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First-principles study of structural, vibrational, and lattice dielectric properties of hafnium oxide
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Crystalline structures, zone-center phonon modes, and the related dielectric response of the three low-
pressure phases of Hithave been investigated in density-functional theory using ultrasoft pseudopotentials
and a plane-wave basis. The structures of low-pressure Hi@ymorphs are carefully studied with both the
local-density approximatiofLDA) and the generalized gradient approximation. The fully relaxed structures
obtained with either exchange-correlation scheme agree reasonably well with experiment, although LDA yields
better overall agreement. After calculating the Born effective charge tensors and the force-constant matrices by
finite-difference methods, the lattice dielectric susceptibility tensors for the thregpif@ses are computed by
decomposing the tensors into the contributions from individual infrared-active phonon modes.
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Hafnia (HfQ,) is technologically important because of its The Z* tensors, defined viaP=(e/V)=,Z - Au;, are ob-
extraordinary high bulk modulus, high melting point, andtained by finite differences of polarizatiori®) as various
high chemical stability, as well as its high neutron absorptiorsublattice displacementsu) are imposed, with the elec-
cross section. Hf® resembles its twin oxide, zirconia tronic part of the polarizations computed using the Berry-
(Zr0Os), in many physical and chemical properties. The re-phase approact? HereV is the volume of the unit cele is
semblance is attributable to the structural similarity betweenhe electron charge, aridabels the atom in the unit cell. We
the two oxides, which can in turn be explained by the chemithen calculate the force-constant matrii;* = — oF "/ ouf
.caI'S|m|Ia'1'r|ty of.Hf'and Zr which have similar atomic and :—AF?/Auf by calculating all the Hellmann-Feynman
ionic radii (i.e., ionic radii for Hf* and zZf* of 0.78 and forcesF“ caused by making displacememl;% of each atom
0.79 A, respective)) as a result of the so-called lanthanide !

. : X in each Cartesian direction in tuf®Greek indices label the
contraction. Under ambient pressure, both oxides are mon@s, tasian coordinatesThe resultingd matrix is symme-
clinic (m, space groupP2;

/c) at low temperature, and ;4 to clean up numerical errors, the dynamical matrix
transform to a tetragonal _structuret, ('space group Dﬁﬁ:(MiMj)—uz@ﬁﬁ is constructed, and the latter is then
P4,/nmg and then fo a C.Ub'c structure_:,(space group diagonalized to obtain the eigenvalu@;% and eigenvectors
Fm3m) as the temperature increases, as illustrated in Fig. 1§

e o . X Eing-
cu : g‘hsﬁbrsntzﬁlia?lxcl)iz(()jifgleg;frcl)cr?sh;\r/eecigetr(])t\lala?gse:‘lirtlgtianfgoa% The static dielectric tensor can be decomposed into a con-

. . S ribution €,, arising from purely electronic screening, and the

replacement for Sigas the gate dielectric in complementary contributions of tﬁe IR-ae:tiveyphonon modes acc%rdir?g to
metal-oxide-semiconductor devices. BfOZrO,, and their '

SiO, mixtures show promise for this purpo%&Thus, a sys-

tematic theoretical investigation of the structural and dielec- 0 _ o 4me? 2’{;;‘3
tric properties of these dielectrics, in both bulk and thin-film €ap= €apt MoV & o2 @
A

form, is clearly desirable. As a first step in this direction, we
have, in a previous papérnvestigated the bulk structures =, N " .
and lattice dielectric response of ZrQpolymorphs. We Here theZy, =2isZi, ;(Mo/M;) ¢ ) s are mode effective
found that the dielectric responses vary dramatically with th&€hargesg is the electron chargél, is a reference mass that
crystal phase. Specifically, we found that the monoclinicVé take for convenience to be 1 amaj, is the frequency of
phase has a strongly anisotropic lattice dielectric tensor and§€ Ath IR-active phonon mode, andis the volume of the
rather small orientationally averaged dielectric constant ow3-atom, 6-atom, or 12-atom unit cell for cubic, tetragonal, or
ing to the fact that the mode effective charges associated

with the softest modes are relatively weak.

This Brief Report presents the corresponding work on ; b
HfO,, providing the first thorough theoretical study of the :
structural, vibrational, and lattice dielectric properties of the : °
HfO, phases. Such properties are naturally expected to be 3 :
similar to those of Zr@ in view of the chemical similarities a
mentioned above. We find that this is generally true, although
we also find some significant quantitative differences in
some of the calculated properties. FIG. 1. Structures of the three Hf@hases. Small dark circles

The calculation of the lattice contributions to the staticand larger open circles denote Hf and O atoms respectively. Hf-O
dielectric tensofe, entails the computations of the Born ef- bonds are only shown im-HfO,. In t-HfO,, the arrows indicate
fective charge tensoz* and the force-constant matricds the shift of oxygen pairs.

Cubic Phase Tetragonal Phase Monoclinic Phase
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TABLE 1. Calculated structural parameters for three KfO TABLE II. LDA dynamical effective chargeZ* for HfO,
phases using both LDA and GGA. Lattice parameters, c are in phases(Values in parentheses are GGA reslilts.
A, B is in degrees, an¥ (volume per formulgis in A3. Internal

coordinates, y andz are dimensionless. Hf (o) O,
Present  Present  Previous zro  Cubic 5.85 —2.93 —2.93
LDA GGA LDA®  Expt”  LDA® Tetragonal
Cubic x'x’ 5.84 —3.53 -2.31
Vv 31.95 36.15 32.01 3277 3195 VYV 5.84 —231 —3.53
a 5.037 5.248 5.04 508 5037 ZZ 5.00 —2.50 —2.50
Tetragonal Monoclinic
v 3277 37.74 325 3206 XX 556 (557 —3.09 (—3.10) —2.48 (-2.47)
c 5127 5373 511 5100 XZ 0.96 (09) -058 (-0.53) —0.39 (-0.36)
vy 555 (557 —273 (-270) —2.82 (-2.87)
Monoclinic yz 014 (007 -071 (-061) 0.35 (0.40
\% 34.35 38.01 33.9 34.58 3435 zx 021 (027 -0.18 (-0.20) —0.07 (-0.09)
a 5.106 5.291 5.08 5.117 5.108  zy 041 (045 -0.61 (-0.51) 0.43 (0.4
b 5.165 5.405 5.19 5.175 5170 474 (464 —224 (—2.16) —258 (—2.52)
c 5.281 5.366 5.22 5.291 5.272
B 99.35 97.92 99.77 99.22 99.21
Xnf 0.280 0.276 0.280 0.276 0.277

Feynman forces are computed, atitl and®, are then con-

Y 0.043 0.039 0.044 0.040 0042 gtructed by finite differences from the results.
pa 0.209 0.209 0.208 0.208 0.210 .

Tabulated in Table | are the relaxed structural parameters
Xo 0.076 0.089 0.078 0.074 0.069 . .

1 for the three HfQ polymorphs, with the corresponding data
Yo 0.346 0.367 0.350 0.332 0.333 . . . .

1 for ZrO, listed in the last column for comparisénwhile
Z05 0.337 0.317 0.332 0.347 0.345 L .

1 several structural determinations forHfO, can be found in
Xo 0.447 0.447 0.446 0.449 0.450 . 1 .

2 the literature®! corresponding results for the tetragonal and
Yo 0.759 0.762 0.759 0.758 0.757 . -

2 cubic phases are relatively spaté&or has there been much
Z5 0.483 0.488 0.485 0.480 0.480 . o . .

2 theoretical work on hafnia; most important is the recent work
aReference. 13. of Ref. 13 which agrees quite well with our results. For
breference. 12 for cubic; Ref. 11 for monoclinic. m-HfO,, the parameters given in Ref. 11 were used as the
‘Reference. 4. starting point of our relaxation procedures, while forand

c-HfO, we started the relaxation from the zirconia experi-

monoclinic cases, respectivelyt., 5, the eigendisplacement mental structures. It can readily bg seen that. both the LDA
of atomi in phonon mode\, is normalized according to and GGA agree reasonably well with the previous work, but
S abinali v a=Oonr - that the LDA yields a better overall agreement. Our total-
The calculations are carried out within an ultrasoft €nergy calculations reproduce the correct energetic ordering
pseudopotenti8l implementation of density-functional ©Of the phasegmonoclinic then tetragonal then cubiasing
theory with a plane-wave basis and a conjugate-gradierftither LDA or GGA. _ _
minimization algorithm. The crystal structures of Hfoly- Our results for the dynamical effective charges are pre-
morphs are investigated in the local-density approximatiorpe€nted in Table Il. The symmetry ofHfO, requires thaZ*
(LDA) as parametrized by Ceperley and Afias well as in be isotropic on each.atom. [HHsz, the_ shifting of oxygen
the generalized gradient approximatiofGGA) using atoms creates two dlffere_nt conf|gurat|on_s for oxygen atoms
Perdew-Burke-ErmzerhofPBE) parametrizatiot® We find ~ (denoted @ and Q) and introduces off-diagonal elements.
that LDA yields slightly better agreement with the experi- Thus, it is more natural to refer to a reference frateg’-z
mental structures, and we therefore suggest that our LDAhat is rotated 45° about theaxis from the original Carte-
results for the dielectric properties are more reliable. Te 4 sian frame.Z* (O, ,) become diagonal in this frame. In
and 4p semicore shells are included in the valence in the Him-HfO,, there are two nonequivalent oxygen sites., the
pseudopotential, and an energy cutoff of 25 Ry is chosen. Ahreefold and fourfold oxygens, labeled ag&nd G respec-
4x 4x 4 Monkhorst-Pack-point mesh is found to provide tively). The crystal structure can then be regarded as com-
sufficient precision in the calculations of total energies ancdposed of three kinds of atoms, namely, Zt, @nd Q, which
forces, and a % 4x 20 k-point sampling is used for calcu- all have equally low symmetry, and their resulti#g ten-
lating the Berry-phase polarizatiGrEach atomic sublattice sors are neither diagonal nor symmetric. The presence of two
is displaced in turn along each Cartesian directiont®/2%  nonequivalent oxygen atoms with very different environ-
in lattice units, the electronic polarization and Hellmann-ments is reflected in the difference between the Born effec-
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TABLE Ill. Theoretical (LDA and GGA) and experimental TABLE IV. Frequenciesw, (cm 1) and scalar mode effective
(Ref. 19 frequenciegin cm™*) of Raman-active phonon modes in chargesZ} of IR-active phonon modes for HfOphases, where
monoclinic HfG,. Zr2=3 732
Irrep Mode LDA GGA Expt. 15 LDA GGA
Ay 1 128 125 113 Irep o, z; oy pay

2 142 132 133 Cubic
3 152 171 149 1 T, 286 112
4 261 248 256
5 326 339 323 Tetragonal
6 423 382 382 1 E, 117 1.26
7 514 440 498 2 Aoy 384 1.45
8 608 557 577 3 E, 536 1.13
9 738 640 672 -
Monoclinic
Bg 1 131 120 133 1 Ay 140 0.049 123 0.075
2 175 152 164 2 Ay 190 0.003 162 0.063
3 250 223 242 3 B, 246 0.887 223 0.823
4 380 318 336 4 A, 255 0.764 250 0.917
5 424 385 398 5 B, 262 0.121 252 0.297
6 533 466 520 6 B, 354 1.623 300 1.791
7 570 529 551 7 B, 378 1.126 331 1.081
8 667 627 640 8 A, 393 1.148 360 1.196
9 821 716 773 9 A, 445 1.218 391 1.226
- 10 B, 449 1.497 414 1.339
::’e‘?jzgzzd-ﬂ 11 A, 529 0836 456  0.676
o 12 B, 553 0.810 494 0.814
tive charge tensors for{and Q. The anomalously largé* 13 Ay 661 0.788 577 0.962
values indicate that there is a strong dynamic charge transféf* Ay 683 0.688 634 0.032
B 779 0.997 694 0.900

c

along the Hf-O bond as the bond length varies, indicating a-°
mixed ionic-covalent nature of the Hf-O bond. The resultant
relatively delocalized distribution of the electronic charge iSyetails about the Table deserve comméitWe omit the
very similar to ZrQ, and is quite common in partially cova- \yeak mode reported &, at 268 el in Ref. 15 because
lent oxides. _ _ it is not confirmed in Ref. 17 and it does not fit with our
Since HfQ is isomorphic to ZrQ, the analyst? of the  theoretical assignmentsi) We assign the 323 cnt mode
phonon modes 4t is the same for Hf@as for ZrQ." Of 36 ypserved in Refs. 15 and 17 Ag. (i) The feature observed

phonon modes predicted fom-HfO;, 18 modes (By 5t 872 cmit in Ref. 15 is presumed to be a two-phonon
+9Bg) are Raman active and 15 modes\(8 7B,) are IR 5r5cess and is omittediv) A weak mode is observed at
active, the remaining three modes being the zero-frequency73 ¢yl in Ref. 17: since this is consistent with our

translational modes. There are three IR-active modes, ( highest-frequency, mode, we assign it as such.

and twoE,) and three Raman-active mode%,§, By, and The frequencies of the IR-active phonon modes for the
Eg) for t-HfO,. Only one IR-active modéoneTy, triplet) i hree HfQ, phases are tabulated in Table IV together with the
predicted forc-HfO,. scalar mode effective charges. It can be seen that the fre-

The Raman spectra crE-HfOZ have been extensively gyencies calculated in GGA are shifted to lower frequency
measured experimentafl§;1but the situation is not entirely by ~10-16% relative to the LDA ones, while the mode
satisfactory® Issues concerning the number of modes a”dassignments coincide exactly. As indicated in EB), the

the mode assignments still remain unresolved, partially begontripution of a given IR-active mode to the static dielectric
cause of sample impurities and the broadness and weakness 2 4
A

Tk 2
of some observed features. Thus, @b-initio theoretical constant scales az_ fo . S0 that one or more low-
calculation can play an important role in establishing theffequency modes with large*’s are needed to yield a large
Raman assignments. Table Ill shows the frequencies of th@i€lectric constant. As can be seen from Table IV however,
A and B, Raman-active modes as calculated in LDA andthe few softest modes<(300 cni?) have relatively small
GGA, together with the observed frequencies from a polarZ*’s, while the more active infrared modes come in the in-
ized Raman measurement on a high-quality single cry3tal. termediate range of the IR spectrum (350-450~&mn The
The agreement is generally excellent; the observed Ramageneral pattern is very similar to the case of £rO
shifts mostly fall comfortably in the LDA-GGA range. A The lattice contributions to the dielectric tensors are ob-
later single-crystal(but unpolarizefl Raman spectruh  tained by summing the second term of E#j) over all the
shows almost identical mode frequencies. However, a fewWR-active modes. Using the LDA we find
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239 0 0 aware have been carried out on thin filigsesumed to be
it 0 239 0 monoclinig, and the reported dielectric constants span a
cubic= ' : wide range of 16—48181° Assuming an isotropie,.=5
0 0 239 we obtained orientationally averaged static dielectric con-
stants of 29, 70, and 1@8 in GGA) for the cubic, tetrago-
923 0 0 nal, and monoclinic Hf@ phases, respectively. Our results
then agree reasonably well with the more recent results in
da | 0 923 0| Ref. 19 (thin film ~1700 A) and Ref. 3(ultrathin film
0 0 107 <100 A) which reporte, to be 16 and 20 respectively. The
surprisingly highe, measured in other experiments could
131 0 18 possibly be explained by the presencet{H_ifOZ, yvhich is _
' ' known to be a metastable phase and which might be stabi-
et _ 0 108 0 | lized by film stress or grain-size effedts!®2° _
18 0 753 In summary, we have investigated here the Born effective

charge tensors, zone-centered phonons, and the lattice con-
tributions to the static dielectric tensors for the three HfO
phases. It is found that the cubic and tetragonal phases have
much larger dielectric response than the monoclinic phase,
with an even stronger anisotropy {fHfO, than int-ZrO,.

®rhe overall dielectric constants forHfO, and m-HfO, are
found to become smaller, whileHfO, has a much greater
dielectric constant, than the corresponding values in,ZrO
Moreover, our Raman results can be used in resolving the
puzzles associated with the Raman spectrummfdfO,.

(The corresponding matrix elements efs., in the GGA
tend to be larger than the LDA results by18%) When
compared with ZrQ, the off-diagonal elements a2t are
roughly doubled, while the diagonal elements becom
smaller. Most surprisingly, th&-y components okt be-
come more than twice as large as for Zr@hile thez com-
ponent decreases by28%. We find the isotropie™.. to be
23.9, somewhat smaller than the value of 31.8 for ZtO

A direct comparison of these dielectric tensors with ex-
periment is not feasible since there are few experimental This work has been supported by NSF Grant No. DMR-
measurements, especially on the cubic and tetragonal phas®9-81193. We wish to thank E. Garfunkel for useful discus-

On the other hand, most measurements of which we argions.
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