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Dielectric Properties of High-« Oxides: Theory and Experiment for Lu,0;
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We present a combined experimental and theoretical analysis of the dielectric and vibrational properties
of crystalline lutetium oxide in its ground-state bixbyite structure. The vibrational dielectric function of
Lu,0; thin films grown by atomic-layer deposition was studied by infrared transmission and reflection-
absorption spectroscopies, selectively accessing transverse and longitudinal optical frequencies. The static
dielectric constant is extracted analyzing the infrared response. We also present first-principles density-
functional linear-response calculations, which are in close agreement with experiment, and provide insight
into the microscopic nature of vibrational spectra and dielectric properties.
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The relentless demand for increased performance of Si-
based microelectronic devices calls for ever decreasing
device sizes. This downscaling process has led to the
need to replace SiO, as a dielectric insulating material
for gate electrodes, one of the key ingredients of the
metal-insulator-semiconductor transistor, the basic build-
ing block of microelectronics. Size downscaling indeed
requires a progressive decrease of the dielectric thickness
of this insulating layer, d/ &, with d the physical thickness
and g the static dielectric constant, frequently indicated
also with k. Because of its small dielectric constant, SiO,
as a gate insulator has reached a physical thickness of
1-2 nm. With this thickness a high leakage current, due
to direct tunneling, compromises the oxide functionality.

A possible solution to this problem is to reduce d/e,
adopting a material with a dielectric constant significantly
higher than SiO,, thus avoiding extreme reductions of the
physical thickness. The quest for a dielectric for the re-
placement of silica in Si-based devices has focused the
attention of the scientific community on the class of high-«
insulators [1,2]. Besides their technological relevance
these materials pose intriguing basic questions, among
them the nature and origin of their large dielectric constant.
In this Letter, we unfold the physical origin of the high g
and its direct connection with lattice dynamics and polar-
izability in these materials, analyzing the specific case of
Lu,O3. Our work develops linking the experimentally
determined infrared dielectric function e(w) with first-
principles linear-response calculations, correlating the
macroscopic electrodynamical response with an atomic-
scale quantum-mechanical description. The results are
eventually generalized for other high-x oxides with the
same two to three stoichiometric ratio.

Lu,O5 films were grown by atomic-layer deposition
(ALD) at a growth temperature of 370 °C [3]. Each single
growth cycle consisted of separate pulses of (i) a bis-
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cyclopentadienyl-Lu compound as a precursor of Lu [3]
(duration: 11 s); (ii) N, for purging (8 s); (iii) H,O as O
precursor (11 s); (iv) N, to purge again (8 s). The cycle was
repeated 1600 times. Since the as-grown film was amor-
phous, we induced crystallization by annealing at 650 °C
for 30 s in N,. The film thickness and the surface rough-
ness were determined by x-ray reflectivity to be d =41 nm
and o = 1 nm, respectively. The film was polycrystalline
with randomly oriented grains having the bixbyite struc-
ture as determined by x-ray diffraction. Within the same
deposition run, we grew the film both on Si and on metal
substrates for transmission and reflection-absorption ex-
periments, respectively. The Si substrate was a 0.5 mm
thick wafer covered with a 1 nm thick chemical SiO, layer.
We chose an orange-peel back (roughness ~5 wm) to re-
duce the effects of interference in transmission experi-
ments. The metal substrate was a 50 nm thick cobalt
disilicide layer grown by solid-state reaction of a Co layer
on Si at 725 °C.

The infrared response was determined through Fourier-
transform infrared spectroscopy [4] with a Bruker IFS66v/s
spectrometer operating in a 1 mbar vacuum to remove air-
related absorption bands. The experimental far-infrared
(FIR) configuration (50-600 cm™') employed a mylar
beam splitter, whereas the midinfrared (MIR) configura-
tion (400-1000 cm™!) was based on a KBr splitting ele-
ment. The detector was a DTGS pyroelectric bolometer.
Polarization was achieved with a Specac GS12000 holo-
graphic polarizer, guaranteeing a degree of polarization
better than 95% for @ > 250 cm™!.

Structural parameters, vibrational frequencies, oscillator
strengths, effective charges, electronic dielectric constants,
and phonon eigenvectors (full details will be presented
elsewhere) were calculated within density-functional per-
turbation theory (DFPT) [5] in the local-density approxi-
mation. We used the ABINIT code [6], with custom-made

© 2005 The American Physical Society



PRL 94, 027602 (2005)

PHYSICAL REVIEW LETTERS

week ending
21 JANUARY 2005

norm conserving pseudopotentials for both Lu and O, &
summations on a (222) mesh and an 80 Ryd energy cutoff
for the plane-wave basis. From convergence studies we
estimate an ~10 cm™! error bar on predicted frequencies.
The ground-state structure of Lu,0j is cubic bixbyite, with
a 40-atom primitive cell, space group /a-3. Its calculated
lattice constant 10.385 A compares well with the measured
bulk value [7] of 10.391 A and is slightly higher than
10.34 A measured on ALD-grown thin films [3]. The
structure supports 16 IR-active threefold degenerate T,
modes.

Figure 1 shows the infrared transmission spectra of
Lu, 05 for various incidence angles ¢. In the normal (¢ =
0°) transmission spectrum reported in (a), the radiation
is s polarized, and only TO frequencies are detectable.
Transmission spectroscopy is advantaged over other ex-
perimental geometries because the film thickness negligi-
bly affects the band position [8]. The spectrum was fitted
via spectral simulation (SS) using the model of superposi-
tion of classical oscillators, as described by the equation
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FIG. 1. (a)-(d) Transmission spectra of Lu,O3; on Si (solid
lines). (a),(c),(d) Experimental spectra for different ¢.

(b) Normal transmission spectrum from density-functional per-
turbation theory (see text). All the experiments were in the far-
infrared configuration. The resolution Aw is shown to the left of
each spectrum. The dotted lines are the spectral simulations.

where wrgj, Y10;, and S; are the frequency, the damping
constant, and the oscillator strength of the jth oscillator.
Polycrystallinity and cubic structure ensure an isotropic
behavior of the dielectric function. §; indicates the average
of the total strength of the jth triplet, S; = 3<Sjl-’2’ ordy =
Tr{S}’Z’ °r31 Optical effects in the experimental spectra
were taken into account in the SS with the Fresnel solution
to the problem of multilayer absorption in the form derived
by Hansen [9].

In Table I the parameters extracted from the experimen-
tal results are compared with those determined by DFPT.
The agreement can be pictorially represented inserting in
the SS algorithm the values from DFPT and assigning to
each v, the arbitrary value of 20 cm™!, Fig. 1(b). For wave
numbers below 200 cm ™!, a set of low-intensity modes is
predicted (modes TO1 to TO7), but not detected for an
insufficient signal-to-noise (s/n) ratio. Interference fringes
appear in this spectral region as the wavelength A is larger
than the roughness of the backsurface of the wafer, which
therefore acts as an etalon mirror [8]. The fringes are not
present in other FIR experiments because of the reduced
instrumental resolution.

The experimental and theoretical TO spectra are in close
agreement, within 5% in the determination of the energy.
The strengths of the two most intense modes, which are
responsible for the 80% of the value of the lattice dielectric
constant g, are also in a similar range of agreement. This
is nontrivial from the theoretical viewpoint, as the inten-
sities are determined by anisotropies in the dynamical Born
charges which can be accessed only from first principles.
Modes TO8 and TO12 exhibit a neat single-oscillator
behavior, whereas the band around 330 cm™! is a super-

TABLE I. TO parameters from first-principles calculations
and from the SS fit of the normal transmission spectrum.
Mode Theory Experiment

Label wrq; (ecm™h) S, w1 (cm™1) S; Yr0; (cm™)
TOl1 86 0.04

TO2 114 <0.01

TO3 125 0.05

TO4 132 0.07

TO5 145 <0.01

TO6 183 0.03

TO7 218 <0.01
TOS8 300 4.28 295 4.6 22
TO9 339 0.53 328 0.4 18
TO10 354 0.67 340 1.1 17
TOI11 374 0.03
TO12 391 1.74 377 1.7 20
TO13 428 0.15 431 <0.1 10
TO14 499 0.08 485 <0.1 10
TO15 526 <0.01 512 <0.1 12
TO16 578 0.14 571 0.1 17
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position of TO9 and TOI10, as predicted theoretically.
TO12 shadows TO11 as the latter is 2 orders of magnitude
less intense. TO13 is also very weak, but can be detected
because it is more isolated. The observed modes TO14 and
TO16 are similar to the calculated ones. Although pre-
dicted to be very weak, TO15 is in fact detectable experi-
mentally. All TO bands drop in intensity as Ej, the
component of the electric field parallel to the sample
surface, diminishes in non-normal incident radiation ex-
periments, Figs. 1(c) and 1(d).

From the polar character of the material, one expects a
sizable separation of TO and LO frequencies. In trans-
mission experiments, the Berreman effect allows the direct
observation of LO frequencies in thin films [10]. In the
wave number range considered in this Letter, 50 < o <
700 cm ™!, the condition A 3> d for the manifestation of
the Berreman effect is widely satisfied. The transmission
spectra collected at non-normal angles with p-polarized
radiation, Figs. 1(c) and 1(d), show other bands increasing
with E |, the orthogonal component of the electric field.
The bands observed at 539 (LO1) and 611 cm ™! (LO2) are
related to the main LO frequencies and are consistent with
the calculated values predicted at 542 and 622 cm™!. The
parameters extracted from the SS of Fig. 1(a) reproduce
satisfactorily the off-normal transmission experiments
when setting &,, = 4.

In general, due to mode coupling [11], the LO eigen-
vectors are linear combinations of all TO eigenvectors; i.e.,
a LO mode cannot be related unambiguously to a single
TO mode. Their relationship can be quantified projecting
the LO mode onto all TO modes. For example, the most
intense LO2 mode has projections 0.75, 0.40, 0.38, and 0.19
on TO16, TO12, TOS, and TOI14, respectively, which
account for 90% of the eigenvector norm. The other main
mode LOT1 has projections 0.65, 0.36, 0.40, and 0.37 (85%
of the norm) on the same TO modes. All other calculated
LO modes are much weaker and each of them can be
identified as deriving, for 90% of the norm, from a single
TO mode very close in energy (within 10 cm™1).

The LO spectrum can be isolated from the TO spectrum
with reflection-absorption experiments if the thin film is on
a metal substrate. In the limit of extremely thin films and
perfectly conductive metals, E is quenched and the TO
bands are completely removed from the spectrum.
Figure 2(a) shows the spectrum in units of reflection ab-
sorbance, defined as the logarithmic ratio between the
reflectance of the reference and of the sample. As the LO
frequencies are expected for w > 400 cm™!, we preferred
a MIR configuration for better s/n ratio and resolution. The
SS is also reported superimposed to the experimental
results [12]. Partial discrepancy is ascribed to the non-
complete collimation of the beam in the reflection experi-
mental setup. The bands previously observed in off-normal
transmission are isolated and exhibit slightly higher fre-
quencies (541 and 613 cm™!). This feature is typical of
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FIG. 2. (a) Grazing-incidence reflection-absorption spectrum
of Lu,O3 on metal (solid). The resolution Aw is shown in the
panel. The dotted line is the spectral simulation. (b) Theoretical
prediction of longitudinal optical modes energies and intensities.

reflection-absorption experiments, where the position of
the spectral maxima slightly depends on the thickness of
the film [13]. The LO energy loss function —Im(1/¢) is
proportional to the SS in Fig. 2(a) [14]. We show in
Fig. 2(b) the computed bulk LO frequencies and
intensities.

We now focus on the static dielectric constant of lute-
tium oxide and discuss the microscopic origin of the lattice
contribution g; . The data in Table I yield 8 and 7.80 for the
experimental and theoretical g;, respectively, which fur-
ther confirms the accuracy of the calculated spectrum.
Similarly, the experimental &, = 4 agrees with the theo-
retical &, = 4.18. The experimental and theoretical esti-
mates of gy are hence 12 and 11.98, respectively, both in
agreement with the value of 12 = 1 extracted from
capacitance-voltage curves in the 10—100 kHz range [3].
The main contributions to g; are due to TO8 and TO12,
which involve almost exclusively polarization by O-atom
displacement. Indeed, for all modes above TO7, we find
|§§)| /15| > 10, where L} is the partial mode-charge vector
for atom X [5], i.e., the dipole moment contribution gen-
erated by the collective displacement of all atoms of spe-
cies X in the jth normal mode. This can be seen in Fig. 3,
which displays for all TO modes the modulus of the O and
Lu partial mode-charge vectors cj? and ;jL.u and of their sum
L; = L? + ;" (panel a). The angle « between {7 and L} is
displayed in panel b. All IR efficient modes are dominated
by oxygen-related dipoles. Mixed or Lu-related modes at
low frequencies are inefficient due to their small dipole
moment and/or to the misalignment of the two contribu-
tions. On the basis of these results, we expect that g,
should be similar for all bixbyite structure A,Oj; if the
mass ratio my/mg is sufficiently large. This appears to
hold already for Y,0; (my/mg < 6), whose TO IR spec-
trum [15] closely resembles Fig. 1(a).
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FIG. 3. (a) A comparison among total, O-related, and Lu-
related transverse optical mode-charge vectors. All modes above
about 300 cm ™! are mostly O related. (b) Angle «a between Lu-
and O-related partial mode-charge vectors. Small angles mean
constructive composition of the vectors.

The value of g; of lutetia is not very high because of the
large frequencies of the dominant IR modes and of the
moderate dynamical charge anomaly (the average trace of
the cation dynamical charge tensors is 3.65 versus nominal
ionicity of 3). We note that, in the competing hexagonal
structure (unstable for Lu,05, but stable for, e.g., La,03),
the main IR modes are also oxygen dominated, but have
lower frequencies, 220 cm~! in plane and 260 cm™! on
axis, resulting in a larger &, 20 in plane and 17 on axis.
The average dynamical charges are very similar in the
bixbyite and hexagonal phases, so we conclude that, in
general, hexagonal A,O; should have dielectric constants
1.5-2 times larger than bixbyite A,O5. The precise value
depends on the dynamical charge tensor of the specific
cation (preliminary results for La,O; give a cation charge
of 4.3).

In summary, in this Letter we presented a detailed
analysis of the infrared dielectric function of a complex
high-« insulator, bixbyite Lu,0Os. This joint experimental
and theoretical work provides a detailed insight into the
origin of the value of g; in high-« materials in general —
i.e., of the very reason which makes this class of materials
fundamental for current research-level and forthcoming
production microelectronic devices. Experimental and
theoretical results, in excellent mutual agreement, establish
a robust link between lattice dynamics and dielectric prop-
erties in high-« materials.
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