in Fig.(@).
(b). Oxygen atomK, edge spectra have been discussed in .Chemical phase separation is_also evident for all compo-
detail for ZrQ,, the alloys in this article, as well as other Sitions by the other spectroscopic approaches used, for ex-
transition metal oxides, e.g., H§Gnd Y,05, and transiton ~ample, FTIR, XPS, and differential XPS; however, these
metal silicates and aluminates, e.g., HfQA\,O; and technlq.u'es cannot give additional information relative to
HfO,—SiO, alloys’ The changes that occur after the 900 °c Crystallinity For example, the HRTEM and EXAFS spectra

anneal are significantly stronger in the=0.60 alloy, and 'ndicate evidence for crystallinity but on a scale-e8 nm,
these will be shown to be a result of chemical phase separdNich is too small to give features that can be detected by

tion that is accompanied by crystallization. Thé*4feature conventional _XRI_D' _
is much sharper, and the structure in the* Feature is es- The combination of spectroscopic approaches presented

sentially the same as that in the oxygen atkm edge of in this arFicIe provide a tool box that can be appl_ied .to other

crystalline ZrG as presented in Ref. 7. pseqdobmary alloys as well. For example, derlv_at|ve XPS
The emergence of second neighbor Zr—Zr features ir?pp“.ed 005 spectra bgfore and after_ annealing _cycles

Figs. 8a) and §b) after the 900°C anneal is clear evidence provides a sensitive technique for detecting separation, and

of a transition in which there is order on a crystalline scale.EXAFS measurements provide a sensitive technique for es-

: . -tablishing differences in the dimensions of the resulting crys-
The differences between the Fourier transform spectra in_,. S .

. . . - . tallites. The combination of these two spectra with HRTEM
Figs. 8a) and 8b) after this anneal are consistent with in-

) . provides a way of determining the size of the crystallites in
creased crystalline order in tixe= 0.55 alloy as compared to . I
the 0.25 alloy. This difference in crystalline order is clearl the range of 3—10 nm. The results of this study indicate that
. .t . tri/. YRD it yt d in Figs.(@0and Y chemical phase separation of Zr silicate alloys generally
iV'berjAftm c i retsgjogopcretshen ed in | 'gT‘ a? li yields in a ZrQ cyrstalline phase, where the size of the
0(b). eranneaiing a , there are clearly crysta Inecrystallites is a function of the alloy composition. For ex-
features in the XRD spectrum of a sample wihk0.5,

o . ; ample, for an alloy composition of 0.25, the crystallites are
whereas, there are no distinct crystalline features inxthe

. ) ~3 nm, whereas for an alloy composition ©f0.5 they in-
=0.23 feature after this anneal. This suggests larger, MOr€ aase to about 10 nm

well organized crystallinity in the 0.55 sample, consistent In conclusion, combining derivative XPS with EXAFS
with the relative size of the Zr—Zr features in the EXAFS RDFs provides an unambiguous and effective way to study
analysis after the 900°C anneal. This explanation is SUpghemical phase separation with different degrees of crystal-
ported by the HRTEM images in Figs. (Bl and 11b), |ization, This is of importance for semiconductor device pro-
which are forx~0.25 and~0.5 alloys after a 900 °C anneal. ¢egsing since chemical phase separation in, i€ Zr and

The contrast in Fig. &) is consistent with chemical phase s sjlicates reduces gate dielectric capacitance, and therefore

separation into Zrg» and SiQ-rich regions, with the darker 5 adversely affect current drive in FEHs.
regions being Zr@rich. There is some suggestion of order-

ing in the regions highlighted by the thicker white rings;
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