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ABSTRACT

Structural investigations of the short range order around iridium and oxygen ions in nanocrystalline iridium oxide thin
films, prepared by dc magnetron sputtering technique, were performed by x-ray absorption spectroscopy. The Ir L;-
edge extended x-ray absorption fine structure (EXAFS) and the O K-edge x-ray absorption near edge structure
(XANES) signals were measured at room temperature and analysed within ab initio multiple-scattering and full-
multiple-scattering approaches, respectively. The x-ray absorption spectroscopy results indicate the presence in the
films of ordered regions - nanocrystals, having a size of about 10 A and a structure rather close to that in crystalline
iridium oxide IrO,. Such evidence agrees well with observations by x-ray diffraction, suggesting that the thin films are
x-ray amorphous.
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1. INTRODUCTION

Iridium oxide is technologically important material with wide range of applications. These include ion storage
electrodes in electrochromic devices, oxygen barriers in advanced memory technology, electrocatalysts for water
electrolyses, solar-cells-electrolytic systems, optical disk-storage memory, pH sensors and electrodes for neural
stimulation [1-4]. Note that in all cases, the useful properties of iridium oxide are strongly determined by its local
atomic and electronic structure.

Crystalline IrO, has the rutile structure with the tetragonal space group P4,/mnm and the lattice parameters a=b=4.4983
A and ¢=3.1547 A [5]. The positions of oxygen atoms are additionally determined by the parameter u=0.308 [5]. From
the local point of view, iridium atoms are octahedrally coordinated by oxygens with R(Ir-O)~1.98 A and R(0-0)~2.44-
2.79 A. The shortest Ir-Ir distances, equal to 3.15 A, are within chains of IrO octahedra joined across opposite edges.
IrO, has metallic conductivity with the Fermi level lying within 5d(Ir)-subband [6]. In iridium oxide thin films one can
expect strong modification of both long and short range orders due to a decrease of the crystallites size and a presence
of defects.

The local atomic structure around iridium ions in thin films has been studied previously by x-ray absorption
spectroscopy at the Ir L, ;-edges [5,7-9]. It has been found that iridium ions are located in rather symmetric surrounding
[8] and are coordinated by six oxygen ligands, located at the distances close to that in crystalline IrO, [7]. A relaxation
of the local environment around iridium atoms during the- electrochemical process has been also observed in [9]. It

appears in a strong decrease of the average Ir-O distance from 2.011 to 1.963 A with increasing iridium oxidation state
from 3.03 to 3.85 [9].
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In this work we discuss results of edge x-ray absorption spectroscopy and x-ray diffraction studies of the short range
order around iridium and oxygen ions in nanocrystalline iridium oxide thin films, prepared by dc magnetron sputtering
technique.

2. EXPERIMENTAL AND DATA ANALYSIS

Iridium oxide thin films were deposited on glass and polyimide film substrates by dc magnetron sputtering from
iridium metal target in oxygen atmosphere. The distance between the target and the substrate was 8.5 cm. The films
thickness was in the range of 60-100 nm.

The crystallinity of the films was probed by x-ray diffraction. The measurements were performed at room temperature

using CuKa radiation from x-ray tube, mounted on a conventional Bragg-Bretano 0-20 powder diffractometer.
Polycrystalline iridium oxide (c-IrO,) powder was also measured for comparison.

X-ray absorption spectroscopy was used to study the short range order around iridium and oxygen atoms. The Ir L-
edge (E=11210 eV) extended x-ray absorption fine structure (EXAFS) and the O K-edge (E=530 eV) x-ray absorption
near edge structure (XANES) signals were recorded at room temperature at the LURE DCI (D44 beamline, energy
resolution 3 e€V) and SuperACO (SA22 beam line, energy resolution 0.2 eV) synchrotron radiation storage rings
(Orsay, France), respectively. The transmission mode was used for iridium L;-edge, while total electron yield (TEY)
mode for oxygen K-edge. The absorption spectra were treated by the EDA software package [10] and analysed using ab
initio multiple-scattering (MS) and full-multiple-scattering (FMS) approaches, based on the calculations by the FEFF8
code [11].

3. RESULTS AND DISCUSSION

3.1. X-ray diffraction

X-ray diffraction pattern of iridium oxide thin films does not exhibit any Bragg peaks (Fig. 1), in contrast to
polycrystalline iridium oxide c-IrQ,, used as a reference. Therefore, the thin films, studied in this work, are x-ray
amorphous. This suggests the mean crystallites size of less than ~20 A.
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Figure 1: Room temperature x-ray diffraction patterns of polycrystalline iridium oxide (c-IrO2) and iridium oxide thin film.

Proc. of SPIE Vol. 5123 211



Figure 2: Room temperature Ir L3-edge EXAFS signals %(k)k* (upper panel) and their Fourier transforms (FTs) (lower panel) for
polycrystalline iridium oxide (c-IrO3) and iridium oxide thin film. Note that the positions of peaks in FTs differ from true

crystallographic values

~ IrLedge
—_ IrO2 thin film

‘. -. ----- \ 2 :u

of\, 1 o 1y [
‘ ' ' I L '
[ LR ' ' LA ,: W,
[ AL 1 '
o ' L s
4 ' '_: [

oo,

L

cdro

Fourier Transform (k)i
o

4 6 8
Wave vector k (A™)

10 12 14

S T SR I B

N-

-

; —— IrO, thin film

------ crQ,

]
A

¢ '\
4 [
1 ,|‘\ PEN
d ¢ b f| l}\
' - ’ - ~
'l \Y SO ViomeAaTh ~
)
¢ ] [ D)
[ ) - PRSI L
M V!
Fan '
R Y A

PRSI & 2 L J

2 3 4 5 6 7
Distance R (A)

3.2. Ir L;-edge EXAFS and O K-edge XANES

The Ir L,-edge EXAFS signals x(k)k? (k is the photoelectron wave vector) of ¢c-IrO, and the thin films were extracted
and analysed following standard procedure [10] and are shown in Fig. 2. Comparative analysis of the Fourier
transforms (FTs) of the EXAFS signals for the thin film and crystalline c-IrO, indicates that the FT peaks amplitude for
the thin film decreases relative to that for c-IrO, when the distance increases. Such behaviour is typical for
nanocrystalline materials [12] and is due to the loss of a periodicity at the crystallites boundaries. The radius of the
ordered region in the films can be approximately estimated from Fig. 2 to be around 4-5 A, that corresponds to the

crystallites size of about 10 A.
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Figure 3. Comparison of the experimental O K-edge XANES signal in iridium oxide thin film (upper curve) with the FMS
calculations for several clusters, having different size (up to 5.8 A) and centred at the absorbing oxygen atom. Vertical dashed line
indicates the position of the Fermi level, and pg denotes atomic (oxygen) absorption coefficient.
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The analysis of the EXAFS signals was performed within ab initio MS model [11]. The scattering amplitude and phase
shift functions, required to simulate the EXAFS signal, were calculated by the FEFF8 code [11] using self-consisted
potential with complex Hedin-Lundqvist exchange-correlation part. The EXAFS spectrum of crystalline IrO, was used
for calibration purposes of model parameters. The first shell peak at 1.5 A (Fig. 2) was analysed within Gaussian and
cumulant models [10], that allowed us to determine the first shell radial distribution function (RDF) around iridium
atoms. The iridium atoms are coordinated to 6.0+0.3 oxygen atom in both c-IrO, and the thin films. The RDF in ¢-IrO,
has Gaussian shape with the mean distance R(Ir-O) = 1.98+0.01 A and the mean square relative displacement (MSRD)
or Debye-Waller factor o = 0.0018+0.0005 A2. Note that according to XRD data [5], there are two sets of Ir-O
distances in c-IrO,: two at 1.959 A and four at 1.995. In the thin films, the mean distance is shorter R(Ir-O) = 1.94+0.01
A, and the RDF is broader (6> = 0.005+0.001 A?) and asymmetric with a tail at shorter distances (cumulant C, = -
0.0008+0.0002 A® <0). This left-hand side asymmetry is probably the consequence of the first shell splitting into two
sub-shells, having shorter and longer distances similar to that found in c-IrO, [5]. Thus, the IrO, octahedra in the thin
films are more distorted, compared to crystalline c-IrO,.

The analysis of the O K-edge XANES signal [13] within the FMS formalism [11] is shown in Fig. 3. The ab initio FMS
calculations were performed by the FEFF8 code [11] using self-consisted potential with complex Hedin-Lundqvist
exchange-correlation part. By increasing the size of the cluster, having c-IrO, structure, around central oxygen atom,
one can estimate the required number of coordination shells to reproduce the experimental spectrum. Our calculations
are able to account for all main features of the experimental signal. However, the clusters with less than 5 shells are not
able to describe the high peak at 533 eV, but the clusters with more than 6 shells have additional feature at 552 eV,
which is not present in the experiment. The best agreement is found for the clusters of 5-6 shells, having a radius of 4-
4.5 A, but also in this case the agreement is not perfect: there is some difference in the amplitude of the peak at 533 eV
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and in the shape of the next peak at 540 eV. We attribute this disagreement mainly to a relaxation of the thin film
structure from that of ¢-IrO,, which was found by EXAFS and was not taken into account in our FMS calculations.
Thus, XANES analysis suggests that the thin films consist of crystallites with a size of about 4.5 A in radius. This result
agrees well with our findings by EXAFS and XRD. Besides, taking into account our scanning probe microscopy studies
[14], we can conclude that several crystallites form grains with a size of about 20-50 nm.

4. CONCLUSIONS

Good quality nanocrystalline IrO, thin films can be prepared by dc magnetron sputtering in oxygen atmosphere.
According to XRD, the thin films are x-ray amorphous that agrees well with the crystallites size, estimated by x-ray
absorption spectroscopy, to be about 10 A. Detailed analysis of the Ir L,-edge EXAFS and O K-edge XANES signals
shows that the structure of crystallites is close to that in crystalline IrO,, but is relaxed already within the first
coordination shell of iridium atoms. Our'complementary investigations by scanning probe microscopy [14] suggest
that these small crystallites form nanosized grains.

ACKNOWLEDGMENTS
This work was supported in part by the Latvian Government Research Grants No. 01.0811 and 01.0821.
REFERENCES

1. S. Hackwood, A.H. Dayem, and G. Beni, "Amorphous-nonmetal-to-crystalline-metal transition in electrochromic
iridium oxide films," Phys. Rev. B 26, pp. 471-478, 1982.

2. S. Hackwood, G. Beni, M.A. Bosch, K. Kang, L.M. Schiavone, and J.L. Shay, "New process for optical
information storage," Phys. Rev. B 26, pp. 7073-7075, 1982.

3. P.C. Liao, Y.S. Huang, and K K. Tiong, "Characterization of RuO, and IrO, films deposited on Si substrate," J.
Alloys Comp. 317-318, pp. 98-102, 2001.

4. C. U. Pinnow, 1. Kasko, C. Dehm, B. Jobst, M. Seibt, and U. Geyer, "Preparation and properties of dc-sputtered
IrO, and Ir thin films for oxygen barrier applications in advanced memory technology,” J. Vac. Sci. Technol. B 19,
pp. 1857-1865, 2001.

5. E. Prouzet, "Multiple-scattering contribution in extended x-ray absorption fine structure for iridium oxide IrO,," J
Phys.: Condens. Matter 7, pp. 8027-8033, 1995.

6. L.F. Mattheiss, "Electronic structure of RuO,, OsO, and IrQ,," Phys. Rev. B 13, pPp. 2433-2450, 1976.

7. A. Balerna, E. Bemnieri, E. Burattini, A. Lusis, A. Kuzmin, J. Purans, and P. Cikmach, "EXAFS studies of MeO,
(Me = W, Mo, Re, Ir) crystalline and amorphous oxides,” Nucl. Instrum. Methods A 308, pp. 234-239, 1991.

8. A. Balerna, E. Bemieri, E. Burattini, A. Lusis, A. Kuzmin, J. Purans, and P. Cikmach, "XANES studies of MeO,_,
(Me = W, Re, Ir) crystalline and amorphous oxides," Nucl. Instrum. Methods A 308, pp. 240-242, 1991.

9. T. Pauporte, D. Aberdam, J.-L. Hazemann, R. Faure, and R. Durand, "X-ray absorption in relation to valency of
iridium in sputtered iridium oxide films," J. Electroanal. Chem. 465, pp. 88-95, 1999,

10. A. Kuzmin, "EDA: EXAFS data analysis software package," Physica B 208/209, pp. 175-176, 1995;
"Reconstruction of the radial distribution function from EXAFS: new trends and comparative analysis of different
methods," J. Physique IV (France) 7, pp. C2-213-C2-214, 1997.

11. ALL. Ankudinov, B. Ravel, J.J. Rehr, and S.D. Conradson, "Real-space multiple-scattering calculation and
interpretation of x-ray-absorption near-edge structure," Phys. Rev. B 58, pp. 7565-7576, 1998.

12. A. Kuzmin, J. Purans, and A. Rodionov, "X-ray absorption spectroscopy study of the Ni K-edge in magnetron
sputtered nickel oxide thin films," J. Phys.: Condensed Matter 9, pp. 6979-6993, 1997.

13. J. Purans, A. Kuzmin, Ph. Parent, and C. Laffon, "X-ray absorption study of the electronic structure of tungsten
and molybdenum oxides at the O K-edge," Electrochim. Acta 46, pp. 1973-1976, 2001.

14. D. Pailharey, D. Tonneau, A. Houel, A. Kuzmin, R. Kalendarev, and J. Purans, "Scanning probe microscopy of
nanocrystalline iridium oxide thin films," Proc. SPIE, 2003 (in this proceedings).

214  Proc. of SPIE Vol. 5123



