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Chapter 1. Introduction

Platinum group metals, such as iridium (Ir) and platinum (Pt), have high electrical
conductivity and catalytic activity, which enable them as conducting electrodes. For electro-
nic device applications, epitaxially grown electrode films on semiconductors or insulating sub-
strates (such as Si, MgO and sapphire) are demanded. For the applications to solid state
electrolytes such as gas sensors and fuel cells, in contrast, porous and catalytic electrodes
are needed. These metals also have high melting point and high chemical stability that make
them promising as protective films for high temperature usage, in which thick and microcrack-
free films should be prepared. Therefore, the appropriate morphology for these films should
be controlled depending on their applications.

Metalorganic chemical vapor deposition (MOCVD) enables one to control the films mor-
phology with the additional advantages of conformal coverage and radiation damage-free and
low-temperature depositions. MOCVD might be advantageous to prepare electrode films as
well as protective films. So far, Ir and Pt films have been prepared by MOCVD. Impurity-

free films of good crystalline quality have been obtained. However, epitaxial growth has been
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achieved only for Pt films. There are no reports on electrochemical properties of MOCVD Ir
or Pt films as catalytic porous electrodes. Only MOCVD Ir films have been investigéted t6
“provide oxidation protection for graphite, C-C composites and refractory metals at high tem-
peratures.

The purpose of this study is to achieve the appropriate morphology of Ir and Pt films that
is required for their applications. (1) Epitaxial electrode films. (2) Porous and catalytic ele-
ctrode films. (8) Thick and dense protective films. Films are prepared by MOCVD. Films
are examined according to the applications. (1) Crystal structure. (2) Electrochemical proper-

ties. {3) Corrosion resistance.

Chapter 2. Preparation

The preparation of Ir and Pt films by MOCVD has been investigated for the last three de-
‘cades. So far, a variety of organometallic precursors have been examined. These include Ir-
and Pt-acetylacetonates, Ir-and Pt-allyl compounds, Ir-cyclooctadient and Ir-cyclopentadienyl
compounds, Pt-methylcyclopentadienyl compounds, Pt (CO): Cl; and Pt (PFs):. With the
exception of Ir-and Pt-acetylacetonates, there are no commercial available precursors. In ge-
neral, Ir-and Pt-acetylacetonates require higher deposition temperature (300-750°C) than that
required (120—600°C) for other precursors. While all precursors have yield amorphous or
polycrystalline films, there is only one precursor (Pt-acetylacetonate) that has produced
epitaxial films. Ir-acetylacetonate has shown the highest deposition rate (25 4 m,“h). A
problem with organometallic precurrsors is the carbon contamination of the films. Carbon
content up to 80 at% has been reported. To overcome this problem the addition of H: gas to
the precursor vapor has been extensively used. O: gas has been used in a less extension. Most
of the precursors can produce carbon-free Ir and Pt films by the addition of H; or O:gas.

In this study, Ir-and Pt-acetylacetonates were used as precursors. They are commercial
available and the higher temperature required for deposition could be appropriate to achieve
epitaxial growth. Ir-acetylacetonate exhibits the highest deposition rate, which is advan-
tageous to prepare thick films. O, gas was used to prevent carbon contamination. The effects
of deposition conditions and oxygen gas addition on deposition rates, composition and micro-
structure were studied and the optimum conditions were determined.

A horizontal hot-wall MOCVD apparatus was used. Oxygen gas was added to the source
vapor around-the substrates (FRy,=0-12ctf,/min). Quartz glass substrates were used. Argon
gas was used as the carrier gas (FRa-=50ci,”min). The precursor temperature was kept cons-
tant (Tu=180°C). Deposition temperature (Tuw;) was varied from 400 to 800°C and total
pressure (P..) was controlled from 2 to 100 Torr. Depositions were performed for 20 min.

Without the addition of oxygen, black-colored films were obtained. Auger electron spectro-
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scopy (AES) revealed carbon contamination in these films. High-resolution electron micros-
copy (HREM) indicated that they consisted in aggregated crystalline metal particles (1 — 3
nm in diameter) surrounded by amorphous carbon. When a small amount of oxygen gas was
added, silver-colored films that strongly adhered to the substrate were obtained. No impurity
carbon was observed in these films by AES. Good crystalline quality was revealed by x-ray
diffraction (XRD). Pt deposition rates were higher than those of Ir, because of a higher
vapor pressure and a higher metal content of Pt;acetylacetonate. The addition of oxygen gas
decreased Ir and Pt deposition rates due to the formation of denser films and volatile metal
oxide species.

Appropriate deposition conditions for silver-colored films with good crystalline quality
were determined as follows : Puwv= 2-5 Torr, T =500-600°C, Tuwe=180°C. The addition of
oxygen gas to the source vapor was effective in obtaining carbon-free films : FRo, = 3 e,/
min (for Ir) and FRo,=12ct/min (for Pt). Without the addition of oxygen gas, films

consisted in aggregated metal particles 1 — 3 nm in diameter surrounded by amorphous carbon,

Chapter 3. Epitaxial Growth

Epitaxially grown electrode films on semiconductors or insulating substrates are used under-
electrodes for functional ceramic films (i.e. ferroelectric, superconducting, piezoelectric
films, etc.), which also epitaxially grow on the electrically conducting films. Ir and Pt
metals are promising for the electrodes because of their high electrical conductivity. As under-
electrode films, they provide the opportunity to grow functional ceramics films requiring a
high temperature processing and to prevent the chemical interaction with the substrate material
because of their high melting temperature and high chemical stability. So far, amorphous or
randomly oriented polycrystalline Ir or Pt films have been prepared by MOCVD on amorphous
or single-crystal substrates. There is only one report of epitaxial MOCVD (100)-oriented Pt
films on KTaOs and SrTiOs substrates. In this study, Ir and Pt films were grown on MgO,
sapphire and Si single-crystals. AIN (piezoelectric) films were grown on the Ir and Pt films.

Films were grown under the appropriate deposition conditions determined in Chaper 2 .
Oxygen gas was added to the source vapor. Sapphire (0001), (1120) and (0112), MgO (100)
and Si (111) single-crystals were used as substrates. AIN films were grown by electron cyclotron
resonance plasma-assisted CVD. The films orientation and epitaxial relationships between
films and substrates were determined by XRD.and x-ray pole figures.

Epitaxial growth of Ir and Pt films was achieved on MgO and sapphire substrates by adding
oxygen gas to the precursor vapor. No epitaxial growth of films was observed on Si substrates
because SiO: layer was fromed on the surface due to oxidation. Ir and Pt films grow in [ 100]

orientation on MgO (100). Ir and Pt films grow in [ 111 ] orientation on sapphire (01-1_2) and
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(0001). Only Ir films grow in [ 100 ] orientation on sapphire (1120). Pt films orientation
on sapphire (1120) could change as the growth proceeds with predominance of [ 111 7 orien-
tation as the film grows. Epitaxial Pt films with only one in-plane orientation on sapphire
(001) were obtained for the first time. So far, epitaxial Pt films containing two in-plane
orientations grown by PVD methods on sapphire (0001) have been reported. Epitaxial growth
of AIN films was achieved on Ir-and Pt-coated sapphire (0001) substrates.

Chapter 4 . Electrochemical Properties

The catalytic activity of Ir and Pt metals and their high electrical conductivity enable them
as electrodes for solid electrolytes. An oxygen concentration cell that utilizes ZrQO: solid
electrolyte requires porous metal electrodes to allow absorption and liberation of oxygen gas.
Moreover, catalytic metal electrodes are needed for the charge transfer reactions at the
interface between electrode-solid electrolyte. Noble or platinum group metal pastes are
commonly used to prepare the porous electrodes. ZrO: oxygen concentration cell operates at
temperatures between 500 and 1000°C. Some problems associated with the charge transfer at
the interfacial region between the electrode and electrolyte may limit the utility of ZrO. cells
at lower temperatures.

A.C. impedance spectroscopy is a poweful technique to investigate electrode processes. It
allows one to distinguish the dispersions from bulk, grain boundary and the electrode-electro-
lyte interface effect. D.C. measurements give global information on the kinetics of the
electrochemical process at the electrodes. In this study, Ir and Pt films were prepared as
electrodes for ZrO; solid electrolyte. ’

Porous films containing carbon, Ir (C) and Pt (C) (i.e. films prepared without the addition
of oxygen) were deposited on stabilized (Y:0s-8 mol%) ZrO. pellets. For comparison,
carbon-free Ir and Pt films, sputtered Ir and Pt films, and Pt paste electrodeswere also pre-
pared on the ZrOspellets. Their electrochemical properties were investigated at temperatures
between 230 and 800°C by A.C. spectroscopy and D.C. measurements.

A.C. impedance spectroscopy indicated very difficult charge transfer at the interface Pt (C)
/7ZrQ2, on the contrary, an easy interfacial reaction for Ir (C) films. Ir (C) films exhibit
the highest conductivity associated to the electrode process below 600°C. D.C. measurements
revealed no polarization effect for Ir (C) films. Pt paste electrodes showed almost the same
electrode conductivity as the Pt (C-free) films. A ZrO; oxygen cell that utilizes Ir (C) films
as electrodes obeys the Nernst equation at temperatures as low as 300°C. Ir (C) films may
have the most promising properties as the electrode for ZrQ; electrolyte at temperatures below
600°C.
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Chapter5. Corrosion Resistance
Materials used as protective coatings for high temperature require chemical stability, high

melting point and thermal shock resistance. Ceramic films (SiC, TiC and TiN) have been
proposed to improve the corrosion resistance of structural materials such as stainless steels.
These ceramic films could be satisfactory under an isothermal corrosion but not under severe
dynamic (cyclic change of temperature) corrosion due to large thermal expansion mismatch.
Metallic films with the appropriate properties could be applicable to the dynamic corrosion.
Ir and Pt metals are good candidates for protective films as they have these advantageous
properties. Although Ir films have been investigated to provide oxidation protection for
graphite, C-C composites and refractory metals at very high temperatures (~2000°C), there
have been no reports of corrosion in halogen containing atmosphere.

H: is expected to be a new energy source. “UT-3 ” isa promising'process for H; production.
In this process, high temperature corrosion of structural materials is an important problem
because of highly corrosive gases (bromine, oxygen, vhydrogen bromide, etc.) should beused
at around 800°C. Stainless steels are widely used as construction materials in high temperature
oxidizing environments as they combine the required physical properties with reasonable
corrosion resistance. In this study, Ir and Pt films were prepared on stainless steel as a
candidafe structural material for “UT-3 ” process. Their corrosion resistance was investigated
in a Br;-O;-Ar atmosphere at 800°C.

Ir and Pt films were prepared under the appropriate deposition conditions determined in
Chapter 2. Oxygen was added to the source vapor. Stainless steel (SUS304) plates were used
as substrates. Depositions were performed for 40 to 180min.

Corrosion resistance was evaluated by mass change measurements, The corrosive atmosphere
was prepared by flowing an O;-Ar mixture through liquid bromine. Gases flowed from the
top of a reaction tube and exhausted from the bottom. Partial pressure of bromine was kept
constant at 70 Torr. The oxygen partial pressure was controlled between 34 and 690 Torr.
Total pressure inside the reaction tube was 760 Torr.

Films exhibit rough surface due to a columnar-grain growth as observed by SEM. A denser
layer was observed at the film,“substrate interface. No impurities were detected in as-deposited
films by EPMA. Films well adhered to the substrates. Ir and Pt films were obtained up to
2.5 um and 25 £ m thick, respectively. After 6 h of exposure to the corrsion gases (Pu2 =70
Torr, Po:=690Torr), 25y m thick Pt-coated SUS304 showed a scale-free surface while 2.5
1 m thick Ir-coated SUS304 showed a surface scale identified as IrO: by XRD. For the same
corrosion conditions, Cr:O; and an unknown product were formed on 6 g m thick Pt-coated
SUS304. EPMA results indicated the reaction between Cr:Os and Pt. For thick enough Pt films
(25 pm thick) the formation of Cr:0; could be delayed. IrOzand Cr.O; were formed on 1
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¢ m thick Ir-coated SUS304. Ir or IrO: did not react with Cr:0Os. For thick enough Ir films
(2.5 pm thick) the formation of Cr:0Os could be further delayed by IrO:. 25um thick Pt and
2.5 @ m thick Ir films prevent the corrosion of SUS304 at Ps: =70 Torr and Por =34-690 Torr.

Chapter 6. Conclusions
Ir and Pt films were prepared by MOCVD. The physicochemical properties of Ir and Pt

metals enable them as conductive electrode films as well as protective films. These appli-

cations require a specific appropriate morphology. (1) Epitaxial electrode films. (2) Porous

and catalytic electrode films. (3)Thick and dence protective films. This study was aimed to

achieve that morphology. The results of this study are summarized as follws.

(1) Epitaxial Ir and Pt electrode films were achieved on MgO and sapphire single-crystal sub-
strates. Films could epitaxially grow by the addition of oxygen gas to the source vapor.

(2) Porous and catalytic Ir electrode films were achieved. Ir (C) composites (Ir particles
1 — 3 nm in diameter surrounded By amorphous carbon) showed superior electrochemical
properties as the electrode for ZrO: electrolytes at temperatures as low as 300°C.

(3) Thick Ir and Pt protective films were achieved. 2.5 g m thick Ir and 25 g m thick films
prevent the corrosion of stainless steel (SUS304) in a Br,-O;-Ar atmosphere at 800°C,
Punz=T0Torr and Po; =34-690Torr.
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AV Y9 LPHSBECESLBREERISC, MEFEEEZEL, BRTEENCRETH ST
LREDD, BEEFF A APEFREFRERE/RSLHET -7+ v 7HOMB L LTHVSAT
Wao R, THhHLDOESEEE, MEOBMGPEREEICL > TSI TOLLY, FRXTE,
RSB ERE & LTbESHETE (MOCVD) Bik&k D4 ) VY s BLTHSOEE AR
L, BONKBEOBFF/ 1 2SR, EFEREAER MHABOMBI-~F+v/ELTO
BHHEEO ML bOT, 2FE6ELDL S,

E1ERERT IAHEOBELHNCDLWTRRTWE,

F2BTE, ERIKAYYYLBRUHASEOTEFATE 2 — ARV, BESZRZFEEA 2
UcEmL T, ARERES00~600°C, 24 RFES 2~ 5 Torr, FFHEEI80CT, SEHEREB &
UEERER ECREZS T RVEROS ) Vo 2B X UALENE LN EEHOAIILT
LS

EIETH, Si,MgOBLUALO: BESER FIKA YV VY AB I UCHSENIEIF v v
BRT B LR, BEEREOERFNEHMBER s+ » VEEE 1) YvaL
HEEOT s+ v+ VEREOHEELHLMIcT B L & biT, —HRICENER L /- BERAEE
% AL O BEREAR LIC/Eld 2 LICFIDTHRITL TV 5,

BAETE, 1V VY LLRROESE (r-C) OBEKILFHHEE A.C. 1 v E—F Y RE,
BHRENVE, AVY MY ISTYa vERERZHVWTHANSE I EIckD, Ir-CEM Zr0, EAE
fRERAERE LT, 300CHOERETHED TREEEEOSVENICERTH LI LEHLLITL
TWb,

B5ETI, SUSSMEcA ) Py aBlUHASHEHEET I Eickd, 800CORET, B
REGUCERAEN 2P TCH+AURRaEESERKEI NI T EERLTWVS,

BOETIIKRIETH 5,

PIEEFTZERAXTE, MOCVDER K DERE A ) VY A B X VHESEOARKSEE L
MR i BEXULENEES L UTHAKORBRERN, Cho0ELBROBTF /1 RHER,
BlixEFEAERD X UTHEEEM & LTogRAtZHEO»ic L, MOCVD BB OEA LD
AR AR LSO T, MBUNZORBICFS TR L IAMDELEWV,

& T, R L (%) ORMERXE L TEAKLED 2,
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