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We investigated the dielectric functions &(w) of Ir, Ru, Pt, and IrO,, which are commonly used as electrodes
in ferroelectric thin-film applications. In particular, we investigated the contributions from bound charges
£”(w), since these are important scientifically as well as technologically: the s}l’(O) of a metal electrode is one
of the major factors determining the depolarization field inside a ferroelectric capacitor. To obtain sll’ (0), we
measured reflectivity spectra of sputtered Pt, Ir, Ru, and IrO, films in a wide photon energy range between
3.7 meV and 20 eV. We used a Kramers-Kronig transformation to obtain real and imaginary dielectric func-
tions, and then used Drude-Lorentz oscillator fittings to extract eil’(O) values. Ir, Ru, Pt, and IrO, produced
experimental s}l’(O) values of 48+10, 82+10, 58+10, and 29+5, respectively, which are in good agreement
with values obtained using first-principles calculations. These values are much higher than those for noble
metals such as Cu, Ag, and Au because transition metals and IrO, have such strong d-d transitions below
2.0 eV. High s[]’(O) values will reduce the depolarization field in ferroelectric capacitors, making these mate-

rials good candidates for use as electrodes in ferroelectric applications.
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I. INTRODUCTION

Recently, studies have focused on the physics at the inter-
face of a ferroelectric (FE) material and a metal electrode,!?
in particular on the depolarization field and its effects.>* In a
FE capacitor, polarization charges are induced at the
metal/FE interface. These charges are screened by free car-
riers inside the metal. However, screening is not complete
due to the finite nature of charge screening, resulting in some
effective charges at the interface. These charges induce an
electric field pointing in a direction opposite to the polariza-
tion inside the capacitor. This depolarization field, E,, is a
very important physical quantity and governs the critical
thickness>* and domain dynamics® of ultrathin FE films.
When FE film thickness is reduced, the field’s effects be-
come more substantial.

Quantitative determination of E, values requires knowing
the values of some physical quantities of the metal electrode
as well as of the FE layer. Mehta et al.® used electrostatic
calculations to express the depolarization field as

e_ P ( 2e.ld )
T egep\2epld + £\

(1)

where P is the polarization inside the FE layer, d is thick-
ness, and &y is the dc dielectric constant of the FE layer.
Physical properties of the metal electrode layer are summa-
rized in the &,/\ term, where X is the screening length and ¢,
is the dc dielectric constant due to bound charges, £5(w=0).”
When an external electric field is applied to the capacitor,
free charge carriers accumulate at the interface. In addition,
bound charges inside the metal electrode shift position, so
slf (0) affects the effective screening at the interface. There-
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fore, understanding the intriguing physical phenomena oc-
curring within ultrathin FE films requires accurate knowl-
edge of the metal electrode’s slf (0) value.

Most commercial applications of FE devices use transi-
tion metals (such as Pt, Ir, and Ru) or transition-metal oxides
(such as IrO, and SrRuQ;) as metal electrodes.®® Theoreti-
cally, estimation of 8117(0) values can be straightforward: we
can calculate interband transitions and sum their contribu-
tions to the dc dielectric constant. However, most theoretical
calculations for metals have not estimated these interband
transition contributions separately. Experimental determina-
tion of 8’1’(0) is not trivial for any metal, since the free-carrier
Drude response is much greater and screens s?(O) behavior.
To the best of our knowledge, no report has provided s?(())
values for these transition metals or IrO,.

Ehrenreich and Philipp!® used optical spectroscopy to
measure £5(0) values for Ag and Cu; they experimentally
measured complex dielectric functions £(w) [=g;(w)
+igy(w), and &,(w) =470 (w)/ w] of the noble metals and fit
them with the Drude free-carrier response and Lorentz oscil-
lators. They were able to separate 8’1’(0) values by subtracting
the Drude free-carrier response from &,(w) and taking the
limit of w— 0. We used the same procedure to experimen-
tally determine the £5(0) value of SrRuO; and found that
8?(0)z8.17.4 Although SrRuO; had a lower carrier density
than the noble metals, it had a higher sll’ (0)value. Therefore,
determination of accurate 8'1’(0) values for other metal elec-
trodes (such as Ir, Ru, Pt, and IrO,) is essential in many
theoretical investigations of ultrathin FE capacitor physics,
as well as actual device applications. This paper reports s?(O)
values for Ir, Ru, Pt, and IrO,, which we obtained using
optical spectroscopy and first-principles calculations. We ob-
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served optical transitions in their optical spectra at frequen-
cies under 2.0 eV. These low-energy optical transitions are
mainly caused by optical processes involving d electrons.
Since the low-energy optical transitions greatly overlapped
with free-carrier responses, it was not easy to separate 8’1’(0)
from free-carrier contributions to £;(0).'"!> We attempted to
obtain accurate £(w) values by measuring reflectivity spectra
in a wide photon energy region (from 3.7 meV to 20 eV) and
by conducting a Kramers-Kronig (KK) analysis. We also
conducted independent ellipsometry measurements to verify
consistency. We used Drude-Lorentz oscillator fittings to
clearly separate free-carrier responses and optical transitions,
and evaluated their contributions to &,(0).We also performed
first-principles calculations on the dielectric responses of the
transition metals and IrO,; results were in good agreement
with experimentally determined £7(0) values.

Section II of this paper describes our experimental and
theoretical methods. Section III presents our experimental
and theoretical results. It also explains how we analyzed our
experimental optical spectra, and compares the experimental
and theoretical results of &(w) for each material, showing
that the commonly used electrode materials have quite high
s? (0) values. Section IV briefly discusses the origin of these
high £5(0) values. Section V summarizes the study’s main
conclusions.

II. EXPERIMENTAL AND THEORETICAL METHODS
A. Film fabrication

We used a sputtering technique to deposit Ir, Ru, and Pt
films on Si substrates and to deposit IrO, films on Al,O3
(0001) substrates. Si substrate surfaces had thin natural SiO,
amorphous layers, on which we grew the polycrystalline
transition metals. Since Pt and Ir have cubic crystal symme-
tries, they should have an isotropic £€(w), meaning that opti-
cal measurements of these polycrystalline films can provide
the same information as that obtained from the single crys-
talline samples. In contrast, Ru has a hexagonal close-packed
crystal structure, and IrO, has a rutile structure, which has a
hexagonal net in the ab plane. We used Al,O3 (0001) sub-
strates to grow IrO, films, since the hexagonal symmetry of
their surfaces would produce better IrO, films. Instead of
growing epitaxial Ru and IrO, films, we chose to grow poly-
crystalline films because they are more commonly used in
actual applications. In this case, the obtained optical spectra
should be interpreted as an effective dielectric function £(w)
of randomly oriented IrO, grains. Film thickness was mea-
sured using cross-sectional scanning electron microscopy
(SEM), and ranged from 366 to 415 nm. (Results indicated
that film skin depth should be much smaller than film thick-
nesses in most of the measured photon energy region.)

B. Optical measurements

We obtained reflectance spectra of electrode materials in a
wide photon energy range (3.7 meV to 20 eV) at room tem-
perature. We used two different Fourier transform spectro-
photometers to obtain spectra between 3.7 meV and 1.5 eV,
a grating monochromator to obtain spectra between 0.6 and
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FIG. 1. Reflectance spectra of Ir, Ru, Pt, and IrO,.

6.9 eV, and synchrotron radiation at the Pohang Light
Source (PLS) to obtain spectra above 4.8 eV. In addition to
these reflectance measurements, we used spectroscopic ellip-
sometry to independently measure optical functions of films
from 1.5 to 5.0 eV.

Figure 1 shows the reflectance spectra of Ir, Ru, and Pt
films from 3.7 meV to 20 eV. All measured reflectance spec-
tra exhibited typical metallic behavior in the low photon en-
ergy region: almost 100% reflectance. The low-energy high
reflectance in noble metals is close to 100% in the visible
region and begins to decrease near plasma frequencies in the
ultraviolet region. However, in this study we observed some
dips in reflectance spectra in or below the visible region of
the transition metals and IrO,, probably originating from
electronic transitions. Section III addresses these electronic
transitions in detail with corresponding conductivity spectra.

C. Kramers-Kronig analysis

The native oxide layer that possibly formed on transition-
metal film surfaces might have affected reflectance spectra.'3
To test for such an effect, we used results from our spectro-
scopic ellipsometry measurements to analyze thin-film ge-
ometry. Data indicated that native oxide layers (e.g., IrO,,
RuO,) that formed on transition-metal films were likely to
have thicknesses of less than 1 nm. Such thin native oxide
layers should produce only negligible changes in reflectance
spectra and KK analyses, and should fall within our experi-
mental errors.

We conducted KK analyses to obtain &(w) from measured
reflectance spectra. Since skin depth was much smaller than
film thickness in most photon energy regions, we could ig-
nore reflected light coming from the film/substrate. For KK
analyses, we extrapolated reflectance spectra in low-
frequency regions below our measurements using the Hagen-
Rubens relationship.'* For frequency regions above 20 eV,
we extended reflectance at 20 eV-30 eV and then assumed
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™ dependence. Optical functions independently obtained
using spectroscopic ellipsometry were quite consistent with
those obtained using KK analyses, indicating the validity of
the extrapolations we used in KK analyses.

D. First-principles calculations

We performed accurate first-principles calculations em-
ploying a full-potential linearized augmented plane-wave
(FLAPW) method" within the local-density approximation.
We treated core states fully relativistically, and for valence
states we treated the spin-orbit coupling interaction in a self-
consistent second variational way. We employed an energy
cutoff of 13.0 Rydberg for the plane-wave basis and used [
=38 spherical harmonics inside the muffin-tin radius. We
adopted crystal structures and lattice constants from experi-
ments for the simple metals. IrO, has six atoms in a tetrag-
onal unit cell: two metal atoms at (0, 0, 0) and (0.5, 0.5, 0.5)
and four oxygen atoms at #(u,u,0) and =(0.5+u,0.5
—u,0.5). We obtained the optimized atomic position of oxy-
gen of u=0.309 for IrO, using atomic force calculations as-
suming the experimental lattice constants of a=8.500 a.u.
and ¢/a=0.701.

We calculated dielectric functions within an electric di-
pole approximation. Imaginary parts of the dielectric func-
tions for interband transitions are expressed as'®

_8me?
812nterband( . EVE Ek: |<C k|e . -E (k)
- h o], (2)

where ¢ and v are the conduction and valence states, respec-
tively, |n,k> are the FLAPW eigenstates, p is the momentum
operator, and € is the external field vector. Integration in k
space used a modified tetrahedron method with a grid con-
taining about 500 and 3000 k points in IBZ for FLAPW and
optical properties calculations, respectively. We used KK
transformations of the calculated &)"*™(w) to obtain
gime®ad( ) 17 Our calculations did not include Drude-type
intraband transitions (which are often added to provide better
descriptions of low-energy optical properties, especially for
metals) so that results could be directly compared with ex-
perimental results of the contribution of bound electrons.

III. RESULTS AND ANALYSIS
A. Experimental £°(w)

We analyzed the experimentally measured &(w) using
Drude-Lorentz oscillator fittings. Figure 2 displays results
for the Ir film. (Figures 3-5 provide similar results for Ru,
Pt, and IrO, films, respectively.) The empty circles in Fig.
2(a) show o(w) obtained from KK analysis. We fitted these
oi(w) with a Drude term and a summation of the Lorentz
oscillators,

2 2 2
e npvYp e n;y;w
o(w=——"5+—=2 555, )
! m oy, m ; (a)_]z-—wz)2+ 'y_?ou2

where e and m” are the electron charge and effective electron
mass, respectively. For the Drude term, np and vy, are the
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FIG. 2. Optical spectra of Ir. (a) Optical conductivity spectra:
experimental results (represented by open circles), total fit of optical
conductivity (thick solid line), contribution from free carriers (dot-
ted line), and contribution from bound charges (dashed line). Thin
solid lines represent the contributions of each Lorentz oscillator. (b)
Real part (represented by the solid line) and imaginary part (dashed
line) of the experimental fit results for &”(w). (c) Real part (repre-
sented by the solid line) and imaginary part (dashed line) of the
theoretical results for g™teand(¢,)).

density and scattering rate of free electrons, respectively. For
the Lorentz oscillators, n;, v;, and w; are the electron density,
scattering rate, and resonant frequency of the jth oscillator,
respectively. Table I presents a summary of vy, w; and
plasma frequencies ( i=4pn; e?/m") values of the Lorentz
oscillator terms for Ir, Ru Pt, and IrO,.

In Fig. 2(a), the thin solid lines in the lower part display
the contribution of each Lorentz oscillator to o;(w). The
thick dashed line provides a summation of all Lorentz oscil-
lator contributions, and the dotted line displays the contribu-
tion from the Drude term. The excellent agreement between
the fitting curve (i.e., the thick solid line) and the experimen-
tal data allowed us to verify the validity of this analysis.
Using this result, we separated the dielectric constant from
the bound charge contribution £°(w),

. 4re? n;
Sb(w) =1+ * 2 2 B /2 . . (4)
m 7y () — @)~ iy

Figure 2(b) presents real and imaginary parts of &”(w) for Ir
thin films.
B. Comparison between £(w) and gterband(q,)

Under the electric dipole approximation, each allowed in-
terband transition can contribute to &(w), as shown in Eq.

205117-3



CHOI et al.
20
z T @Re
3 (a)Ru
E 161 total 7
5 .E N eseees free carriers
T S 12 \ === bound charges T
8 o] F O experimental
el N — Lorentz Oscillators
€ « 1
o
wd
-3
O

®
c

o

B -

0 okl N\ TTteeen o,

c

s

[

L2

..3 (c) Theoretical

o interband
® &

[=) interband

—e—m- o b

Photon Energy {eV)

FIG. 3. Optical spectra of Ru. (a) Optical conductivity spectra:
experimental result (represented by open circles), total fit of optical
conductivity (thick solid line), contribution from free carriers (dot-
ted line), and contribution from bound charges (dashed line). Thin
solid lines represent contributions of each Lorentz oscillator. (b)
Real part (represented by the solid line) and imaginary part (dashed
line) of the experimental fit results for £’(w). (c) Real part (repre-
sented by the solid line) and imaginary part (dashed line) of the
theoretical results for g™terband( ).

(2). These transitions can be approximately rewritten in Lor-
entz oscillator terms, as shown in Eq. (3). Therefore, the
theoretical £"®d() obtained by taking into account in-
terband transitions, should correspond to the dielectric func-
tion due to the bound charge, i.e., £(w).” Calculations of
gMe™d( ) may contain an overshooting problem, which
might be closely related to the small gap in l"™®™(); the
origin of these features is not yet understood. The theoretical
ginterband(,)) have relatively clear and sharp peaks compared
to the experimental £°(w). One of the reasons might be due
to the fact that our polycrystalline films might have numer-
ous defects (such as vacancies, dislocations, and grain
boundaries) and related disorders.

According to the Drude model, the free carrier causes the
dielectric constant to decrease to a high negative value as
photon energy approaches zero. When we exclude this free-
carrier contribution and set a limit of w—0, s'l’(w) produces
a finite positive number, which is the dielectric constant of
bound charge, 8? (0). We can also use the same limit to theo-
retically determine the dielectric constant due to contribu-
tions of interband transitions, silmerba“d(O). Table II summa-
rizes the experimental and calculated results of the dielectric
constants of bound charges; the theoretical silmerba“d(O) values
are in good agreement with the experimental sll’ (0). The fol-
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FIG. 4. Optical spectra of Pt. (a) Optical conductivity spectra:
experimental result (represented by open circles), total fit of optical
conductivity (thick solid line), contribution from free carriers (dot-
ted line), and contribution from bound charges (dashed line). Thin
solid lines represent contributions of each Lorentz oscillator. (b)
Real part (represented by the solid line) and imaginary part (dashed
line) of the experimental fit results for &”(w). (c) Real part (repre-
sented by the solid line) and imaginary part (dashed line) of the
theoretical results for gerband( ),

lowing subsections provide a detailed comparison of £(w)
and £™ed( ) for the metal electrode materials commonly
used in FE applications.

1. Ir film

Figure 2 presents the optical spectra of Ir. According to
previous optical studies,'® Ir has absorption peaks around
1.05, 1.9, 3.1, and 4.12 eV. Our o, (w) spectra, shown in Fig.
2(a), also have peaks at similar positions. In the previous
work, the 1.0 eV peak could be seen weakly in o(w), but
not in o,(w). However, by carefully excluding the response
of the free carriers, our data clearly indicate the peak at
1.0 eV in both o (w) and &3(w).

The theoretically obtained &™"d() spectra shown in
Fig. 2(c) are in very good agreement with &”(w). First, the
overall shapes of both &™™(w) and &l (w) spectra
agree with those of &}(w) and &5(w), respectively. Second,
the sizmerba"d(w) spectra have four peaks (at 1.0, 2.0, 3.1, and
4.2 €V), which are in good agreement with the experimen-
tally observed peak positions shown in Fig. 2(b). Finally,
silmerba“d(O) has a theoretical value of 56, which is in good
agreement with the experimental 811’ (0) value of 48.
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FIG. 5. Optical spectra of IrO,. (a) Optical conductivity spectra:
experimental result (represented by open circles), total fit of optical
conductivity (thick solid line), contribution from free carriers (dot-
ted line), and contribution from bound charges (dashed line). Thin
solid lines represent contributions of each Lorentz oscillator. (b)
Real part (represented by the solid line) and imaginary part (dashed
line) of the experimental fit results for £’(w). (c) Real part (repre-
sented by the solid line) and imaginary part (dashed line) of the
theoretical results for g™terband(g)).

2. Ru film

Figure 3 shows the optical spectra of Ru. (We were unable
to find any previous reports describing the optical studies of
Ru.) Drude-Lorentz oscillator fittings for the optical spectra
of Ru indicated the presence of four absorption peaks, at 0.6,
1.8, 2.9, and 4.1 eV. As shown in Fig. 3(c), the e'®d(¢)
spectra have a very prominent peak at 2.1 eV and some ad-
ditional weak peaks around 0.6, 0.9, 3.0, 4.0, and 4.7 eV.
The 82((1)) spectra have a very broad peak around 1.6 eV.
The high vy; values in Ru might make it difficult to observe
separate absorption peaks in sg(w) spectra, but the overall
shapes of both silmerba“d(w) and sizme‘ba“d(w) spectra agree rea-
sonably well with those of &f(w) and &5(w), respectively.
The si,merba"d(O) has a theoretical value of 74, which is also in
good agreement with the experimental s’l’ (0) value of 82.

3. Pt film

Figure 4 presents the optical spectra of Pt. According to
Weaver,!! Pt has a strong absorption peak around 0.8 eV, and
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TABLE I. Parameter values of Lorentz oscillators for Ir, Ru, Pt,
and IrO,. The individual contribution each Lorentz oscillator makes
to sll’ (0) is presented as As}l’ (0), where &,, corresponds to the sum-
mation of contributions from transitions greater than 10.0 eV.

Material w; (V) w,; (eV) v, (V) Aeﬁ’(O)
Ir 1.0 3.6 0.9 13.1
1.9 10.1 2.5 29.5

3.1 2.3 0.9 0.6

4.2 5.6 1.6 2.0

6.3 1.9 1.6 0.1

£.=3.1

Ru 0.6 4.1 1.1 47.3
1.8 9.3 1.7 27.1

2.9 2.2 0.8 0.6

4.1 9.1 4.5 5.0

£,=2.0

Pt 0.9 5.0 0.9 29.2
1.7 4.0 2.2 54

2.2 10.0 4.3 19.8

4.2 2.5 2.5 04

7.2 2.6 2.1 0.1

9.8 12.4 11.2 1.6

9.9 4.1 2.9 0.2

£,=1.9

IrO, 04 14 0.3 10.2
0.9 3.0 1.5 11.8

1.8 1.6 1.5 0.8

3.6 0.9 0.6 0.1

4.3 6.6 3.1 2.3

6.3 6.8 2.2 1.1

7.2 7.1 2.2 1.0

£.=2.4

a peak was reported to appear around 7.4 eV, although this
was not clearly seen. Drude-Lorentz oscillator fittings for Pt
optical spectra show a very strong peak at 0.8 eV, a broad
peak around 7.2 eV, and a few other weak peaks.

The overall shapes of £™™¥(¢)) spectra are in reason-
able agreement with those of £”(w), except in the very low-
frequency region. The &™) has a theoretical value of
73, which is in reasonable agreement with the experimental
£%(0) value of 58.

TABLE I1. Experimental [¢7(0)] and theoretical [¢™™*(0)]
dielectric constants and effective-mass ratios (m"/m) calculated for
Ir, Ru, Pt, and IrO,.

Ir Ru Pt IrO,
2(0) 48+10 82+10 58+10 29+5
grerband() 56 74 73 32
m'Im 14-15 1.7 1.6-1.7 1.62
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4. IrO, film

Figure 5 presents the measured and calculated optical
spectra of IrO,. Goel et al.'? determined the optical constants
of IrO,. They observed about five low-energy transitions be-
tween 1.0 and 2.0 eV, and several peak structures at higher
levels, between 3.5 and 8.0 eV, which they interpreted as
p-d interband transitions. Compared to earlier works, our
o (w) spectra data, shown in Figs. 5(a), exhibit broad fea-
tures below the 2.0 eV region and some broad features in the
ultraviolet region. Using peak position values from previous
literature, we were able to find a reasonably good fit with Eq.
(3), as shown by the dashed line in Fig. 5(a).

As shown in Figs. 5(b) and 5(c), £™°®d( ) agree quite
well with €’(w). Their overall shapes are quite similar, ex-
cept for the small overshoot problem in the predicted
s‘lmerba"d(w) curve in Fig. 5(c). Most observed peak features
in s’l’(w) are reproduced in the theoretical prediction. The
theoretical £{""*(0) value of 32 is also in very good agree-

ment with the experimental sll’ (0) value of 29.

C. General tendencies in £°(w)

A comparison of experimental &”(w) and theoretical
ginterband() revealed that overall spectra shapes agree fairly
well. Experimentally observed peak positions agree particu-
larly well with theoretical predictions, except for Ru. We
should note that we observed strong low-energy transition
peaks at levels lower than 2.0 eV in all samples, in both
experiments and calculations. As the number of valence elec-
trons increased, the low-energy peaks in Ir, Ru, and Pt ex-
hibited a redshift in position and a narrowing of peak width.

IV. DISCUSSION
A. Low energy d-d transitions

We examined the density of states (DOS) near the Fermi
energy (Ep) in an effort to clarify the strong low-energy tran-
sition peak below 2.0 eV. Figures 6(a) and 6(b) display the
calculated total and projected DOS for Ir and IrO,, respec-
tively. (Since Ru and Pt have DOS plots similar to Ir, we do
not discuss them separately.)

Figure 6(a) shows that most of the DOS for Ir near the Ep
consists of Ir 5d bands. These are located within a rather
wide energy region of 9.5 eV. The absorption peaks likely
result from interband transitions, from occupied to empty 5d
bands. A prominent feature appears in the empty band DOS
around 0.7 eV above Ey. In addition, peaks are evident in the
occupied band DOS around -1.0, —-1.7, -2.8, —4.0, and
—5.6 eV. Energy differences between these levels and promi-
nent empty band features are about 1.7, 2.4, 3.5, 4.7, and
6.3 eV, respectively. These values are in reasonably good
agreement with the experimentally observed peak positions
of 1.0, 1.9, 3.1, 4.2, and 6.3 eV.

Figure 6(b) presents the angle-averaged DOS of IrO,,
which is composed of three parts: unoccupied Ir 5d e, bands
at 1.0-4.5 eV, partially occupied Ir 5d t,, bands near Ep
with a bandwidth of 3.7 eV, and a valence band of hybrid-
ized O 2p and Ir 5d states located at —3.0 to —10.0 eV. The
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FIG. 6. Density of states (DOS) of (a) Ir and (b) IrO,. The thick
solid line in (a) represents the total DOS. The thin solid lines in (a)
and (b) and dashed lines in (b) represent the projected DOS of Ir 5d
and O 2p states, respectively. Fermi energy was set at zero and is
indicated by the vertical solid line.

unoccupied Ir 5d e, band DOS has broad structures from 1.0
to 4.5 eV. The Ir 5d t,, band DOS near the E exhibits peak
structures in the unoccupied band below 1.0 eV, and a
prominent peak around —2.0 eV in the occupied band. The
valence band of hybridized O 2p and Ir 5d states exhibits a
broad peak centered at around —5.0 eV.

The low-energy absorption peaks in IrO, likely are due to
transitions from occupied to unoccupied Ir 54 bands. The
prominent low-energy absorption peak at 0.4 eV is probably
attributable to electronic transitions within the partially oc-
cupied Ir 5d 1,, band located at Ej. Other low-energy ab-
sorption peaks at 0.9 and 1.8 eV are a result of transitions
from DOS peaks at —1.1 and -2.0 eV, respectively, to the
unoccupied Ir 5d lre band. In addition to d-d transitions,
p-d transitions begin at 3.0 eV for IrO,. Absorption peaks at
3.6 and 4.3 eV correspond to transitions from O 2pband
DOS peaks at —3.5 and —4.4 eV, respectively, to the unoc-
cupied Ir 5d 1, band. The absorption peaks at 6.3 and 7.2 eV
are likely due to transitions from O 2p bands to Ir 5d e,
bands.

As the number of valence electrons increased in transition
metals, we observed that the 5d state bandwidth narrowed
and that the E got closer to the DOS peak of unoccupied 5d
bands (data not shown). Such phenomena could result in the
observed narrowing in peak width and redshift in the promi-
nent low-energy peak within the optical spectra, as discussed
in Sec. III C. Our comparison of possible optical transitions
in the DOS plot and experimental spectra reveals that the
strong transitions below 2.0 eV likely result from d-d transi-
tions.

B. High s’{(O) values and their origins

Typical noble metals such as Cu, Ag, and Au have £2(0)
values of 4.8, 1.5, and 6.9, respectively.'®!° StRuOj is one of
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the most commonly used electrode materials in FE studies,
and has a £5(0) value of about 8.2.  In contrast, Ir, Ru, Pt,
and IrO, have unexpectedly high £2(0) values of 48, 82, 58,
and 29, respectively. These values are about one order of
magnitude higher than the corresponding values for noble
metals.

Equation (4) reveals that sll’(O) can have a high value
when one n; value is high and its corresponding w; value is
low, i.e., at least one strong absorption peak exists in the
low-energy region. In noble metals, only s electrons contrib-
ute to conduction, and other bands are completely filled. The
broad nature of the s band does not allow a major contribu-
tion to electronic transitions, and the only possible transitions
are from filled d bands to other higher bands, which occur at
photon energy levels higher than 2.0 eV. Accordingly, noble
metals cannot have high 8’1’(0) values.

In contrast, this investigation of electrode materials has
found strong d-d transitions in the energy region lower than
2.0 eV. Drude-Lorentz oscillator fittings of the experimental
dielectric functions (summarized in Table I) reveal that os-
cillators below 2.0 eV make the largest contributions to 8’1’(0)
values. These oscillators correspond to interband transitions
between d bands. According to the dipole selection rule, the
matrix element of d-d transitions in an isolated atom should
be zero, so corresponding electric dipole absorption should
be forbidden. However, in real solids, hybridization effects
and some local structural distortions can make the matrix
element nonzero, resulting in d-d transitions. Our first-
principles calculations reveal quite large matrix element
terms for d-d transitions in Ir, Ru, Pt, and IrO,. Therefore,
strong transitions, accompanied with relatively low transition
energy and high DOS values (due to the narrow d-band
bandwidth), result in unexpectedly high £2(0) values for
these electrode materials.

C. Effective mass

The effective mass (m") of free electrons is another physi-
cal quantity required to determine E; in a FE capacitor. We
can determine screening length (\) in Eq. (1) from the di-
electric constant and effective mass by N=\pp\e,/m”, where
Mg is the Thomas-Fermi screening length. Using our calcu-
lated density of states at E and experimental specific-heat
values,’®?? we roughly estimated effective mass; Table II
presents the results. The m"/m values of these electrode ma-
terials range from 1.4 to 1.7, which is fairly close to 1.

D. Implications for ferroelectric capacitor applications

An electrode material’s high s'f (0) value has some impor-
tant implications for actual applications in capacitor-type FE
devices. As a device’s size is reduced, its FE film thickness
also decreases. According to Eq. (1), the depolarization field
E, grows with a decrease in film thickness. A large depolar-
ization field could result in critical thickness when film fer-

PHYSICAL REVIEW B 74, 205117 (2006)

roelectricity vanishes since the FE double-well potential dis-
appears due to E,.% In a previous study, we found that a large
E,; could also result in a rapid decrease in polarization by
creating domains with opposite polarization.’ This relaxation
in polarization could create another fundamental limit for
capacitor-type FE devices.* Since E, results from an incom-
plete screening of polarization charge at the metal/FE inter-
face, its occurrence is inevitable in capacitor-type FE de-
vices. However, by choosing an electrode material with high
8’1’(0) values, researchers could reduce E,; and create better
FE devices.

Until now, selection of electrode materials for FE capaci-
tors has been based on improving device performance and
resolving reliability issues. Noble metals produce known
problems such as adhesion. Furthermore, when a Pt electrode
is used, FE materials such as PZT exhibit a fatigue
problem.23 Because of these flaws, other materials such as Ir,
Ru, and IrO, are generally used in electrodes. Our research
indicates that these electrode materials produce higher sll’(O)
values than noble metals. Therefore, these transition metals
or oxides are a better choice for electrode materials when the
thickness of a FE device is approaching its fundamental
limit.

V. SUMMARY

We obtained the dielectric constants of bound charges for
transition metals (Pt, Ir, and Ru) and transition-metal dioxide
(IrO,), which are typically used as metal electrodes in elec-
tronic devices. From the dielectric function spectra attained
from optical spectroscopy, free-carrier contributions were
separated to give only the contribution from bound electrons.
These contributions from bound electrons to the dc dielectric
constant agree with predictions based on first-principles cal-
culations. In particular, we observed pronounced low-energy
d-d transitions in both experimental and theoretical optical
spectra. These low-energy transitions in the transition metals
and IrO, are responsible for the high dc dielectric constant
values of the bound charge. We also examined the advanta-
geous implications of high dielectric constant values in ac-
tual device applications.

ACKNOWLEDGMENTS

We thank D. J. Kim, Y. D. Park, and K. S. Suh for their
valuable input. This study was financially supported by Cre-
ative Research Initiatives (Functionally Integrated Oxide
Heterostructures) from the Ministry of Science and Technol-
ogy (MOST)/Korean Science and Engineering Foundation
(KOSEF). Experiments conducted at Pohang Light Source
were supported in part by MOST and Pohang University of
Science and Technology (POSTECH). W.S.C. also acknowl-
edges support from Seoul City. Calculations were supported
by the Korea Institute of Science and Technology Informa-
tion (KISTI) through the 7th Strategic Supercomputing Sup-
port Program.

205117-7



CHOI et al.

*Electronic address: twnoh@snu.ac.kr

IC. H. Ahn, K. M. Rabe, and J.-M. Triscone, Science 303, 488
(2004).

2T. W. Shaw, S. Trolier-McKinstry, and P. C. Mclntyre, Annu.
Rev. Mater. Sci. 30, 263 (2000).

3J. Junquera and P. Ghosez, Nature (London) 422, 506 (2003).

4D. J. Kim, I. Y. Jo, Y. S. Kim, Y. J. Chang, J. S. Lee, Jong-Gul
Yoon, T. K. Song, and T. W. Noh, Phys. Rev. Lett. 95, 237602
(2005).

5J.Y. Jo, D. J. Kim, Y. S. Kim, S.-B. Choe, T. K. Song, J.-G. Yoon,
and T. W. Noh, cond-mat/0605079 (unpublished).

®R. R. Mehta, B. D. Silverman, and J. T. Jacobs, J. Appl. Phys. 44,
3379 (1973).

7N. W. Ashcroft and N. David Mermin, Solid State Physics (Tho-
mas Learning Inc., New York, 1976), p. 777.

8S. Kim, J. Koo, S. Shin, and Y. Park, Appl. Phys. Lett. 87,
212910 (2005).

9B. S. Kang, D. J. Kim, J. Y. Jo, T. W. Noh, J.-G. Yoon, T. K.
Song, Y. K. Lee, J. K. Lee, S. Shin, and Y. S. Park, Appl. Phys.
Lett. 84, 3127 (2004).

19H. Ehrenreich and H. R. Philipp, Phys. Rev. 128, 1622 (1962).

13, H. Weaver, Phys. Rev. B 11, 1416 (1975).

PHYSICAL REVIEW B 74, 205117 (2006)

12A. K. Goel, G. Skorinko, and Fred H. Pollak, Phys. Rev. B 24,
7342 (1981).

13G. E. Jellison, Jr., Opt. Mater. 1, 151 (1992).

14H.J. Lee, J. H. Jung, Y. S. Lee, J. S. Ahn, T. W. Noh, K. H. Kim,
and S.-W. Cheong, Phys. Rev. B 60, 5251 (1999).

ISE. Wimmer, H. Krakauer, M. Weinert, and A. J. Freeman, Phys.
Rev. B 24, 864 (1981), and references therein.

16M. Kim, R. Asahi, and A. J. Freeman, J. Comput.-Aided Mater.
Des. 9, 173 (2002).

17Y. Petroff, M. Balkanski, J. P. Walter, and M. L. Cohen, Solid
State Commun. 7, 459 (1969).

18], H. Weaver, C. G. Olson, and D. W. Lynch, Phys. Rev. B 15,
4115 (1977).

191, N. Shklyarevskii and P. L. Pakhmov, Opt. Spektrosk. 34, 163
(1973).

20, Kittel, Introduction to Solid State Physics, Tth ed. (Wiley, New
York, 1996), p. 157.

210. Krogh Anderson, Phys. Rev. B 2, 883 (1970).

22B. C. Passenheim and D. C. McCollum, J. Chem. Phys. 51, 320
(1969).

2X. Du and L-W. Chen, J. Appl. Phys. 83, 7789 (1998).

205117-8



