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Atomic layer deposition (ALD)was used to prepare thin-filmmixtures of iridiumandplatinum.By
controlling the ratio between the iridium(III) acetylacetonate/oxygen cycles for Ir ALD and the
(trimethyl)methylcyclopentadienyl platinum(IV)/oxygen cycles for Pt ALD, the Ir/Pt ratio in the
films could be controlled precisely. We first examined the growth mechanisms for the pure Ir and Pt
ALD films, as well as themixed-metal Ir-PtALD films, using in situ quartz crystal microbalance and
quadrupole mass spectrometer measurements. These studies revealed that the nucleation and growth
of each of the noblemetals proceeds smoothly, with negligible perturbation caused by the presence of
the othermetal. As a consequence of thismutual compatibility, the composition, aswell as the growth
per cycle for the Ir-Pt films, followed rule-of-mixtures formulas that were based on the ratio of the
metal ALD cycles and the growth rates of pure Ir and Pt ALD. X-ray diffraction (XRD)
measurements revealed that the films deposit as single-phase alloys in which the lattice parameter
varies linearly with the composition. Similar to the pure noble-metal films, the Ir-Pt alloy films grow
conformally on high-aspect-ratio trenches. This capability should open up new opportunities in
microelectronics, catalysis, and other applications.

Introduction

Atomic layer deposition (ALD) is a thin-film synthesis
technique in which both the thickness and composition
can be precisely controlled at the atomic scale, which
allows nanostructures to be engineered with relative
ease.1 The ALD of simple binary compounds and ele-
ments typically employs the sequential application of two
precursor gases onto a solid surface, where the precursors
chemically react separately in a self-limited fashion.2

However, by expanding the ALD sequence to include

additional precursors or pairs of precursors, ALD of mixed
layers such as doped materials,3-9 mixed oxides,10-12
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nanolaminates,13-18 and alloys,19-25 can be achieved. Most
previous studies of mixed-layer ALD have focused on metal
oxide and chalcogenide materials. The objective of these
studies was to tune the composition of the metal oxide or
chalcogenide layers tomaximize the desiredmaterial proper-
ties such as charge storage capacity,14 dielectric constant,19

refractive index,13 corrosion resistance,26 or electrical con-
ductivity.27 However, there have only been a few reports on
the ALD of mixed materials that contain metals, which, so
far, are limited to mixtures with metal nitrides28,29 or metal
oxides.30 There seem to be no studies yet regarding the ALD
of mixed-metal layers. Applying the fine control afforded by
ALDtomixed-metal films shouldopenupnewopportunities
in microelectronics, catalysis, hydrogen storage, andmedical
applications. In particular, ALDhas the potential to develop
chemically enhanced metal nanolaminates, such as core-
shell structures and near-surface alloys.31

During the ALD of mixed layers, the growth and
properties of the films can often be predicted using simple
rule-of-mixtures (RoM) formulas that are based on the
precursor ratio employed during the deposition and the
properties of the pure, constituent materials. These for-
mulas assume that the growth of each of the components
is unaffected by the presence of the other components in
the film. However, there are many examples of ALD
systems that do not follow RoM behavior, and this
complicates the tasks of achieving a specific target film
composition or predicting the film properties. Some
reasons for this behavior include inhibited nucleation
for one or more of the components9,32 and etching of
one component by the other.32

In this study, we investigate, for the first time, the ALD
of mixed noble-metal layers. The ALD of mixed layers is
practical only when the surface chemistries of the
different components are mutually compatible and the

deposition conditions are similar. In light of this, we have
selected iridium and platinum as the materials for this
initial study, because both can be prepared at 300 �C and
they share oxygen as a common co-reactant. To deposit
the Ir-Pt alloy films, we employ alternating exposures to
iridium(III) acetylacetonate (Ir(acac)3) and oxygen for
the Ir component and alternating exposures to (trimethyl)-
methylcyclopentadienyl platinum(IV) (Pt(MeCp)Me3)
and oxygen for the platinum component. The ALD of
pure iridium and platinum films have been demonstrated
with growth rates of ∼0.4 Å/cycle and ∼0.5 Å/cycle,
respectively.33,34We control the composition of the Ir-Pt
alloy films by adjusting the relative ratio of the Ir(acac)3/
O2 and Pt(MeCp)Me3/O2 ALD cycles. We employ in situ
quartz crystal microbalance (QCM) and quadrupole
mass spectrometry (QMS) measurements to explore the
growth mechanisms for the pure iridium and platinum
metals and to examine the influence of the Ir-Pt cycle
ratio on the film growth. The composition of Ir-Pt alloy
films prepared on fused-quartz substrates is measured
with X-ray fluorescence (XRF) and compared to film
compositions deduced from the QCM results. We also
perform scanning electronmicroscopy (SEM) to examine
the morphology and conformality of the films on silicon
and X-ray diffraction (XRD) to investigate the alloy
structure and phase.

Experimental Details

ALD experiments were conducted in a viscous flow reactor35

in which the deposition zone consisted of a stainless steel tube

with a diameter of 5 cm. The QCM studies employed a Maxtek

Model BSH-150 sensor head housing a single-side polished, AT-

cut quartz crystal sensor (Colorado Crystal Corporation, Part

No. CCAT1BK-1007-000) that was interfaced to a computer

using a Maxtek Model TM400 film-thickness monitor. The

reactor was heated using a multizone temperature-controlled

exterior resistive heater system that maintained a constant

reaction temperature. A constant flow of ultrahigh-purity

(UHP, 99.999%) nitrogen carrier gas passed through the system

at a rate of∼360 sccm with a pressure of∼1 Torr. Pressure was

monitored using a capacitance manometer (MKS, Model

Baratron 628B). The system incorporates an ozone generator

(Pacific Ozone Technology, Model L11) for in situ substrate

cleaning. The reactor is also equipped with a differentially

pumped quadrupole mass spectrometer (Stanford Research

Systems, Model RGA300) located downstream from the sam-

ple/QCM position and separated from the reactor by a 35-μm
orifice.

The solid noble-metal ALD precursors were contained in

separate stainless steel bubblers. The Ir(acac)3 (Strem, 98%)was

heated to 160 �C and the Pt(MeCp)Me3 (Strem, 99%) was

heated to 40 �C. The stainless steel tubing connecting the

bubblers to the heated reactor manifold was heat-traced to
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prevent precursor condensation. During the precursor expo-

sures, 60 sccm of the UHP N2 carrier gas was diverted through

the bubbler. Each ALD cycle consisted of an exposure to the

metal precursor, aN2 purge, an exposure toO2, and a secondN2

purge. The optimized precursor exposure times were as follows:

7 s, Ir(acac)3; 5 s, Pt(MeCp)Me3; and 2 s, O2. The QCM studies

employed relatively long purge times of 20 s for the metal

precursors and 10 s for the O2 to allow the QCM signal to

stabilize.When coating substrates, the purge times were reduced

to 5 s for Ir(acac)3, 2 s for Pt(MeCp)Me3, and 2 s for O2.

The substrates consisted of Si (100), fused quartz, and glass;

all were 2-3 cm in size. Prior to deposition, the substrates were

ultrasonically cleaned in acetone for 5 min, rinsed in isopropa-

nol, and blown dry with N2. After loading into the reactor, the

substrates were allowed to outgas and thermally equilibrate for

at least 10 min in flowing UHP N2 at 300 �C and 1 Torr. Next,

the substrates were cleaned in situ, using a 60-s exposure to 10%

ozone in O2 with a flow rate of 400 sccm at 300 �C. To improve

the film uniformity, an ALD Al2O3 layer (1-5 nm) was depo-

sited onto the substrates using alternating exposures to tri-

methylaluminum and water prior to the metal ALD. The

ALD Al2O3 layer was deemed necessary after Ir films prepared

on quartz without this layer were thinner than companion films

prepared on the native oxide of silicon, indicating inhibited

growth on the quartz surface.

The ALD Ir-Pt alloy films were characterized ex situ using

X-ray fluorescence (XRF), SEM, and XRD. XRF measure-

ments were performed on an energy-dispersive Oxford Instru-

ments Model ED2000 system operated at 20 kV and 64 μAwith

an energy resolution of 140 eV. The composition and coverage

were determined by comparing the count rate from the LR lines

of Ir and Pt for a fixed detector deadtime percentage. The XRF

measurements were calibrated using pure Ir and Pt standards of

known coverage, as determined by Rutherford backscattering

spectrometry. XRD of ∼30 nm films was performed on a

bending magnet station at Sector 5 of the Advanced

Photon Source (Argonne, IL). The X-rays (Eγ = 16.015 keV;

λ = 0.7742 Å) were focused in the transverse direction using a

Kirkpatrick-Baezmirror, with a 2mm� 0.5mm incident beam

slit, had an incident flux of ∼1010 photons/s, and were detected

with a solid-state detector (Cyberstar). The X-ray energy was

calibrated with the Si (004) Bragg reflection on a Si(001)

substrate. Additional XRD experiments were conducted on a

RigakuModel ATXG rotating anode instrument using focused

Cu KR X-rays operated at 50 kV/240 mA, which produced a

∼108 photon/s flux. The XRF and XRD measurements were

performed on fused-quartz substrates where the quartz back-

ground was removed using data from a blank substrate. SEM

secondary electron images were obtained using an Hitachi

Model S4700 systemwith a field-emission gun operating at 5 kV.

Results and Discussion

In Situ Studies. We performed in situ QCM and QMS
measurements to explore the relationship between the
ALD Ir-Pt growth and properties. Figure 1 shows in situ
QCMandQMSmeasurements recorded during the ALD
of Pt, Ir, and Ir-Pt mixed-metal films. For the mixed-
metal films, we used an Ir(acac)3:Pt(MeCp)Me3 precursor
dosing ratio of 1:1. Prior to recording each of these
datasets, a sufficient number of ALD cycles were per-
formed such that the QCM and QMS signals achieved
steady-state values. The bottom traces in Figure 1 show
the status of the precursor dosing valves, where a value of
1 indicates that the respective dosing valve is open. The
top sections of Figure 1 show the QCM thickness values
as a function of time. The QCM thickness values are
calculated from the raw QCM signals, assuming densities
of 22.56 g/cm3 for Ir and 21.45 g/cm3 for Pt. The middle
traces show the QMS measurements at mass-to-charge
ratios of m/z = 44 for CO2 and m/z = 15 for CH3 as a
fragment of CH4 obtained concurrently with the QCM
data for the corresponding films. Rather than recording
them/z=16 parent peak for CH4, we recorded them/z=
15 fragment to avoid interference from the large O2 QMS
signal at m/z = 16. The m/z = 44 data for each of the
three ALDmaterials are shown on the same scale, so that
differences in peak heights reflect differences in the

Figure 1. SynchronizedQCMandQMSdata for (a) PtALD, (b) IrALD, and (c) Ir-Ptmixed-metalALDusing a 1:1 Ir(acac)3:Pt(MeCp)Me3 cycles ratio.
The bottom sections of the graphs show the precursor valve operation, where a value of 1 indicates that the respective precursor dosing valve is open. The
QCMthickness trace for platinum inFigure 1a shows an increase duringPt(MeCp)Me3 adsorption (Δm0) and a smaller decrease from theO2 dose to yield a
net platinum thickness increase (denoted as Δm1). In panel (c), the QCM thickness trace yields the net thickness increases from individual Ir ALD cycles
(ΔmIr) and Pt ALD cycles (ΔmPt), which enable determination of the film composition. The QMS data are shown atmass-to-charge ratios ofm/z=15 for
CH4 and m/z = 44 for CO2, which are the principle carbon-containing volatile byproducts of the ALD reactions.
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amounts ofCO2 released. Similarly, them/z=15data are

also shown on the same scale for each plot. The scale of

the m/z = 15 data, relative to that of the m/z = 44 data,

differs by an order of magnitude. To confirm that the
QMS signals originate from reaction products formed in

the higher-temperature regions of the reactor near the

QCM, as opposed to the lower-temperature surfaces close

to the QMS, we loaded the high-temperature portion of

our reactor with steel wool to increase the surface area of

this region by a factor of 10. We found that, while the

magnitudes of the QMS signals were enhanced using the

steel wool, the product ratios remained unchanged. This

finding supports our assumption that theQMS andQCM

sample the same process.
PlatinumALD.Aprevious in situQMS investigation of

Pt ALD using alternating exposures to Pt(MeCp)Me3
and O2 observed that CO2 and H2O were released as
volatile byproducts during both the metal and oxygen
precursor pulses.36 The authors hypothesized that oxygen
that had been adsorbed on the platinum film surface from
the precedingO2 exposure combusted some of the organic
ligands during the Pt(MeCp)Me3 exposure, and the
remaining ligands were burned during the subsequent O2

exposure. A larger fraction of the ligands were removed
during the O2 exposures compared to the Pt(MeCp)Me3
exposures, but quantitative values were not given.
In a more recent examination37 of Pt ALD using in situ

gas-phase infrared (IR) spectroscopy, CH4 was identified
as a gas-phase product of the Pt(MeCp)Me3 half-reaction
in addition to the CO2 and H2O observed from both half-
reactions. The CH4 was assumed to result from ligand
exchange reactions between the Pt(MeCp)Me3 methyl
ligands and reactive surface oxygen species such as hy-
droxyl groups. By quantifying the CO2 and CH4 signals,
the authors deduced that ∼13% of the carbon from
Pt(MeCp)Me3 was released during the metal precursor
exposures with approximately equal amounts of CO2 and
CH4, and the remaining 87% of the carbon was released
during the O2 exposures. Furthermore, in situ spectro-
scopic ellipsometry (SE) measurements exhibited a thick-
ness increase during the Pt(MeCp)Me3 exposures and a
smaller thickness decrease during the O2 exposures in
qualitative agreement with the IR measurements.37 How-
ever, the authors noted that their IR measurements were
influenced by possible surface reactions on the colder walls
(70 �C) of theirALDreactor and theSEmeasurementswere
not quantitative because they assumed a single dielectric
function for both the platinum and the ligands. Conse-
quently, we undertook a study of the Pt ALD mechanism
using in situQCMandQMS in our hot-walledALD system
(300 �C) to overcome some of these limitations.
We first conducted a systematic survey of the QMS

signals during Pt ALD fromm/z=2-100 to identify the

significant gas-phase reaction products. To boost our
sensitivity at m/z = 28 for CO, we temporarily switched
the carrier gas from nitrogen (m/z=28) to argon (m/z=
40) but we observed no reaction products at m/z = 28.
Furthermore, we did not observe methylcyclopentadiene
as a reaction product with QMS.We found thatm/z=15
(fragment of CH4),m/z=18 (H2O), andm/z=44 (CO2)
were the only significant gas-phase reaction products
during the Pt ALD. These byproducts are consistent with
both of the aforementioned studies.36,37 Because of the
fact that we found no CO, we can assume that H2O and
CO2 form in the ratio appropriate for complete combus-
tion. To provide a reliable signature of the ligands
released during Pt ALD, we focused our analysis on
CO2 and CH4, because these volatile species are less likely
to condense on surfaces downstream of the reaction zone
in our ALD system, compared to H2O.
Coincident with the Pt(MeCp)Me3 adsorption, the

QMS signals in Figure 1a show a prominent peak at
m/z = 15 and a small peak at m/z = 44, indicating that
both CH4 and CO2 are released as reaction byproducts.
During the subsequent O2 exposures, CO2 is the only
volatile carbon-containing byproduct observed. The raw
QMS signals were converted to CH4 and CO2 partial
pressures by first subtracting the background QMS
signals for these species measured during multiple
Pt(MeCp)Me3 or O2 exposures.38,39 Next, these signals
were corrected for the relative QMS sensitivities and
effusion rates into the pinhole39 to obtain the partial
pressures given in Table 1. Our results are in qualitative
agreement with Kessels et al., in that a majority of the
carbon is released during the O2 exposures.

37 However,
quantitatively, we find that 21% of the carbon is released
during the Pt(MeCp)Me3 exposures with the majority
(18%) in the form of CH4 and the minority (3%) in the
form of CO2, and the remaining 79% of the carbon is
released during the subsequent O2 exposures. This dis-
crepancy may result from the aforementioned potential
wall reactions in the previous study,37 or from different
O2 partial pressures that may affect the surface chemistry
of noble-metalALD.40 It is interesting that theCH4 signal

Table 1. Integrated QMS Signals
a

CO2 signal CH4 signal

Pt(MeCp)Me3 pulse 1.96 � 10-9 1.02 � 10-8

O2 pulse (Pt ALD) 4.59 � 10-8

Ir(acac)3 pulse 2.01 � 10-9

O2 pulse (Ir ALD) 4.53 � 10-8

aValues shown have a standard deviation of (10%.
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observed during the Pt(MeCp)Me3 exposures appears
(after background subtraction) as a broad, exponential
decay extending for ∼10 s, compared to the brief ∼1-2 s
spike for CO2 during the O2 exposures. This difference
implies a much slower reaction during the Pt(MeCp)Me3
exposures.
Given that Pt(MeCp)Me3 has nine carbon atoms, the

18% carbon product released as CH4 during the Pt-
(MeCp)Me3 exposures for Pt ALD (Table 1) represents,
on average, 1.6 C atoms. This CH4 probably results from
the reaction of methyl ligands on the Pt(MeCp)Me3
molecule with surface functional groups. For instance,
CH4 is formed during Al2O3 ALD when methyl ligands
on trimethyl aluminum react with surface hydroxyl
groups.38 It is understandable that the methyl ligands
should react first during Pt ALD, given that methyl
ligands are more reactive than cyclopentadienyl ligands
in oxide ALD using heteroleptic compounds.41,42 Hydro-
xyl groups have been observed previously on platinum
surfaces exposed to oxidizing conditions43 and the
Pt-OH binding energy indicates that these hydroxyl
groups should be stable at our deposition temperature
of 300 �C.44 The Pt-OH species on the Pt ALD surface
may result from water released during the platinum
precursor oxidation. The existence of surface hydroxyl
groups on the ALD Pt surface could be confirmed using
in situ Fourier transform infrared (FTIR) measure-
ments.45

The top trace in Figure 1a shows the QCM thickness
measurements during Pt ALD. These data yield a growth
rate of 0.64 Å/cycle, which is somewhat larger than the
0.45 Å/cycle reported previously.34,37 This discrepancy
could be explained by a small amount of thermal decom-
position during the relatively large Pt(MeCp)Me3 expo-
sures utilized in our experiments or by enhanced mass
uptake due to a roughened QCM surface. The QCMdata
show a large thickness increase during the Pt(MeCp)Me3
exposures, followed by a smaller thickness decrease dur-
ing the O2 exposures in qualitative agreement with the
previous SE measurements.37 The large, transient de-
crease in QCM thickness at the beginning of the O2

exposures is attributed to the QCM thermal response to
the heat released during the exothermic combustion
reaction.41 The absence of this feature during the
Pt(MeCp)Me3 exposures is consistent with the small
CO2 signals, indicating very little combustion. The net

thickness decrease during the O2 exposures supports the
QMS observation that a majority of the carbon (79%)
from the ligands on the Pt(MeCp)Me3 molecule is re-
moved during the O2 exposures.
The QCM signals can be quantified using the QCM

step ratio,32,36,38 Δm1/Δm0, where Δm0 is the thickness
increase resulting from exposure to Pt(MeCp)Me3 and
Δm1 is the net thickness change from one complete
ALD cycle as displayed in Figure 1a. For Pt ALD, we
obtain Δm1/Δm0 = 0.79 ( 0.01, where the error bars
show the standard deviation from measurements of
multiple QCM steps. The predicted QCM step ratio is
given by

Δm1

Δm0

� �
Pt

¼ MPt

MPtðMeCpÞMe3 -ðxCH4
MCH4

þ xCO2
MCO2

þ xH2OMH2OÞ
ð1Þ

where MPt is the atomic weight of platinum and
MPt(MeCp)Me3

, MCH4
, MCO2

, and MH2O
are the molecular

weights of the corresponding molecules. The terms xCH4

and xCO2
represent the numbers of C atoms released from

Pt(MeCp)Me3 as CH4 and CO2, respectively, during the
Pt(MeCp)Me3 exposure. Finally, xH2O

is the number of
H2Omolecules released concurrently with the CO2. From
Table 1, we obtain xCH4

= 1.6 and xCO2
= 0.3. Assuming

that the H2O results from the complete combustion of the
Pt(MeCp)Me3 ligands (C9H16), xH2O

= 8/9(xCO2
) = 0.26.

Substituting these values into eq 1, we obtain the pre-
dicted value Δm1/Δm0 = 0.74 ( 0.07, in excellent agree-
ment with the QCM measurements (0.79 ( 0.01), which
strengthens our proposed mechanism.
To summarize, our results suggest the following me-

chanism for Pt ALD: (1) Pt(MeCp)Me3 reacts with

adsorbed oxygen species on the Pt ALD surface, releasing

1.6 of the 3methyl groups as CH4 via ligand exchange and

0.3 methyl groups through combustion; (2) during the

subsequentO2 exposure, the remaining 1.1methyl ligands

and the methylcyclopentadienyl ligand are released by

combustion and the platinum surface is repopulated with

oxygen species.
Iridium ALD. The mechanism for Ir ALD has not been

previously investigated but is thought to be comparable

to that for Pt ALD and Ru ALD.33 We can analyze the

QCM and QMS data for Ir ALD in a manner similar to

that previously described for Pt ALD. We first surveyed

the QMS signals from m/z = 2-100 to identify the

important gas-phase reaction products and found that

only m/z = 18 (H2O) and m/z = 44 (CO2) were signifi-

cant. The m/z= 44 trace in Figure 1b demonstrates that

most of the CO2 is released during the O2 exposures with

only a very small fraction released during Ir(acac)3
adsorption. Although small peaks are seen at m/z = 15

during the O2 exposures, this signal is merely a crack of

the CO2 and this trace is included only for comparison

with the Pt ALD and Ir-Pt ALD.
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The raw QMS signals were converted to relative CO2

partial pressures, as previously described, and the results
are shown in Table 1. We first note that the CO2 signals
observed during the O2 exposures for both the Pt ALD
and Ir ALD are almost the same. We deduced that the
CO2 signal during the O2 exposures for Pt ALD resulted
from the combustion of 7.1 C atoms, and we can use this
to calibrate theCO2 signal during the IrALD. The atomic
densities of Ir and Pt atoms deposited during each ALD
cycle are 2.3 � 1014 and 3.5 � 1014, respectively (see
Figure 3, presented later in this work), so that the relative
surface density for iridium is 0.67. Combining this quan-
tity with the CO2 partial pressures in Table 1 and the
aforementioned calibration factor, we conclude that
10.5 C atoms are released during the O2 exposures for Ir
ALD. Because each acetylacetonate ligand has five C
atoms, the QMS data indicate that two of the three
acetylacetonate ligands are lost during the O2 exposures
and the remaining ligand is lost during the Ir(acac)3
exposures.
If combustion occurred during both half-reactions, we

would observe CO2QMS signals during the Ir(acac)3 and
the O2 exposures in a 1:2 ratio. However, Table 1 shows
only a tiny CO2 signal during the Ir(acac)3 exposures,
accounting for just ∼0.4 C atoms. Although we were
unable to identify the major carbon-containing bypro-
ducts from the Ir(acac)3 exposures, we suspect that this
species is acetylacetone released by ligand exchange with
surface hydroxyl groups, analogous to the CH4 released
during Pt ALD. To verify that our QMS is sensitive to
acetylacetone, this compound was admitted into the
reactor and we were able to detect this molecule. It is
possible that, during Ir ALD, the acetylacetone forms
slowly, resulting in a weak, broad QMS signal that is
below our detection limit. Gas-phase IR absorption
measurements could evaluate this possibility.
The QCMmeasurements for Ir ALD are shown as the

top trace in Figure 1b. We observe a large thickness
increase coincident with the Ir(acac)3 exposures, and a
smaller net thickness decrease during the O2 exposures.
As described previously, the transient thickness decrease
during the O2 exposures is most likely an artifact caused
by the heat released during ligand combustion. The
absence of such a feature during the Ir(acac)3 exposures
is further evidence that combustion does not occur. Our
QCM measurements yield a growth rate of 0.46 Å/cycle,
which compares very well with the growth rate of ∼0.47
Å/cycle measured previously.33

Further details about the Ir ALD mechanism can be
obtained from the QCM step ratio. Assuming ligand-
exchange during the Ir(acac)3 reaction, the QCM step
ratio is

Δm1

Δm0

� �
Ir

¼ MIr

MIrðacacÞ3 -xacacðMacac þ 1Þ ð2Þ

where MIr is the atomic weight of iridium, MIr(acac)3

and Macac are the molecular weights of the corres-

ponding molecules, and xacac represents the number of

acetylacetonate ligands lost during the Ir(acac)3 expo-
sures. Using the value of Δm1/Δm0 = 0.67 ( 0.01 from
QCM, eq 2 yields xacac = 2.0, implying that ∼2 acety-
lacetonate ligands are lost during the Ir(acac)3 exposures.
Taken together with the value of xacac = 1.0 from QMS,
our measurements suggest that∼50% of the acac ligands
are released during the Ir(acac)3 exposures.
To summarize, our results suggest the following me-

chanism for Ir ALD: (1) Ir(acac)3 reacts with adsorbed
oxygen species on the ALD Ir surface, releasing 1-2 of
the acetylacetonate ligands through ligand exchange and
∼0.1 ligand through combustion; (2) during the subse-
quent O2 exposure, the remaining acetylacetonate ligands
are released by combustion and the iridium surface is
repopulated with oxygen species.
Mechanism for Iridium-Platinum Mixed-Metal ALD.

Although the ALD of mixed-metal films has not been
previously explored, we might expect some interaction
between the different metals and ligands, which modifies
the growth behavior, compared to the pure-metal ALD.
Figure 1c presents the QCM and QMS measurements
recorded during the ALD of Ir-Pt mixed-metal films
using a Pt(MeCp)Me3:Ir(acac)3 dosing ratio of 1:1. This
ratio was selected to amplify any nonideal behavior by
forcing the surface chemistry to transition at every cycle.
Remarkably, the QMS and QCM signals seem virtually
unchanged for the Pt and Ir ALD cycles in the 1:1 mixed-
metal film, compared to the corresponding signals for the
pure metals. In particular, Figure 1c yields QCM step
ratios of 0.81 ( 0.02 and 0.72 ( 0.03 for the Pt and Ir
steps, respectively, in the 1:1 mixed-metal film, in close
agreement with the values of 0.79 ( 0.01 and 0.67 ( 0.01
obtained during the pure Pt ALD and Ir ALD. Further-
more, the QMS signals for CH4 andCO2 in the 1:1mixed-
metal ratio are virtually identical to those observed
for their pure-metal counterparts. We found similar
behavior for a range of Ir-Pt mixed-metal films using
Pt(MeCp)Me3:Ir(acac)3 dosing ratios of 1:10, 1:4, 1:1,
4:1, and 10:1. The fact that theQCMstep ratios andQMS
product distributions do not change for the Ir-Pt mixed-
metal films demonstrates that the growthmechanisms for
the platinum and iridium are not perturbed by the pre-
sence of the othermetal. Consequently, we expect that the
growth and composition of the mixed-metal films should
follow RoM predictions.
Film Thickness Measurements. The thickness change

between the start of the Ir(acac)3 pulse and the subsequent
Pt(MeCp)Me3 pulse is denoted by ΔmIr in Figure 1 and
gives the net change in iridium thickness. Similarly, the
net change in platinum thickness is given by ΔmPt. By
calculating the net change in thickness from each indivi-
dual cycle and plotting versus the number of ALD cycles,
we obtain the data in Figure 2. Figure 2 shows the in situ
growth measurements for a range of ALD Ir-Pt alloy
films prepared using 0%, 10%, 25%, 50%, 75%, 90%,
and 100% Ir(acac)3 cycles. Qualitatively, Figure 2 shows
that platinum deposits faster than iridium and that the
growth per cycle varies monotonically with the ratio of
metal precursor pulses. The crosses in Figure 3 plot
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the slopes of the growth curves in Figure 2 against
the percentage of Ir(acac)3 ALD cycles. Figure 3

also includes the predicted growth per cycle (solid line)
based on a rule of mixtures:

G ¼ fIrgIr þð1-fIrÞgPt ð3Þ
whereG is the growth per cycle, fIr the fraction of Ir(acac)3
cycles, and g the respective growth per cycle for the pure

iridium or platinum films. Figure 3 demonstrates that the

thickness measurements agree very well with the RoM
formula described by eq 3.
The diamond-shaped symbols in Figure 3 represent the

growth per cycle of the ALD Ir-Pt alloy films derived
from ex situ XRF measurements of samples prepared on

silicon substrates coated first with∼5 nm of ALDAl2O3.
The XRF thickness measurements were divided by the

number of ALD cycles performed to obtain the growth
per cycle. The ex situ XRF coverage measurements

exhibit a linear trend that is similar to that of the in situ
QCM thickness measurements. This agreement lends

support to each of these measurement techniques.

Previous studies of the growth of ALD mixed material
films have reported large departures from RoM predic-

tions in certain cases, because of nonideal behavior such

as inhibited growth9 and etching32 upon transitioning
between the differentALDmaterials. The excellent agree-

ment between the XRF and QCM film growth measure-
ments and the RoM formula in Figure 3 suggests that
both the Ir ALD and Pt ALD grow equally well on either

metal surface, as predicted by our in situ studies. Evi-
dently, nonideal processes such as inhibited growth, sur-

face poisoning, and etching do not occur.
Composition Analysis. The compositions of the ALD

noble-metal films were determined using both in situ
QCMand ex situXRFmeasurements performed on films
deposited on Si(001) and quartz substrates that were first
coated using 1-5 nm of ALD Al2O3. Figure 4 plots the
iridium concentration against the percentage of Ir(acac)3
cycles used to grow the film. The QCM composition is
obtained by first calculating the thickness changes for the
individual Ir (ΔmIr) and Pt (ΔmPt) cycles and then apply-
ing the following formula:

IrðQCMÞ ð%Þ ¼ ΔmIrFIr
ΔmIrFIr þΔmPtFPt

� 100 ð4Þ

where F refers to the density of the respective element. The
XRF composition is obtained using the coverages of
iridium (cIr) and platinum (cPt) determined from XRF
measurements of the ALD Ir-Pt films, using the follow-
ing expression:

IrðXRFÞ ð%Þ ¼ cIr

cIr þ cPt
� 100 ð5Þ

Figure 4 also plots the RoM formula:

Ir ð%Þ ¼ fIrFIrgIr
fIrFIrgIr þð1-fIrÞFPtgPt

� 100 ð6Þ

where g is the growth per cycle for the indicated material.
Fitting this model to the data gives growth-per-cycle
values of gIr = 0.46 Å/cycle and gPt = 0.60 Å/cycle.
These values agree very well with the values of 0.43 Å/

cycle and 0.64 Å/cycle that have been obtained by QCM

Figure 2. QCMthickness data for a series ofALDnoble-metal films. The
ALD growth per cycle is obtained from the slope of these curves and
decreases as the percentage of Ir(acac)3 cycles increases.

Figure 3. QCMgrowthper cycle andXRFmetal atomcoverage per cycle
as a functionof the percentage of Ir(acac)3 cycles. The data agreewell with
the rule of mixtures (RoM) for film thickness (denoted by the solid line)
given by eq 3.

Figure 4. Film composition deduced from QCM and XRF measure-
ments, as a function of the percentage of Ir(acac)3 cycles. The data agree
wellwith the rule ofmixtures for filmcomposition (denotedbya solid line)
that is given by eq 6.
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for Ir ALD and Pt ALD, respectively. The agreement

between the composition measurements for the Ir-Pt

ALD mixed-metal films and the RoM prediction

(see eq 6) supports the conclusion that both the Ir and

Pt ALD are unaffected by the presence of the other metal.

This predictability simplifies the process of achieving a

specific film composition by adjusting the percentage of Ir

cycles. We can employ the rule of mixtures as a predictive

tool to tailor the alloy composition for specific applica-

tions. Although we did not explicitly measure the impur-

ity content of our films, four-point-probe measurements

yielded resistivity values that were consistent with

oxygen-free metal films for the ALD Pt, ALD Ir, and

mixed-metal samples.

Alloy Film Morphology and Structure. The step cover-
age and conformality of the ALD Ir-Pt alloy films were
evaluated using SEM images of a film with a thickness of
32.2 nm, as determined by XRF, prepared using an
Ir(acac)3:Pt(MeCp)Me3 ratio of 1:1 on a silicon substrate
with micromachined, high-aspect-ratio features (see Fig-
ure 5). Figure 5a shows the ALD Ir-Pt film over two
adjacent trenches with an aspect ratio of∼19. Figures 5b
and 5c show magnified images of the top and bottom of
the left trench inFigure 5a. The Ir-PtALD film thickness
is almost identical at the top (36 ( 3 nm) and bottom
(31 ( 3 nm) of the trench, confirming that the process is
conformal. Similar results were obtained from SEM
images of ALD Ir-Pt alloy films prepared using other
metal precursor ratios. This conformality for the Ir-Pt
alloy films is consistent with previous studies for the pure
ALD Ir42 and ALD Pt43 films.
Figure 5d shows a plan-view SEM image for the same

ALD Ir-Pt alloy film as that shown in Figure 1. The
granular morphology that is apparent in this image
suggests a nanocrystalline film. By examining similar
SEM images recorded from ALD Ir-Pt alloy films pre-
pared with different Ir(acac)3:Pt(MeCp)Me3 dosing ra-
tios (see the Supporting Information), we discovered that
the film morphology is not appreciably dependent on the
film composition and resembles other pure ALD noble
metals.33,34,44-46

Our XRD studies indicate that all the ALD Ir-Pt alloy
films deposited in the form of a face-centered cubic single-
phase solid solution. The diffraction patterns and addi-
tional analysis are provided in the Supporting Informa-
tion. One might expect the ALD Ir-Pt alloy films to
possess a laminate structure that results from the layer-
by-layer synthesis. The XRD data do not show features
that are characteristic of a superlattice or other long-
range ordering, although this phase may be difficult to
distinguish from the bulk, because of the similarities in
atom size, scattering contrast, and crystal structure.

Figure 5. SEM images of an ALD mixed-metal film prepared using a
Ir(acac)3:Pt(MeCp)Me3 cycles ratio of 1:1. In panel (a), the film con-
formally coats the trench structure with an aspect ratio of∼19. Panel (b)
shows anenlargedviewof the trench top.Panel (c) shows anenlargedview
near the bottom of the trench. Panel (d) shows an SEM image of film
surface morphology showing the typical granular texture.

Figure 6. ALD film lattice constant, as a function of the iridium content
(given in terms of at.%); the lattice constant transitions from that of
platinum to iridium with increasing iridium content.

(46) Christensen, S. T.; Elam, J. W.; Lee, B.; Feng, Z.; Bedzyk, M. J.;
Hersam, M. C. Nanoscale Structure and Morphology of Atomic
Layer Deposition Platinum on SrTiO3 (001). Chem. Mater. 2009,
21(3), 516–521.
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Figure 6 shows the lattice parameter deduced from the
XRD data as a function of the measured iridium compo-
sition. The lattice constant for the pure ALDPt film has a
value of aPt = 3.923 Å. The lattice constant decreases
monotonically as the iridium content increases, to a value
of aIr= 3.836 Å for the pure IrALD film. The solid line in
Figure 6 is based on the RoM formula:

a ¼ ð1-fIrÞaPt þ fIraIr ð7Þ
Figure 6 also includes the lattice parameter values from
the literature for similar bulk Ir-Pt compositions.52

It is instructive to compare our XRD results for the
ALD Ir-Pt films with the existing literature for Ir-Pt
bulk alloys. Bulk Ir-Pt alloys behave as a solid solution
above ∼1400 �C; however, below 1370 �C, a miscibility
gap exists in the composition range of 35-90 at.% Ir.
However, the literature does not provide information at
the 300 �C deposition temperature used in our study. The
XRD data indicate the presence of a single-phase solid
solution. This establishes the fact that the platinum and
iridium do not nucleate as separate grains of pure ele-
ments, because the diffractometer has sufficient resolu-
tion to discriminate between separate Pt and Ir phases.
Interestingly, the ALD film lattice constant seems to
agree well with alloys that have been prepared at signifi-
cantly higher temperatures. Both the ALD films and the
bulk alloys follow the rule of mixtures above 50 at.% Ir;
however, the lattice parameter drops below the RoM
predictions near 25 at.% Ir. This deviation has been
reported elsewhere and was attributed to strain fields
and attractive/repulsive interactions between the metal
atoms.47,48 The drop in lattice constant shown in Figure 6
may indicate an enhanced interaction between the Ir and
Pt atoms, relative to the miscibility gap.

Conclusions

The atomic layer deposition (ALD) of mixed-metal
Ir-Pt layers has been explored using in situ quartz crystal
microbalance (QCM) and quadrupole mass spectrometry
(QMS), as well as ex situ scanning electron microscopy
(SEM), X-ray fluorescence (XRF), and X-ray diffraction
(XRD). The ALD Ir-Pt mixed-metal films deposit in a
predictable manner, in which the growth rate, composi-
tion, and lattice parameter obey rule-of-mixtures formu-
las. XRD studies reveal that the ALD Ir-Pt mixed-metal
films deposit as a single-phase, solid solution similar to
previous reports of bulk Ir-Pt alloys prepared at higher
temperatures. These results suggest that ALD may be a
facile and general approach for preparing noble-metal
alloy films and nanostructures for applications in cata-
lysis, chemical sensors, microelectronics, corrosion resis-
tance, medicine, and other fields.
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