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Thermal decomposition mechanisms of hafnium and zirconium
silicates at the atomic scale

S. Monaghan, J. C. Greer, and S. D. Elliott®
Tyndall National Institute, Lee Maltings, Cork, Ireland

(Received 16 February 2005; accepted 5 April 2005; published online 1 Jung 2005

The hafnium and zirconium silicateéMO,),(SiO,);_,, with M=Hf/Zr, are being considered as
highk gate dielectrics for field-effect transistors as a compromise between high permittivity and
thermal stability during processing. Using atomic-scale models of silicates derived from hafnon/
zircon, stability before and after simulated thermal annealing is calculated within a
density-functional approach. These silicates are found to be thermodynamically unstable with
respect to decomposition into Si@ndMO, (M =Hf/Zr). Segregation mechanisms on the atomic
scale are studied leading to an insight as to an why,$i€h mixtures undergo spinodal
decomposition and why, by contrasf,O,-rich phases are metastable, decomposing below typical
process temperatures. Z05 American Institute of PhysidDOI: 10.1063/1.1926399

I. INTRODUCTION the ca. 1000 °C anneals occurring during MOS processing.
However, the thermal stability of other MSO compositions is
High-k oxides are being investigated as gate dielectricgess well understood.
for future generation metal-oxide-semiconduct@viOS) There is now substantial experimental data on the an-
technologie%and have been investigated for various materialnealing temperatures required to cause MSOs to crystallize.
compositions and deposition conditions. High atomic numdnitial work on the SiQ-rich MSOs(x< 0.5) found them to
ber elements such as hafnium and zirconium are consideregmain amorphous up to high temperatLFréQsln a study of
to be useful for incorporation into insulator oxides or sili- MSOs withx=<0.25 deposited from chemical solutidd,O,
cates due to the resulting increase in the dielectric constamrystallization and phase separation are observed at 1000 °C,
(k), and because they are believed to minimize danglingind the SiQ network is observed to remain amorphgus.
bonds at the silicon interface, thus assisting in lowering deX-ray studies of chemical-vapor-deposited 4-10-nm HSO
fect densities during processiﬁg\morphous hafnig HfO,) films with x~0.4 show no crystallization until ca. 1000 °C
and zirconiaZrO,) remain leading candidates as gate dielec{(Refs. 11 and 1Ror 1100 °C'® but transmission electron
tric replacements, although their integration into the MOSMicroscopy(TEM) reveals some phase segregration. Experi-
gate stack poses substantial technological challehyj@me  mMents on ZSOs witkk<0.5 using remote plasma-enhanced
of these challenges is to ensure their stability as a Sing|§hemical-vapor deposition on a Si substrate result in a lower
amorphous phase throughout MOS thermal processiitt T4(2SO)=800-900 °C, gng phase separation int.o tetragonal
temperatures ranging up t01000 °Q. The glass transition 24Oz and amorphous S'ﬁ_ Amorphous 205?55 withx=0.2
temperatures of hafnia and zirconia are Idii,(HfO,) decomposed into crystalline ZgCat 900 °C.” Repeating
~500 °C, T4(Zr0,) ~425 °C (Refs. 4 and ¥, but can be these experiments on H§@ich HSOs(x=0.5), hafnia crys-

. ° . _ 12 ° .
raised by the addition of silicgSiO,, T;~1200 °C(Ref. §] tallites appear at 800 °C witk=0.8;“ or at 850 °C withx

— 11,13 1 ;
to give amorphous silicates, albeit at the penalty of Iowering_O'G' Another study finds thaMO,-rich MSOs show

the dielectric constant. crystallization and phase separation at 800 °C into tetragonal

The hafnium and zirconium silicatésiSOs and ZSOs, I\_/IOz_and amorphous S|pr’ Some of these data are summa-
: . ried in Ref. 4. One consequence of phase separation is that
respectively, or MSOs when referred to collectiyegre the deleterious diffusion of dopan(8, P, and As through
mixtures with the compositioflMO,),(SiO,)1, With M b 16 9

=Hf/Zr. However, little is known about the structure or sta- HSOTShIeSs:I?i:zirntg?:jg;r?;EZES;tihtr?;?MSOs do not possess
bility of these metal silicates, thus prompting the presen}h e

. . ) . requisite thermal stability for use as a single-phase MOS
computational study. HafnoHfSiO,) and zircon(ZrSiO,) gate dielectric. Some studies have provided a deeper under-

are the MSOs with compositiar=0.5. They occur naturally standing of the decomposition process. It was concluded that

as minerals and are of use in geochronology and as optical,ase separation is spontaneous for ZSOs in the range 0.03
waveguides; they also serve as natural hosts for the radioac-, 4 16 at 900 °c’ At 800 °C amorphous Sigxich

tive elements uranium and thorium in the Earth’s crust, thus sos are observed to separate before crystallizéf'ion.
finding application for the storage of nuclear wa7sféhey Based on the features of the known ZrGSiO, phase dia-
are known to be thermodynamically stable up~t4750 °C  gram, Kim and Mcintyre postulate a metastable miscibility
(Ref. 8 and~1675 °C,(Ref. 9 respectively—adequate for gap for MSOS® which results in two qualitatively different
modes of decomposition: nucleation/growth and spinodal
JElectronic mail: simon.elliott@tyndall.ie decompositiort? If there are kinetic barriers to decomposi-
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tion, segregation intd10,+ SiO, occurs abovd, by nucle-  IIl. SIMULATION METHODS
ation and growth. In spinodal decomposition the mixture isp_ Computational procedures
unstable(not metastableand compositional fluctuations lead

to spontaneous demixing within the amorphous phase z%t Structures for_bulk M_SOS are compute_d within the
. . ramework of density-functional theoi@FT) using the Vi-
all temperatures. From the phase diagram derived from

K . tal dat inodal d ition i ennaab initio simulation prograrr‘(VASP).22 The gradient-
nown experimental data, spinodal decomposIlon 1S Preg,ecteq PWI1 function@has been applied to provide ac-

dicted for ZSOs 0.£x<0.6 at typical MOS processing ¢yrate geometries and reliable estimates for relative
temperatures$; with nucleation and growth dominating oth- sapilities. Three-dimensional periodicity is imposed, with
erwise. Evidence for these two distinct mechanisms at ultrasoft pseudopotentia?é, and a p|ane_wave basis set
=0.4 andx=0.8 has been obtained by examining the segre¢395-eV cutoff. A 2 X 2x 2 k-point grid is used, which con-
gated microstructures using grazing-incidence Xx-rayerges total energies to within +0.05 eV/cell. The conver-
scatteringl.z gence of self-consistent steps is accurate to* &¥/cell.

An explanation of the decomposition processes must ulThe optimization of cell parameters and atomic positions is
timately consider the atomic processes that lead to these dificcurate t0<10"° eV A™, and the estimated accuracy for

ferent mechanisms. Fourier transform infrar@elIR) has  AEmix is 1 meV/cell. , o
yielded most of the atomic-scale data on Hf/Zr silicates to DFT is now well established as an accurate and efficient

date. For instance, the breaking of Si—-O-Zr chains on therp_)arameter-free way to compute the properties of crystalline

| treat tis ob din FTIR. al i th h fmaterials, similar computations having been validated on
mal treatment IS observed In F1IR, along WIth the growth ot ;.-,20.25 ang silicates of M@® By calculating the most
the Si—-O-Si and Zr-O-Zr signals indicative of $i@nd

) i : stable forms of the MSO component oxidesquartz SiQ
ZrO,.”" Another FTIR study reports adsorptions in HSOs g, q monoclinicMO,—as well as other silica polymorphs

associated with Si—O—Hf bonding, even at relatively |0Wand the tetragona| and Cumoz phase)s we confirm struc-
metal concentrations.In contrast, the same study on the tures and energetics agreeing tet2% with other

equivalent ZSOs found reduced Si—-O—Zr absorptions and atmeoretical’ ! and experimentdf work—well within the
increase in those associated with symmetric Si—O-Si. accuracy expected from DFT.

The need for further investigation of these mechanisms ~ We quantify the thermal stability of a given MSO by its
is clear. In fact, there is a general lack of published work orMiXing energy relative to component oxides in their most
atomic-scale mechanisms underlying the decomposition cft@Ple forms:
morgamc materllalls and our computa}tlonal .sFudy is an inves- AE,, = E[M,Si;_,0,] - XE[MO,] - (1 -X)E[SIO,], (1)
tigation of transition-metal pseudobinary silicates. A recent
first-principles study of ZSOs in the range<0.5 concen- AE,,, is therefore expressed in units of &®,, whereR
trated on structural changes at lovand assumed the ZSOs =M,Si;_, and M =Hf/Zr.
to be thermodynamically stabf€ Another work used first
principles to model ZSO withx=0.25 (as well asx=0.15
with empirical potentialsand found the dielectric constant B. Structure generation

by assigning a polgr|zab|_l|ty to. each Zr/.S.| polyhed?érBy. Starting geometries for hafnon and zircon have been
contrast, our a|.m is to identify the dnvmg forces behind taken as thd4, crystal structure of zircofe 2 and assumed
phase segregation. Hence the focus here is on the early staggnsferaple to hafnon due to the very similar properties of
of decomposition where segregation can be explored by folif and zr compound® This 24-atom starting structure was
lowing atomic arrangements on the scale of a few nanomthen optimized using DFT following the computational pro-
eters. To this end, we develop a model for MSO mixturescedure described above. Results were in overall agreement
with various compositiongSec. 1), and examine the ener- with experimental findingd® and, in particular, agree with
getic changes due to chemical substitution relative to thé¢he known thermodynamic stability of hafnon and zircon
stable hafnon and zircon structures, both before and afterith respect to their component oxides. However, our
molecular-dynamic$MD)-simulated annealingSec. 1. It calculations reveal that the stabilization energy is low:
is found that decomposition of the Si@ich MSOs is spon- AEmix(ZrSi0,)=-0.08 eVRO,  and  AEq(HfSIO,)
taneous and driven by bond formation typical of silica. Ther-=~0.06 eVRO,.

mal treatmentMD simulation enhances diffusion and silica T.he structure for zircothafnon is shown in Figs. 1 and
. L 2. It is composed oMOg dodecahedra with metal-oxygen
growth, and causes atomic rearrangemenMi®,-rich re-

gions that may be described as a precursor to the crystalli distances between 2.1 and 2.3 A, and of Sierahedrgab-

. : Yreviated ST with silicon-oxygen bond lengths of 1.6 A. ST
MO,. It is also found that th_EMOT”Ch MSOs are meta_- are edge linked tol dodecahedra by three-coordinate oxy-
stable aff <Ty(MO,), but at higher temperatures nucleation gen, (in fact, within the structure all O atoms are three-

of crystallites is observed with metal-metal distances characcoordinate, and alternate inM—0,—Si chains along the
teristic of the monoclinic phase of hafnia and zirconia. Im-[0 0 1] direction, so that metal-silicon distances are 3.0 A.
plications of our findings for technology applications are dis-The[0 0 1] chains are interconnected Wa—0,—M linkages
cussed in Sec. IV and conclusions are presented in Sec. Vin the [100] and [0 1 O] directions. For this composition
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TABLE |I. ZSO mixing energiesAE,, (eV/RO,) and densitiesp
(RO,/nm?), R=Hf/Zr, Si; see Fig. 3.

X Cell AEM AEPE AERS g ppost

mix mix

0.0 a-Sio, 389 389

0.125  Z§SiOy +225  +137  +133 351 352
0.25 ZbSigOs6 +1.47  +0.98  +0.77 333 312
0.375  ZBSisOyq +0.70  +0.62  +050 317 306
0.5 Z1,Si,016 -0.08 -0.08 -008 303 302
0.625  ZESi04 +1.43  +0.25 +0.25 285 285
0.75 Z6Si,056 +2.95  +051  +0.36 270 283
0.875  ZrSiOyq +446  +0.75  +044 257 268
1.0 m-Zro, 357 357

For all initial configurationgsubstituted structures with-

out structural relaxation our single-point DFT calculations
_ _ _ _ ~ (Tables I and Il show that there is an energy increase of

FIG. 1 Hafnon(HfSiO,) or 2|.rcon.(ZrS|O4). A 2X2 expansion of the unit ~0.7 eV for each metal ion substituted by a silicon atom,
cell viewed along th¢l 0 O] direction depicted by the ball-and-stick model. . - .
In order of increasing size: for black and white graphgJight), Si (dark), ar_]d an energy 'ncrease ofL.5 ey f(_)r each S'!'Con site SU!J-
and Zr/Hf (white); and for color graphs, Qred), Si (gold), and zr/Hf  Stituted by aM =Hf/Zr ion; substitution of &V ion onto a Si
(blug). One M—-0,-Si chain oriented along=[00 1] is highlighted  sijte is roughly twice as unstable than substitution of Si onto
(darke). See also Fig. 2. aM ion site. It is of course unphysical to assume the same

there is a hiah dearee of symmetrv and bbthM and Si—Si coordination after these two types of substitution, and our
9 9 y y results (Sec. Il) show that improvements in coordination

distances are 3.6 A. The ST are perfectly mixed in the senshe mber drive the decomposition brocess. Simply relaxin
that no ST borders another. u v position p . SImply ing

the geometry may not achieve tifsinstead, the simulation

Hafnon and zircon are the best characterized MSOs, and

. . . ) must be designed to allow substituted atoms to escape local
so their crystalline configurations are chosen to generate our . .

starting geometries for other homogeneously mixed Msogninima and attain more _approprlat_e f:oordmatlon Ie%ls._
Due to the computational restrictions, most calculations

A similar strategy is followed in Ref. 21. These MSOs a®have been performed using 24-atom cells. However, for the

fully stoichiometric, with only Si—O and1-0O linkages(no L
direct M—Si and all O connected to botid and Si, match- purpose of validation a 192-atom cell has also been com-
' puted, derived from a 82X 2 expansion of the 24-atom

ing the Rutherford backscattering Spectroscais) results hafnon cell. A radius relative to the center of the simulation

for as-deposited film&". Appropriate substitutions are made X . ) . .
at Hf/Zr or Si sites in the 24-atom tetragonal hafnon/zirconce" was defined, and all Hf atoms lying outside this radius

. oo o were substituted by Si atoms. This resulted in hafnon clusters
cell to give cells ranging in composition fromgO,¢ to . - . . .
. . L .. _embedded in a silica matrix, with cell composition
SigO16 We thus obtain 14 symmetry-distinct compositions f1:Sic 10125 X=0.20
for each of HSO and ZSO. These unrelaxed structures with! 13519128 X=0.20.
all atoms(including substituted atom®n the initial hafnon
(zircon lattice sites are referred to as the “initial” configu- C. Structure optimization and simulated annealing
ration for a given composition.

After varying material composition by substitution of at-
oms into reference cells, atomic positions and lattice param-
eters are allowed to relax while minimizing the total DFT
electronic energy, resulting in a local energy minimum ge-
ometry atT=0. These configurations resulting directly from

TABLE Il. HSO mixing energies AE.;, (eV/RO, and densitiesp
(RO,/nmP); see Fig. 4.

X Cell AEinit AEPre AEg‘?iit ppre ppost

mix mix

0.0 a-Sio, 2 38.9 38.9

0.125 H{Si;O4¢ +2.17 +1.34 +1.34 355 36.0
0.25 H%Sig016 +1.43 +0.95 +0.94 335 33.4
0.375 HESisO16 +0.68 +0.55 +0.51 321 31.8
0.5 Hf,Si,016 -0.06 -0.06 -0.06 30.7 31.1
0.625 HESi;O46 +1.24 +0.26 +0.26 29.3 29.4
FIG. 2. Polyhedral structure of zircon/hafnon viewed along fthel 0  0.75 HESLO46 +254  +052  +018 279 291
direction with SiQ tetrahedra displayed in light gray aiMiOg dodecahedra  0.875 H£Si,046 +3.84 +0.77 +0.36 26.7 27.4

in dark gray. As in Fig. 1, ST and/ dodecahedra are edge linked in 1.0 m-HfO, 34.4 34.4
M—0O,—Si chains along=[0 0 1]. There are no ST-ST linkages.
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5 7 T T 5 r : :
Unrelaxed ions —+— Unrelaxed ions ——
Pre-anneal ions —<— Pre-anneal ions —>—
4 Post-anneal ions —x— 4 r Post-anneal ions —¥—
o) o)
£ 3¢ & 3}
> >
2, ] 9,
3 2+ - 3 2F E
SN S
< 1 T i < 1T ]
f m<
0 < 0 ¥
-1 1 1 ' s L -1 L L L | !
0.125 0.25 0.375 0.5 0.625 0.75 0.875 0.125 0.25 0.375 0.5 0.625 0.75 0.875
X (Zr fractional composition) x (Hf fractional composition)

FIG. 3. ZSO mixing energies for initial, pre-, and postanneal structures. Se€lG. 4. HSO mixing energies for initial, pre-, and postanneal structures. See
Table I. Table II.

minimization of the initial configurations are referred to asA. Preanneal structures
“preanneal” structures. The preanneal structures are then . I . .
b b On allowing the initial configurations to relax to the pre-

used as starting geometries fab initio MD simulations . S ) .
(classical ion dynamics on the Born—Oppenheimer DFT enginneal MSOs, there is a marked lowering in energy; see Figs.

ergy surfacg using vAsp. The MD simulations enable local 3 and 4. @s c?n be agt't(.:t'p?ted frcl)n:- thei ctcr)]orcri]m?tlor} num-
energy barriers of the order of the ionic kinetic energies to b@ers resulting from substitutions refative to the hatnon/zircon

overcome, and the ions are allowed to explore larger regiongtructures, these highly mixed structures are extremely un-

of configuration space. A time step of 1 fs was chosen. Aﬂeﬁtable. The stabilizati_on .is larger for théO,-rich silicates
equilibration for 1.8 ps tar=600 °C, Maxwel-Boltzmann- %~ 0.5 than for the Si@rich structuresx<0.5. They relax
distributed random velocities are aésigr(again at 600 °¢ to a local minimum that reduces the coordination for Si at-
and the system is simulated for an additional 1.0 ps withirP? ™S and increases that bf atoms. Despite this relaxation,

the microcanonical ensemble. Instantaneous temperatuFBe preanneal MSO'8# 0.5 remain thermodynamlqal_ly un-
fluctuations remain well below the hafnon/zircon melting stable(AE,,>0) and so represent local energy minima.

points[~1700 °C(Refs. 8 and ¥. Following the MD simu- Figure 5 shows the atomic arrangement ob3O,¢
lation, a final energy optimizatiofiquench is performed. ~(X=0-29. Comparinga) the initial configuration andb) the
These final structures are referred to as “postanneal” strudréanneal structure shows that Si ions substituted into Hf
tures. If the original starting configuration is thermally Sites become displaced alofig 0 1J, lowering coordination
stable, the final geometry from this procedure will be identi-{© Sixfold, accompanied by a shortening of Si-O distances to
cal to the preanneal geometry. If the ionic kinetic energy isl-7 A. The original(nonsubstitutedsilicon sites remain tet-

sufficient to overcome local energy barriers, the structure§ahedral(Si—-0=1.6 A, but form complex polyhedra with

can relax to a lower-energy structure. The computational eXt_he SiQ that arise from substitutions to the lattice. This is

pense of our simulations requires us to consider small, perf2!S0 Visible in Fig. &). The majority of the O atoms neigh-
odic cells, limiting the study of large-scale effects such adooring Si atoms distort spontaneously into a twofold coordi-

amorphicity or diffusion. However, our simulation cells may nation, giving overall 37% of O in two-coordination. This is

be viewed as snapshots of early-stage decomposition, d@}ccompanied by contraction of the cell, an_8—_9% increase in
as idealized representations of an evolvihgO,/SiO, density(see Tables | and Il, where the density is expressed as
interface. the number of atoms, not mass, per unit voliinfée struc-

tural changes in the Si&rich regions of preanneal £igO4¢

are similar. In the regions of=0.25 that remain hafnonlike,

little change is apparent. The Hf/Zr sites remain largely un-
. RESULTS perturbed, maintaining eightfold coordination, with most O

atoms bonded to Hf remaining threefold coordinated. The

All pre- and postanneal MSOs with compositions differ- configuration changes described for0.25 reflect similar

ing from hafnon and zircom+# 0.5 are found to be thermo- bonding rearrangements within all computed preanneal
dynamically unstable relative to dissociation if®O, and  SiO,-rich MSOs.
SiO,, AE,,x>0 in Eq. (1). For the ZSOs, the data are in Similar results are observed for larger 192-atom cells
agreement with the features of the phase diagqrand itcan such as HfsSi5;0405 (X=0.20. The larger cell allows the Si
be inferred that details of the HSO phase diagram ar@toms substituted to Hf sites to further reduce their coordi-
similar® The data for the lowest-energy configurations arenation. The percentage of sixfold/fivefold/fourfold coordina-
given in Tables | and Il and depicted in Figs. 3 and 4. Thetion of Si in the cell is 8%/25%/67%, indicating that Si have
approximately linear variation of energy withmatches the reduced coordination and rearranged in the,SiCh regions
computed data or<<0.5 pAS O towards optimal four coordination. The resulting percentage
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FIG. 5. A2X 2 expansion of HfSigO, simulation cell viewed alonfil 0 0]

in ball-and-stick format. In order of increasing size: for black and white
graphs, Qlight), Si(dark), and Hf(white); and for color graphs, Q@ed), Si
(gold), and Hf(blue). (a) Initial structure. Substitution of Si into half of the
Hf sites of hafnon(one such site is indicated by the eight black bonded O
atoms. An arrow indicates the direction of Si movement betwéanand

(b). (b) Preanneal, optimizedc) Postanneal~600 °C), optimized. See
also Fig. 6.

FIG. 6. Polyhedral structure @) preanneal ZiSizO;5 and H;ESigO46, and

(b) postanneal ZSisO,¢, viewed along 1 1 0], with silica polyhedra light
gray andMOg dodecahedra oMO; decahedra dark gray. The postanneal
configuration of H§SigO,¢ is similar to(a). See also Fig. 5@ Compared to
the ideal configuration of zircon/hafnon in Fig. 2, neighboring silicon tetra-
hedra are formed within the Si@ich regions, breaking the characteristic
zircon/hafnon chains alon@ 0 1]. (b) Postanneal, Zr polyhedra show dis-
tortion and a drop from eight to seven coordination, which is a motif of a
monoclinic crystal structure.

of oxygen atoms in twofold/threefold coordination is 47%/
53%, distributed such that in the Si@ich region all O are
two-coordinated and all Si are four-coordinatedtcept for a
single three-coordinate SiAt the interface within the cell,
most O bonded to Hf+Si is three-coordinate. These data in-
dicate that the transformation to silica is complete in the
SiO,-rich regions. Of the Hf atoms, 38% have reduced their
coordination to sevenfold with all other Hf atoms remaining
eightfold coordinated.

For Zr;SisO16 and HESisO46 (x=0.379, the Si atoms
substituted into the lattice become fourfold coordinated with
Si-O bond lengths in the range of 1.8—2.0 A and some O
atoms becoming twofold coordinated. Most of the O atoms
nearM atoms remain threefold coordinated. These bonding
changes are accompanied by a small increase of 4% in den-
sity (Tables | and ).

Structural changes for £8i;0,4 (x=0.125 are most sig-
nificant within the SiQ-rich regions, with Si—Si distances
reduced to~2.7 A. Associated Si-O bonds shorten to
~1.8 A and link to preexisting silica regions within the
structure. Zr remains eightfold coordinated and O atoms near
Zr tend to stay in threefold-coordinated positions. The den-
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sity increases by 14%Table ). Structural changes in
Hf,Si;0,¢ are similar with Si-Si distances-2.7 A, Si-O
bond lengths~1.7 A, and a 14% increase in density
(Table 11).

Turning to theMO,-rich MSOs, Fig. 7 showiSi,O14
(x=0.75. In Fig. 7@ substitution ofM for Si produces
fourfold-coordinatedVl = Hf/ Zr within the chains along0 0
1]. The preanneal structurgBig. 7(b) and in polyhedral for-
mat in Fig. &a)] exhibit primarily displacements dfl and O
ions along(0 0 1), accompanied by decreases in density of
9%/11% (Hf/Zr, Tables | and ). There is still substantial
strain in the structures, evidenced by the 3.1-3.8 A range in
M—M distances. Unsubstituted chains are disrupted into
O,-bridged M—Si dimers whose local environment re-
sembles zircon/hafnon. Displacements within M&,-rich
chains are smaller: on@ ion’s local environment tends to-
wards sixfold coordination, while othé ions remain four-
fold coordinated, with two sucM =Hf/Zr ions highlighted
in Fig. 7(b). As before, the configuration changes detailed
here forx=0.75 also describe the general trend in changes in
structure and bonding for the other preanné&D,-rich
MSOs.

For Zr;Siz0,6 and HESi;O46 (x=0.623, it is found that
the M cation replacement for Si is largely accommodated
within the structuresM—M distances span the range of
3.1-3.8 A and the cell expands to give a 5%—6% decrease in
density(Tables | and I). There are no other major structural
changes. For 2Z6i;0;5 and HfSi;0;6 (x=0.879 the re-
placement ofM for Si is also largely accommodated within
the structuresM—M distances span 3.3-3.9 A and the asso-
ciated 13%-15% decrease in density probably reflects the
longerM—M distances.

B. Postanneal structures

After annealing, the Si®@rich structures show a further
reduction inAE,,, for some ZSOs, whereas for the Si€ich
HSOs there is little or no change in stability between the pre-
and postanneal structures. For t&©,-rich MSOs, there is
significant improvement in the relative stability for the post-
anneal structures with metal compositions 0.625, as can
be seen in Figs. 3 and 4. However, all postanneal MSOs with
composition x# 0.5 remain thermodynamically unstable
(AE,x>0), indicating that complete segregation int0,
+Si0, is not possible for the cell sizes considered here.

Figures %c) and @b) show postanneal ZBigO;5 (X
=0.25 structures. Relative to preanneal, the Si atoms of the
SiO,-rich regions tend toward fivefold coordination. Re-
maining Zr atoms become sevenfold coordinateot shown
in the baII-and_—stlck view but clearly seen in the ponhedraIFlG. 7. A 2x 2 expansion of HiSi,O, viewed along thé1 0 0] direction
view), Zr-Zr distances decrease t63.4 A, and there is an with a ball-and-stick model. In order of increasing size: for black and white
8° distortion in theB angle of the simulation cell: all of these graphs, Qlight), Si (dark), and Hf(white); and for color graphs, Qred, Si
results indicate a structural change toward monoclinid90!d. and Hf(blue. (@) Half of the tetrahedral Si of hafnon are replaced by

32 . . . o . Hf (one such site is highlighted darker along with a neighboring Hf.dii¢
Zr0,. This partlal CrySta”'Zatlon/reorgamzatlon IS accom- Preanneal, optimized. An arrow indicates the direction of Hf movement
panied by a 6% decrease in density. By contrast, th@etween(b) and(c). (c) Postanneal~600 °Q), optimized. See also Fig. 8.
Hf,SigO,6 Structure shows no decrease in Si—Si distances on
annealing[Fig. 5(c)], yielding only more ordered Si@rich There are similar but less extensive changes in the
regions of four- and fivefold-coordinated Si, and shortenedSiO,-rich regions of postanneal &3i50,5 and HESisO4¢ (X
Si—O bond lengths in the range of 1.6—-1.7 A. =0.379 relative to their preanneal geometries. There emerge
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consistent with a change towards the more dense crystalline
phase. Mixed regions of H$i,0,4 largely maintain their
hafnon structure.

In ZrgSi,O46, the four-coordinate Zr only partially move
through the Q@ face towards a neighboring interstice and this
results in Zr coordinations in the range of 5-7. Although
there is also an improvement in the packing of the polyhedra,
the structural transition is not as advanced as in the
HfeSi,046 Case, as indicated by Zr—Zr distances in the range
of 3.5—4.0 A. This suggests that further annealing would be
necessary to achieve level of ordering of the sample mea-
sured by EXAFS(Zr-zr~3.2 &).3*

In ZrsSis046 and HESI;046 (x=0.625, the small num-
ber of M cation replacements for Si has been largely accom-
modated within the preanneal structures, and so, even post-
annealing, théVi—M oriented alond0 O 1] remain relatively
short at 3.1 A. However, otheM—M distances become
spread over a greater range of values than those occurring in
zircon/hafnon. At the other extreme, /81,0, and
Hf,Si;0.¢ (x=0.879 have undergone major structural tran-
sition to layers or ribbons oM—-0O,—M, as described for
postanneal HSi,0,s Hf-Hf distances under 4 A span the
range of distances found within monoclinic and cubic hafnia/
zirconia. Densities increase 3%—4% with respect to prean-
neal values.

IV. DISCUSSION

A. Stability of zircon and hafnon
FIG. 8. Polyhedral structure @& preanneal ZjSi,O;5 and H§Si,O46, and

(b) postanneal HSi,0,¢, viewed along1 1 0], with SiO, tetrahedraST) Flgurgs 3and 4 revgal that eri@'nq HfS!Ql_ are. ther- )
light gray and metal polyhedra dark grey, with the latter comprisinkyl 6, modynamically stable with respect to dissociation into their
dodecahedraylOs octahedra, antflO, tetrahedra. See also Fig. 7. component oxides, but we find that the magnitude of this

AE,,x is small(Sec. Il B.. Analysis of their structures reveals

Do . : : that the thermal stability arises from the special symmetrical
shortened Si-Si distances of 2.6(# Zr;SisO;) and Si-O .
bonds of 1.7-1.8 A. The densgty is3 rgdulg)ed by 3% indrangement Of. S|Qtetrah<-:_‘dra(ST) andMOs dodecahedra.
Zr3SisO46. Apart from no significant change in density, post- (;hams of.Q—brldgedM—_Sl occur along th¢0 0 1] d|rec-_

: . _ L tion, allowing forM—M distances of~3.6 A, near the opti-
anneal ZySi;O; and HfSi;O;5 (x=0.125 show similar . i ) . . .
changes in Si-Si and Si—O distances. The cell asdt the mum M—M distance found in cubic zirconia/hafnia. In addi-

SiO,-rich ZSOs distorts at 3°~8° between pre- and postanyon, there are no Si—-O-Si in any direction and this means

neal structures. that ST are isolated from one another by the surroundiing

. : _ : dodecahedra, preventing immediate silica formation. It is
Figure 8b) shows postanneal 8,06 (x=0.75 in a ’ . . .
polyhedral view, and Fig.(€) shows a ball-and-stick view. A found that any deviation from these attributes creates regions

structural phase transition has occurred relative to the prearsi)—f instability in the structures.
neal structure. The Hf—Hf chains aligned aldfig0 1] of the
preanneal configuration are remnants of the initial hafno
structure. During anneal, we observe that these Hf atoms are From the preanneal configurations considered in Sec.
able to move through an{ace into neighboring octahedral 1ll A, we see that distortions occur spontaneously in the
interstices. As a result, the Hf@ich region consists exclu- SiO,-rich regions, increasing density and reducing Si—O
sively of edge-linked Hf octahedra in a ribbonlike arrange-bond lengths to 1.6 A, typical of silica networks. In addition,
ment along[1 0 0]. Hf—Hf distances are 3.3 A within the a significant percentage of the O atoms undergo a change
ribbons and the ribbons are separated by alternate Hf—Hfom threefold to twofold coordination, also typical of silica
distances of 3.3 and 3.9 A. The shorter distances compamgrowth. This has been confirmed with calculations on large
well with the ~3.2 A obtained by extended x-ray-absorption simulation cells. These Sithetworks appear to remain in an
fine structure(EXAFS) of an x=0.55 sample annealed at amorphous state, and extrapolating our findings for the
900 °C3* Although puckered in th¢0 0 1] direction, these SiO,-rich MSOs to as-deposited bulk films, it is inferred that
Hf—O,—Hf ribbons resemble those of rutile Hf&* How-  these effects lead to global segregation of a ,Spbase,
ever, the Hf—Hf distances are close to those found in monowithout crystallization of SiQ (<Ty4~1200 °Q. Contrac-
clinic hafnia, which is energetically favored over rutile. tion of Si—-O and lowering of coordination number are both
There is an increase in density of 4% relative to preanneahtomic processes that can proceed spontaneously without an

nB. Spontaneous decomposition of SiO  ,-rich MSOs
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energy barrier and this is consistent with the observation oMOS gate stack, Hf-based dielectrics perform better than
spinodal decomposition for Siich MSOs'!1218The rate  their Zr-based analogs. One reason is the consistently higher
of segregation will be limited by diffusion and viscous flow glass transition temperature of HSOs relative to ZSOs, at all
at a given temperature. compositions. Our models provide insight as to why this is
Our model does not shed light on the composition of theso. All simulated HSOx<1 were denser than the corre-
phase that remains after SiGegregationM—0,—Si units  sponding ZSO at a givex, both pre- and postanne@lables
persist in all of our calculations, characteristic of hafnon/l and lIl), so that the temperatures required for the diffusion
zircon, but this is an artifact of the idealized starting struc-of ions and growth ofMO, crystallites will be higher in
tures of our model. It is likely that formation of such units is HSOs than in ZSOs. This is supported by the finding of
kinetically suppressed in amorphous filli& he experimen-  Si—-O—Hf adsorptions in the FTIR of HSOs, while the equiva-
tal T4 at whichMO, crystallization occurs ix<<0.5 MSOs  lent ZSOs showed reduced Si—O-Zr absorptions and a sub-
greatly exceed th&, of bulk MO, (see Sec.)| which argues  stantial increase in those associated with symmetric Si-O-Si
for a distinct mixed phase or for strong interfaci@r  (although some of these may be due to dehydriaﬁon
particle-size effects®® In either case, it is possible that Some individual events in the first-principles simulations
hafnon/zircon-likeM —0O,—Si units are responsible, but our support this explanation. We observe, for example, that
model does not provide definitive evidence. SiO,-rich ZSOs undergo additional changes on annealing at
~600 °C (increased density, shorter Si—O bondshereas

C. Metastability of MO,-rich MSOs against nucleation the corresponding HSOs maintain Si-Si distance&y,y,
and density relative to preanneal, presumably requiring

For MO,-rich MSOs, the preanneal structures are able yigher temperatures for further segregati@ec. Il B). On
accommodate the replacement of Si by four-coordifdte 1o other hand. the motion of Hf across an face is ob-

through distortions of the surrounding ions, consistent Withseved in an individual simulated annealing MD run

the high dielectric constant &lO,. This is accompanied by \\hereas zr approaches but does not cross the face. Clearly,
significant reductions in energi€gables | and [I. Underco-  hase few MD runs do not represent a statistical sample.
ordinatedM is a consequence of our choice of an initial Theory and experiment therefore agree that Hf and Zr
structure, but we suggest that the preanneal distortions arngke,qoninary silicates are unstable as amorphous mixtures at
postanneal segregation that we observe are general: metal igft, T 1000 °Cc MOS processing temperatures. One way
coordination between five and eight is accommodated by disgyryarg is to increasd, by further modifying the material
tortions of theMO,-rich regions and lattice expansion, so composition, and our atomic-scale results suggest ways to
that these MSOs are strained, but metastable, ionic glasses pieve this. For< 0.5. Si—O—Si network formation may be

Thermal treatment and subsequent quenching on most Qfreyented by forcing O into three coordination. For the
the MO,-rich MSOs result in a further slight lowering of the higherk MSOs of x>0.5, it may be possible to hindéy

energy, but the associated structural changes are dramatic. f¢s,sion by hardeningM—O vibrational modes, although
transition to a rutilelike phase is initiated within the ihis would in turn reducé. '

MO,-rich regions of HfSi,Oy¢ Zr;SiiO16 and HESI; Oy

Simulations showM passing through an {face at elevated

temperatures, but more generally we suggest that sufficient

thermal excitation of soft M—O modesuch as that of Zr V. CONCLUSIONS

opposing O in zirco??) will mediate the transformation to ) o )
nuclei of crystalline zirconia/hafnia. Indeed, the postanneal 1he chemical and phase stabilities of amorphous kigh-
M—M distances that we compute are similar to those of thé}l!electrlcs are critical to_ the|r_ appll_c_atlon in MOS_ technolo-
monoclinic phases. We conclude that growth\®, crys-  9i€S: In hafium and zirconium silicaté#10)(SiOz)1,

tallites is strongly favored, but that an energetic barrier to thdn® dielectric constant increases wihO, content but the
movement ofM cations through the O sublattice must be temperature limit for the amorphous phase decreases, imply-

overcome, which can be achieved by short anneals nedfd @ trade-off between maximum dielectric constant and

T,(MO,). This sequence of events is interpreted M©, mgte_ri?l i'gigl_rity'l onm our id(re]alizeqd mqfde(ljs hand first-
nucleation and will be followed by growth of crystallifss ~Pr'ncip'es calculations, we have identified the atomic-

aroundMO, nuclei within the silicate, again consistent with Scale driving forces which apply generally for early-stage
experimental finding&® decomposition of amorphous silicates.

SiO,-rich silicates are found to be unstable and to un-
dergo demixing consistent with spinodal decomposition into
separate phases, driven by growth of amorphous silica net-

Other computational work finds that slight differencesworks through spontaneous lowering of O coordination and
between Hf and Zr impact the electronic and vibrational be-by reducing Si-Si and Si—O distances. On the other hand,
haviors of the oxides/silicates, and hence affect the dielectriéO,-rich silicates(M =Hf,Zr) are metastable ionic glasses
constant®®* The overwhelming result of our simulations is up to appropriate glass transition temperatures, because of
that Hf and Zr silicates behave very similarly at the atomicenergetic barriers to the motion & through the O sublat-
scale. The differences in sizes are negligible, with Hf showtice. On annealing, phase segregation is drivenNbyM
ing atomic and ionic radii that are 0.01 A less than those oflistance optimization towards formation BfO, crystallites
Zr.>® However, there is now a consensus that, for use in thé¢hrough nucleation and growth. The implication for future

D. Implications for materials design
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