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Ritala

Department of Chemistry, University of Helsinki, PO Box 55 (A. I. Virtasen aukio 1), University of Helsinki 00014,

Finland. *Correspondence e-mail: mikko.j.heikkila@helsinki.fi

IrO2 is an important material in numerous applications ranging from catalysis to

the microelectronics industry, but despite this its behaviour upon annealing

under different conditions has not yet been thoroughly studied. This work

provides a detailed investigation of the annealing of IrO2 thin films using in situ

high-temperature X-ray diffraction and X-ray reflectivity (HTXRR) measure-

ments from room temperature up to 1000�C in oxygen, nitrogen, forming gas

and vacuum. Complementary ex situ scanning electron microscopy and atomic

force microscopy measurements were conducted. The combined data show the

dependencies of crystalline properties and surface morphology on the annealing

temperature and atmosphere. The reduction of IrO2 to Ir takes place at a

temperature as low as 150�C in forming gas, but in oxygen IrO2 is stable up to

800�C and evaporates as a volatile oxide at higher temperatures. The IrO2

crystallite size remains constant in oxygen up to 400�C and increases above that,

while in the more reducing atmospheres the Ir crystallites grow continuously

above the phase-change temperature. The role of HTXRR in the analysis is

shown to be important since its high sensitivity allows one to observe changes

taking place in the film at temperatures much below the phase change.

1. Introduction

Iridium oxide has found use in a surprisingly wide variety of

applications, despite the cost and rarity of the raw material.

The earliest studies of IrO2 were conducted by Claus as early

as 1860 (Claus, 1860) and further by Wöhler and Witzmann in

1908 (Wöhler & Witzmann, 1908), but broader interest

towards the material arose in the mid-1960s when dimen-

sionally stable anodes were introduced for the chlor-alkali

industry (Hackwood et al., 1982; Trasatti, 2000). New appli-

cations were found in the 1980s when electrochromism and

applicability for water electrolysis were discovered (Hack-

wood et al., 1982). Today, the field of possible applications has

diversified even further, ranging from the still ongoing elec-

trochromic studies (Wen et al., 2014) and water electrolysis

(Rasten et al., 2003; Yagi et al., 2005; Hou et al., 2006; Carmo et

al., 2013; Bernicke et al., 2015; Abbott et al., 2016; da Silva et

al., 2017) to unitized regenerative fuel cells (Pettersson et al.,

2006; Antolini, 2014), pH sensors (Huang et al., 2011) and

biosensors (Shim et al., 2012), and, in medicine, cardiovascular

stents (O’Brien & Carroll, 2009) and neural stimulation and

detection (Cogan, 2008).

Many of the aforementioned applications utilize IrO2 as

particles or as thick and very rough films. The field that

probably places the largest demands on high-quality thin films

is microelectronics. IrO2 has been explored most often as the

top (Park et al., 2005) or bottom electrode, e.g. in ferroelectric
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memories, multiferroics or microelectromechanical systems

devices (Lee et al., 1999; Pinnow et al., 2001, 2002; Gong et al.,

2013; Tomczyk et al., 2017; Potrepka et al., 2017; Okuyama,

2016), since it works as a diffusion barrier, has good phase

stability at high temperatures under oxidizing conditions and

is lattice matching with many ferroelectric materials, showing

good structural and chemical compatibility. IrO2 is also very

conducting, its bulk resistivity being 35–60 m� cm. Further-

more, it has superior fatigue properties (Okuyama, 2016;

Tomczyk et al., 2017) and even radiation hardness (Brewer et

al., 2016) over commonly used Pt electrodes.

IrO2 has been synthesized using a wide selection of

methods. Thermal decomposition has been widely used (Jang

& Rajeshwar, 1987; Hou et al., 2006), as has reactive sputtering

(Hackwood et al., 1982; Sanjinés et al., 1989; Lee et al., 1999;

Pinnow et al., 2001, 2002; Cogan, 2008; Kim, Kwon, Kwak &

Kang, 2008). Anodization of an Ir film (Cogan, 2008) and

thermal oxidation of metallic iridium (Bayer & Wiedemann,

1975; Chalamala et al., 1999, 2000) have been in use for a long

period of time. Furthermore, IrO2 thin films are also deposited

hydrothermally (da Silva et al., 2017) using the Adams fusion

method (Rasten et al., 2003; Abbott et al., 2016), spray pyro-

lysis (Patil et al., 2003), electro-deposition (Yagi et al., 2005),

sol–gel methods (Bernicke et al., 2015), pulsed-laser deposi-

tion (Gong et al., 2009; Hou et al., 2017), laser ablation (Wang

et al., 2006; Gong et al., 2013), chemical vapour deposition

(CVD) (Liao et al., 2001; Jürgensen et al., 2017) and atomic

layer deposition (ALD) (Hämäläinen et al., 2008, 2014).

Among the various thin-film deposition methods, ALD offers

unsurpassed conformality and thickness uniformity properties,

making it the method of choice for coating highly complex

shapes (Ritala & Niinistö, 2009; George, 2010; Leskelä et al.,

2014).

Although the stability and microstructure of IrO2 are

important e.g. in catalytic and oxygen evolution/reduction

applications, they are also critical in microelectronics and

integration into thin-film devices. While many methods have

been used to deposit IrO2, there are surprisingly few detailed

studies of how IrO2 behaves during post-deposition annealing.

The most often used method for analysis is X-ray diffraction

(XRD) (Jang & Rajeshwar, 1987; Pinnow et al., 2001, 2002;

Sanjinés et al., 1989; Kim, Shim et al., 2008; Bayer & Wiede-

mann, 1975; Chalamala et al., 1999, 2000; Gong et al., 2009;

Chen et al., 1997). Pinnow et al. (2001, 2002) even used XRD

for stress analysis of an IrO2 film as a function of temperature.

Thermogravimetry was used in some early studies (Hackwood

et al., 1982; Jang & Rajeshwar, 1987; Bayer & Wiedemann,

1975), as was calorimetry (Jang & Rajeshwar, 1987). Liao et al.

(1997) used Raman spectroscopy, X-ray photoelectron spec-

troscopy (XPS) was used in a couple of studies (Sanjinés et al.,

1989; Peuckert, 1984), and gases evolved during annealing

have been analysed a few times (Hackwood et al., 1982;

Pinnow et al., 2002; Chalamala et al., 2000). A change in film

resistivity during annealing was studied by Sanjinés et al.

(1989). While detailed experiments on thermal behaviour

were conducted as early as the 1980s, the films were often at

least partially hydrated.

The aim of the present study was to perform a detailed high-

temperature X-ray scattering study on atomic layer deposited

IrO2 thin films that were annealed in different atmospheres:

O2, N2, forming gas (5% H2 in N2) and vacuum. The changes in

unit-cell parameters as determined by high-temperature X-ray

diffraction (HTXRD) are presented, as well as information on

the atmosphere-dependant decomposition into Ir. Changes in

film roughness and surface morphology were followed using

high-temperature X-ray reflectivity (HTXRR), atomic force

microscopy (AFM) and field emission scanning electron

microscopy (FESEM). The phase-change behaviour is

discussed and the benefits of HTXRR in detecting changes in

the film before actual phase changes occur are emphasized.

2. Experimental

Iridium oxide thin films were deposited from Ir(acac)3 (acac =

acetylacetonate) and ozone at 185�C in a hot-wall flow-type

F-120 ALD reactor using a process developed by Hämäläinen

et al. (2008). The reactor was operated under a nitrogen

pressure of about 10 mbar (1 bar = 100 000 Pa). Nitrogen

(99.9995%) was produced with a NITROX UHPN 3000

nitrogen generator and used as a carrier and purging gas.

Silicon (100) was used as a substrate. Before loading into the

reactor, the substrates were rinsed with ethanol and blown dry

with nitrogen to remove dust particles. Ir(acac)3 (99.9%,

ABCR) was sublimed from an open boat held inside the

reactor at 155�C. Ozone was produced with a Wedeco

Ozomatic Modular 4 HC ozone generator from oxygen

(99.999%, Linde Gas) and pulsed into the reactor through a

needle valve and a solenoid valve from the main ozone flow

line. The estimated ozone concentration output of the

generator was about 100 g N�1m�3. A total of 1000 ALD

cycles were applied in the process, where the pulse and purge

times for both precursors were 1 s each, producing films with a

thickness of 340 Å.

Film crystallinity and phase structure were determined with

a PANalytical X’Pert Pro MPD diffractometer using Cu K�
radiation. High-temperature measurements were conducted in

an Anton Paar HTK1200N oven. Oxygen (99.9999%), nitro-

gen (99.999%, further purified with Entegris 35KF-I-4R inert

gas purifier) and forming gas (5% H2 in N2) were used at 10–

50 mbar above ambient pressure (due to the check valve at the

furnace outlet) for annealing in gaseous atmospheres, while

vacuum measurements were conducted at <10�3 mbar. The

temperature was raised at a rate of 15�C min�1 and a 2 min

waiting period preceded each 30 min measurement done at

constant temperature, giving an effective heating rate of

approximately 1.2 C min�1. Grazing-incidence X-ray diffrac-

tion (GIXRD) measurements were done using a multilayer

mirror, a 0.18� parallel-plate collimator and a PIXcel detector.

The angle of incidence was 1� for all GIXRD measurements.

The same setup with an additional 0.1 mm parallel-plate

collimator slit was used for the HTXRR measurements.

Before the X-ray reflectivity (XRR) measurements, the

correct sample height position and omega offset were deter-

mined for each temperature. The MAUD software package
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was used for Rietveld refinement of the diffractograms

(Lutterotti et al., 2004). Fitting to the XRR data was done

using REFLEX35 (Vignaud & Gibaud, 2019) and MOTOFIT

(Nelson, 2006), and on a few occasions STOCHFIT was used

to evaluate the structure (Danauskas et al., 2008).

The XRR fitting procedure consisted of several steps. The

whole film thickness was first modelled with ten slices of

variable density, and in each slice the roughness was limited to

one half of the thickness. The layers were thinner closer to the

interface (in order to detect better any abrupt changes taking

place there) and at the surface (in case the Nevot–Croce

roughness model was not adequate for modelling the surface

roughness, which might not be Gaussian due to the changes

taking place while annealing). Importantly, the effect of the

sample size and incident-beam size were taken into account in

REFLEX35, as the sample length was below 18 mm due to the

furnace size.

The XRR data of the as-deposited layers were fitted using

as free parameters the surface-layer thickness and roughness,

the buffer SiO2 layer thickness and roughness, and all the

densities. All the other values were kept constant. The data

were first fitted using a genetic algorithm in MOTOFIT or

Nelder–Mead minimization in REFLEX35, in order to

approach the global minimum of the fit. After both methods

gave close-to-equal results, the fit was improved in

REFLEX35 using the interior-point algorithm (Vignaud &

Gibaud, 2019) to reach the absolute local minimum. The

densities are scattering length densities (SLDs) and thus not

dependent on the stoichiometry of the film. After a satisfac-

tory fit had been reached, the same values were used as

starting values for the next temperature data set, unless there

were large differences, in which case global optimizations were

again tried at first.

The film morphology was studied with a Hitachi S-4800 field

emission scanning electron microscope. For AFM studies a

Veeco Instruments Multimode V with Nanoscope V controller

was used. Samples were measured in tapping mode in air using

a phosphorus-doped silicon probe (RTESP) supplied by

Veeco Instruments. Several scans were performed on different

parts of the samples to check the uniformity of the surface.

Final images were taken from a scanning area of 2� 2 mm with

a scanning frequency of 0.5 Hz, and no image processing

except flattening was performed. Roughness values k were

calculated as root-mean-square values (Rq).

3. Results and discussion

3.1. X-ray scattering

3.1.1. Annealing in an oxygen atmosphere. Rietveld

refinement of the GIXRD data of the as-deposited film is

depicted in Fig. 1(a). No other phases than tetragonal IrO2 are

present (Bolzan et al., 1997). Since the widths of the first two

reflections in the IrO2 diffractograms were very different

[FWHM = 1.37� 2� for the (110) reflection at 28.0� 2�, and

0.65� 2� for the (101) reflection at 34.9� 2�], the crystallite size

and shape were considered to be anisotropic and refinements

were thus made using the Popa rules for anisotropic crystallite

size (Popa, 1998). Similar XRD patterns were obtained by

Abbott et al. (2016) in their powder synthesis and, on the basis

of high-resolution transmission electron microscopy, this was

related to preferred crystallite growth in the [001] and [112]

directions. Since the intensity ratios differed from the standard

ratios and because no real texture information was available,

an arbitrary texture model was used to correct the intensity

differences. The same methodology was used to refine the

results acquired in nitrogen, vacuum and forming gas. The Rwp

values remain quite high (almost 0.15 at worst) in all refine-

ments due to high noise related to the fast acquisition.

However, this was considered acceptable for the level of detail

studied here.

GIXRD measurements of an IrO2 film heated in oxygen are

depicted in Fig. 1(b). The tetragonal IrO2 phase remains up to

800�C, and above that temperature IrO2 is barely observed in

the diffractograms. No new phases appear upon the disap-

pearance of IrO2. The broad bump observed at higher

temperatures around 55� 2� originates from the Si substrate.
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Figure 1
(a) Rietveld refinement of the GIXRD data of the as-deposited IrO2 film. The grey circles represent the measured data and the solid line the simulation.
Vertical bars show the locations of the reflections in the reference data, and the difference between the measured and simulated data is shown at the
bottom. (b) High-temperature GIXRD data of an IrO2 film annealed in an oxygen atmosphere.
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Our results are well in line with several other studies

performed in either oxygen or air, where IrO2 has been

observed to be stable up to 750–850�C (Lee et al., 1999; Chen

et al., 1997; Cha & Lee, 1999; Zhang et al., 2005; Kim, Kwon,

Jeong et al., 2008; Gong et al., 2009; Pinnow et al., 2002).

Similarly to our case, Chalamala et al. (1999, 2000) noted that,

after heating their pulsed-laser-deposited films to 900�C, there

was no sign of Ir on the surface according to XPS, and similar

findings of IrO2 nanowires being vaporized have been

reported by Zhang et al. (2005). This is in contrast to the fact

that bulk IrO2 should be stable up to 1100�C before decom-

posing (Rumble, 2018). Some authors suggest that the disap-

pearance of the film is due to the formation of volatile IrOx

species (Chalamala et al., 1999; Kim, Kwon, Jeong et al., 2008),

and Shim et al. (2012) even used this to grow IrO2 films by

evaporating IrO2 at 1000�C and condensing the vapours onto

the substrate at 700�C.

In contrast to the findings above, IrO2 has been observed to

decompose to Ir at high temperatures – one group observed

this at 850�C (Kim, Kwon, Jeong et al., 2008) and another at

1000–1050�C (Jang & Rajeshwar, 1987). According to Sanjinés

et al. (1989), sputter-deposited iridium oxide decomposes

already at 400�C, although this was probably a decomposition

of a hydrated film into either Ir or IrO2 , depending on the

degree of hydration of the sample. This indicates that the

decomposition of IrO2 has a dependence on temperature and

the partial pressure of oxygen during annealing, as explained

by Cha & Lee (1999) and discussed later in Section 3.1.3.

The unit-cell parameters were determined using Rietveld

refinement and are depicted in Fig. 2. Horizontal arrows point

to the literature values reported by Bolzan et al. (1997). While

the a axis is quite close to the literature value of 4.5051 Å, the

c axis is slightly shorter (3.1584 Å in the literature). The unit-

cell parameters remain nearly constant up to 500�C with a tiny

maximum for the c axis at 200–250�C. Above 500�C, the unit-

cell parameters increase until the data are no longer refinable

above 750�C. This is quite different from the literature data

shown in Fig. 2, where the averages of two powder sample

measurement results by Rao & Iyengar (1969) and Bayer &

Wiedemann (1975) are plotted as dotted (a axis) and dashed (c

axis) lines. The room-temperature values are already different,

and the slopes are different as well. This indicates that thermal

expansion is restricted, probably due to the different thermal

expansion coefficients between the silicon substrate and the

IrO2 film. The faster expansion of the cell parameters above

600�C could be related to stress relaxation and recrystalliza-

tion, as similar results were observed by Pinnow et al. (2001,

2002) with their sputtered films.

In addition to the HTXRD studies, XRR was measured as a

function of temperature, and the results are shown in Fig. 3. As

explained in the Experimental section, initial fits to these data

were performed using a ten-slice model, but ultimately a two-

layer model was enough to fit the data accurately (see Fig. S1

in the supporting information). A thin (16 Å) layer with an

SLD of 9.0 � 10�5 Å�2 was found next to the substrate, and

this is thought to be a layer composed of IrO2 with a small

amount of Ir, as the SLD value for bulk IrO2 is smaller, about

7.8 � 10�5 Å�2. The SLD of the rest of the film was

7.6 � 10�5 Å�2, close to the bulk value. A small amount of Ir

at the interface is plausible when considering the original

process paper by Hämäläinen et al. (2008). There, the Ir/O

ratio was constant at 1:2 when the deposition was done at

185�C, while at a deposition temperature of 200�C the ratio

was almost 1:1 at the substrate interface, suggesting partial

reduction to metallic Ir at the beginning of the growth. Even

though our film was deposited at 185�C where the stoichio-

metry should be 1:2, a layer of Ir a few nanometres thick at the

interface would have been practically invisible to XRD or to
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Figure 2
Rietveld-refined unit-cell parameters as a function of temperature for an
IrO2 film annealed in oxygen. The three y axes on the left-hand side are
for the a axis, c axis and volume of the IrO2 unit cell. The horizontal
arrows point to the axes at the positions of the literature values of the
room-temperature unit-cell dimensions. The averages of literature values
are shown as a dotted line for the a axis and a dashed line for the c axis.
(Rao & Iyengar, 1969; Bayer & Wiedemann, 1975).

Figure 3
HTXRR measurements of an IrO2 film in an oxygen atmosphere.
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compositional analysis with elastic recoil detection analysis

and might have been present in their study as well.

The acquired SLD, total thickness and surface roughness

values are depicted as a function of temperature in Fig. 4(a)

(fits to the data are shown in Fig. S1 in the supporting infor-

mation). All the values remain quite constant up to 450�C, and

this is also seen in the shape of the SLD plot in Fig. 4(b). At

450�C the higher-density layer at the interface gets thinner and

denser, probably due to coalescence of the remaining Ir.

Although a pure Ir film starts to oxidize at 500�C according to

our earlier study (Heikkilä et al., 2011), the diffusion-barrier

properties of the deposited IrO2 seem to prohibit the Ir layer

from oxidizing completely, even at higher temperatures.

At 500�C and higher temperatures the roughness begins to

increase rapidly, most likely due to the crystal growth of the

film as shown later in Section 3.1.5. As this temperature

coincides with the onset of the increase in unit-cell parameters,

the structure probably relaxes at that point. Even though

macrostress was not found on the basis of the Rietveld

refinement, the average microstrain decreases towards higher

temperatures (see Section 3.1.5). The overall change in density

is a combination of several effects, as the increase in unit-cell

size should lead to a density decrease while the grain growth

reduces the number of grain boundaries and thus densifies the

film. Indeed, from 25�C to 700�C the values of bulk IrO2 film

SLD and unit-cell volume both change about 1% in opposite

directions, while simultaneously the total layer thickness

decreases by 11 Å (about 4%), the densification of the Ir layer

alone being 4 Å (see Fig. S2 in the supporting information). It

appears that the film gets thinner more than the density

change would suggest, but the reason for this is unknown.

Above 650�C, the density and thickness both decrease, most

likely due to the onset of film decomposition as observed in

diffraction data at higher temperatures, but also as crack

formation in 750�C scanning electron microscopy images (see

Section 3.1.6).

3.1.2. Annealing in a nitrogen atmosphere. High-tempera-

ture XRD results for an IrO2 film heated in a nitrogen

atmosphere are depicted in Fig. 5. When the temperature

reaches �650�C, IrO2 begins to decompose to metallic

iridium, and this transformation is completed at 750�C. Ir then

remains stable up to the highest studied temperature of

1000�C.
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Figure 4
(a) IrO2 SLD (� 10�5 Å�2), total thickness (Å) and surface roughness
(Å) of the oxygen-annealed film as a function of temperature. (b) SLD as
a function of distance from the substrate at varying temperature. The
curves are shifted horizontally for clarity by two SLD units for each 50�C.
The two vertical lines represent the SLDs of bulk IrO2 for the
measurements conducted at 25�C (dashed) and 750�C (dotted).

Figure 5
GIXRD measurements of an IrO2 film annealed in a nitrogen atmosphere. The enlarged region on the right-hand side depicts the diffractograms at
temperatures where decomposition takes place; open circles are the measured data and red lines the Rietveld fits to the data.
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Our results agree well with the earlier studies. IrO2 films

made by Kim, Shim et al. (2008) decomposed to Ir between

500–750�C in argon, while Chen et al. (1997) noticed partial

decomposition from IrO2 to Ir taking place at 700�C with their

sputtered films. Zhang et al. (2005) observed their IrO2

nanowires starting to decompose to Ir at 700�C and no IrO2

was left at 800�C. Slightly different results were obtained by

Hackwood et al. (1982), who found their IrO2 films to be stable

at 790�C in Ar. Sanjinés et al. (1989) observed a noticeable

change in film resistivity below 300�C when the film was

heated in Ar, and the resistivity change was completed at

500�C, but this was probably due to a gradual decomposition

from hydrated IrO2, first to IrO2 and then to Ir. In the work by

Choi et al. (2007), IrO2 nanodots embedded in an SiO2 film

were found to be stable at 800�C, which may be important

when considering bottom electrode application where IrO2 is

often covered by oxide layers.

The unit-cell parameters as a function of temperature are

depicted in Fig. 6. While the parameters remained quite

constant in oxygen (Fig. 2), in nitrogen there is a slight

increase in the parameters up to 250�C that is much more

obvious than during the O2 annealing. The reason for this is

unclear, but as Sanjinés et al. (1989) observed a resistivity drop

within a similar temperature range due to a partial loss of

oxygen, this might also be the case here. On the other hand,

this temperature range is just above the deposition tempera-

ture and might be additionally related to film relaxation.

Above 250�C there is a small decrease in the unit-cell para-

meters, after which they stay constant until the decomposition

into Ir takes place. On heating further, Ir shows a close-to-

linear thermal expansion behaviour.

The effect of the heating rate was tested by measuring a

constant 2� 2� window during heating (see Fig. S3 in the

supporting information). One measurement took 1 min, and

the heating rate was either 20 or 1�C min�1. At the higher

heating rate the phase transformation seemed to occur at a

temperature 25�C higher than with the slower heating.

However, as the temperature increased by 20�C during each

fast scan, there was also a rather large error in the temperature

with the higher heating rate.

Fitting the XRD data was much more complicated than

when the annealing was done in oxygen. Selected XRR curves,

SLD profiles, thickness and surface roughness are depicted in

Fig. 7 (all the fits are shown in Fig. S1 of the supporting

information). There is practically no change between room

temperature and the measurement done at 250�C, but the
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Figure 6
Rietveld-refined unit-cell parameters as a function of temperature for an
IrO2 film annealed in nitrogen. The three y axes on the left-hand side are
for the a axis, c axis and volume of the IrO2 unit cell, and the two y axes on
the right-hand side are for the a axis and volume of the Ir unit cell. The
horizontal arrows point to the axes at the positions of the literature values
of the room-temperature unit-cell dimensions.

Figure 7
(a) Selected XRR curves and fits for the samples annealed in nitrogen.
The curves are shifted vertically for clarity. (b) The upper plot shows the
total thickness (Å) and the surface roughness (Å) of the annealed film as
a function of temperature. SLD curves at the same temperatures are
shown in the lower plot. The curves are shifted horizontally for clarity by
two SLD units for each 50�C. The two vertical lines represent the SLDs of
bulk IrO2 for the measurements conducted at 25�C (dashed) and 750�C
(dotted).
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reflectogram clearly changes at 300�C and even more so at

higher temperatures. The fringe separation increase is

obviously caused by the thickness of the film decreasing from

295 to 270 Å between 250 and 350�C, as shown in the upper

panel of Fig. 7(b). The decay rate of the amplitude envelope is

usually directly related to the increase in surface roughness,

which implies that here the surface roughness decreases when

the sample is heated above 300�C, and according to the fit it

decreases from 15.7 to 13.2 Å [see Fig. 7(b)]. However, density

gradients at the interfaces and within the film itself may cause

changes in the amplitude as well. In this case it appears that

there are large variations in the density, as the best fit to the

300�C data was obtained when there was a decrease in density

close to the substrate interface, the native oxide was removed

from the model and the Si substrate roughness was allowed to

increase, as seen in the SLD plot of Fig. 7(b). The reason for

this is not clear and would require more ex situ measurements

like cross-section transmission electron microscopy. This trend

continued up to 350�C, while above that temperature the data

could not be fitted with any reasonable model. Fig. 7(b) also

shows the bulk IrO2 SLD value as a dotted line for the sample

measured at 350�C, and it is quite clear that the main part of

the film is still IrO2, as observed in the HTXRD experiment

(Fig. 5).

As part of the SLD curve reaches higher levels than the

IrO2 bulk value, it is plausible that IrO2 already starts to

reduce partially at this stage, even though there is no indica-

tion of this in the XRD. Since the SLD is still far below the

bulk value for Ir (14.5 � 10�5 Å�2), there are probably small

Ir crystallites embedded in the IrO2 matrix, making it impos-

sible to see them with XRD here. The partial reduction

probably causes the thickness decrease as well.

There are multiple effects affecting the density. The release

of oxygen will decrease the SLD of the material (even though

the number of electrons is low compared with Ir), while at the

same time thermal expansion will decrease the density as well.

In addition, when IrO2 starts to reduce to Ir, there are locally

higher-SLD Ir parts, but the reduction may also produce voids

or shrinkage in the film, again lowering the density. One

should keep in mind that composing the model film from

multiple slices of varying density has some drawbacks, since

several different SLD profiles might give the same reflectivity

curve because the phase information is lost in XRR

measurements (van der Lee, 2000). However, it has been used

successfully on many occasions (Sun et al., 2006; Danauskas et

al., 2008; Mishra et al., 2012), and here several different

solutions were evaluated until the chosen model gave the best

fit while still being physically reasonable.

Interestingly, the temperature range of the first change in

the reflectivity curves coincides with the small change found in

the lattice parameters (Fig. 6) in the same temperature range,

so some form of reconstruction of the film/substrate interface

is probably taking place. Since the same was not observed in

the HTXRR data from the O2-annealed sample, it is probably

not related to stress relief or similar reasons but may relate to

a possible loss of oxygen that would cause density differences

within the film. Note that all the changes take place much

below the phase-change temperature and do not seem to be

related to changes in crystallinity (see Section 3.1.5). This

emphasizes the efficiency of HTXRR in detecting minor

changes in thin films during annealing, and similar results were

also obtained in our earlier study related to the oxidation of

noble metals (Heikkilä et al., 2011).

3.1.3. Annealing in a vacuum. Stability in a vacuum and at

low oxygen partial pressures is important, especially when

IrO2 is used as a bottom electrode, as the following layer is

often deposited under such conditions. GIXRD measurements

of an IrO2 film during annealing in a vacuum are shown in

Fig. 8. The transformation to the Ir phase begins at 200�C,

much lower than was observed when annealing in a nitrogen

atmosphere. IrO2 decomposition is complete at 250�C. Poorly

crystalline Ir forms first and larger crystallites start to grow

above 500�C.

Peuckert (1984) observed an oxidized Ir surface to

decompose into elements in UHV at temperatures between

577 and 627�C, and he noted that this was much higher than the

temperature of 227�C observed with bulk IrO2. Sanjinés et al.

(1989) found a significant decrease in resistivity around 200�C,

which is close to the temperature where we observed the

phase change here. According to XPS studies, the O/Ir ratio
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Figure 8
GIXRD measurements of an IrO2 film annealed in a vacuum. The enlarged region on the right-hand side depicts the diffractograms at temperatures
where the decomposition takes place; open circles are the measured data and red lines the Rietveld fits to the data.
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was 0.7 between 200 and 400�C, and thus a mixture of IrO2

clusters in Ir metal was thought to be present. Above 400�C
the film was all metal with no oxygen detected. In their very

interesting paper related to the deoxidation of a sputtered

IrO2 film, Cha & Lee (1999) used thermodynamics to calculate

the relationship between the O2 partial pressure and

temperature required for the IrO2 dissociation. According to

their results, under the conditions of our experiments

(<10�3 mbar) the dissociation temperature would be 400–

500�C, much higher than what we and some others have

observed. Gong et al. (2013) have complemented the study of

Cha and Lee, and they reported that their pulsed-laser-

deposited IrO2 films were stable at a temperature as high as

800�C when the O2 partial pressure was 100 mbar, but the

stability limit decreased to 300�C at a lower O2 partial pres-

sure of 10�8 mbar. They noticed that the deposition method

has an effect on the film stability but did not comment on the

effect of film thickness, which will most likely affect the

stability as well. They used 500 nm films in their study, while

here the thickness is more than an order of magnitude lower,

which might explain changes occurring at lower temperatures.

Byun & Lee (2004) conducted a similar experiment by

annealing a 50 nm metal-oxide CVD IrO2 film in a vacuum

with different O2 partial pressures. Their results show that the

O2 partial pressure needed to keep the films as IrO2 was

several orders of magnitude higher than in the study by Gong

et al. (2013), which means that for the same partial pressure

the films would decompose at a lower temperature and the

film thickness may indeed be an important parameter. Possible

reasons for this are that there is less material to decompose,

shorter diffusion lengths are needed for the oxygen to be

removed, and the less developed crystallinity includes more

defects through which the reduction can begin.

The refined unit-cell parameters are depicted in Fig. 9.

When compared with the annealing in nitrogen, the increase

in the unit-cell parameters is clearly faster up to decomposi-

tion at 200�C. When the film was annealed in nitrogen, there

was an increase in the unit-cell parameters up to 250�C, but

the unit-cell parameters stabilized after that. The reason for

this could be that, in the nitrogen atmosphere, the released

oxygen is not immediately removed from the surface as in the

vacuum case, but reacts with iridium, so there might be some

kind of an equilibrium for a while, allowing IrO2 to partially

reconstruct instead of fully decomposing. With thin layers one

also has to take into account the possible oxidizing impurities

in the N2 stream, even though the already pure N2 (99.999%)

was further purified before entering the furnace.

3.1.4. Annealing in forming gas. GIXRD measurements

during the annealing of an IrO2 film in an atmosphere of

forming gas (5% H2 in N2) are shown in Fig. 10 and the refined

unit-cell parameters in Fig. 11. The unit cell expands much

faster before decomposition compared with annealing done in

either a vacuum or nitrogen, indicating a highly unstable state.

Decomposition to Ir occurs at 150�C, which is 50�C lower than

observed in a vacuum. Literature references on annealing in a
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Figure 9
Rietveld-refined unit-cell parameters as a function of temperature for an
IrO2 film annealed in a vacuum. The three y axes on the left-hand side are
for the a axis, c axis and volume of the IrO2 unit cell, and the two y axes on
the right-hand side are for the a axis and volume of the Ir unit cell. The
horizontal arrows point to the axes at the positions of the literature values
of the room-temperature unit-cell dimensions.

Figure 10
GIXRD measurements of an IrO2 film annealed in forming gas. The enlarged region on the right-hand side depicts the diffractograms at temperatures
where the decomposition takes place; open circles are the measured data and red lines the Rietveld fits to the data.
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reducing atmosphere are rare. Chen et al. (1997) noticed that

their sputtered IrO2 film reduced completely to Ir and peeled

off at 450�C, but they did not report results at other

temperatures. Cross et al. (2002) studied the behaviour of IrO2

top electrodes by annealing IrO2/PZT/Pt/Si films (PZT is lead

zirconium titanate) in 3% D2/N2 or 3% H2/N2 atmospheres at

6.0 mbar and found that, according to secondary ion mass

spectroscopy, oxygen loss from the IrO2 film surface has

already started after 10 min at 200�C and progresses more

deeply when heated for a longer time. Auger electron spec-

troscopy was used to confirm that, after 15 min, the film

surface was reduced to metallic Ir and voids appeared on the

surface. Metallic Ir was thought to be catalytically active in

dissociating deuterium into D+ ions which then diffused into

the PZT.

3.1.5. Effect of annealing on crystallite size. The refined

crystallite sizes in different atmospheres as a function of

temperature are depicted in Fig. 12. On the basis of the results

from the annealing in oxygen, the crystallites are elongated in

the [001] direction and smaller in the [100] and [010] direc-

tions, suggesting cylindrical or ellipsoidal shapes. Similar

crystallite size anisotropy was observed in the samples

annealed in other atmospheres but, for the sake of clarity, only

average values are plotted in Fig. 12(b). For the sample

annealed in a nitrogen atmosphere, the crystallite size trend is

similar to that of the oxygen-annealed sample up to 650�C
where the decomposition takes place. Above that temperature

there is a strong increase in the Ir crystallite size. Interestingly,

the IrO2 sample annealed in a vacuum breaks into tiny Ir

crystallites after decomposition at 200�C, with a subsequent

slow increase in the crystallite size up to 700�C. Above that

temperature the crystallite size increases at a rate close to that

observed for the nitrogen-annealed sample. Since the trend in

unit-cell parameters and crystallite sizes above 650�C is similar

for both nitrogen- and vacuum-annealed samples, the Ir atoms

seem to be quite mobile to diffuse along the surface to form

larger crystallites, and this is also observed in the FESEM

images (Fig. 13). In the forming gas IrO2 breaks into small Ir

crystallites at an even lower temperature than in a vacuum,

but unlike in N2 or vacuum, the crystallite size of Ir increases

above the decomposition temperature quite linearly.

Even though no macrostrain could be found, microstrain

was analysed together with the crystallite size, and average

values for the samples annealed in O2 and N2 are shown in

Fig. 12(c). There seems to be a decreasing trend in both

atmospheres until the onset of crystallite size increase. The

onset temperature for the IrO2 crystallite size growth is

around 400�C, a slightly lower temperature than where the

change in unit-cell parameters was observed (Fig. 2) or the

surface roughness began to increase (Fig. 4). Although directly
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Figure 11
Rietveld-refined unit-cell parameters as a function of temperature for an
IrO2 film annealed in forming gas. The three y axes on the left-hand side
are for the a axis, c axis and volume of the IrO2 unit cell, and the two y
axes on the right-hand side are for the a axis and volume of the Ir unit
cell. The horizontal arrows point to the axes at the positions of the
literature values of the room-temperature unit-cell dimensions.

Figure 12
(a) The average crystallite size and the size calculated for different lattice
planes as a function of annealing temperature in oxygen. (b) The average
crystallite sizes in nitrogen, vacuum and forming gas. (c) The average
microstrain of the IrO2 film annealed in O2 and in N2.
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comparable crystallite size growth data are not available,

Hackwood et al. (1982) noticed that a sputtered amorphous

IrO2 film crystallized at around 300�C, and similar observa-

tions were reported for hydrothermal IrOx by da Silva et al.

(2017) between 300 and 400�C and for mesoporous IrO2 by

Ortel et al. (2011) at 450�C, although in the latter case the first

signs of crystallization were observed at 300�C by transmission

electron microscopy selected-area electron diffraction. In

addition, Bernicke et al. (2015) noticed initial signs of sintering

at 550�C in their porous films. All these data agree quite well

with our crystallite growth temperature range.

3.1.6. Surface characterization. For surface characteriza-

tion, the films were heated inside the Anton Paar oven in

different atmospheres to selected temperatures and then

cooled to room temperature. The temperatures were selected

on the basis of the HTXRD measurements and similar heating

rates were used. FESEM images of the annealed films are

shown in Fig. 13. The film annealed in oxygen looks

unchanged up to 500�C, while the film annealed at 750�C is

much rougher. These results agree well with the XRD (Fig. 2)

and XRR (Fig. 4) results, since there is only a slight change in

the crystallite size or in the film density, thickness and

roughness up to 500�C, while at higher temperatures the

crystallite size and film roughness increase strongly. The r.m.s.

roughness obtained by AFM is also consistent with the XRR

and FESEM results, as seen in Fig. 14. For the film annealed at

1000�C in oxygen, both FESEM and AFM indicate that there

is basically nothing left of IrO2 on the surface, which is

reasonable since there was no diffraction signal at that

temperature either.

On the basis of the HTXRD results, the nitrogen-annealed

films should look comparable to the oxygen-annealed films up

to 500�C, and this is also evident from the FESEM images and

AFM data. At 750�C there is only the Ir phase left in the

nitrogen sample (Fig. 5), and this is observed as island

formation in the FESEM and AFM images. At 1000�C the

islands continue to grow. In a vacuum, the film begins to crack

at 250�C, which is consistent with the diffraction data (Fig. 8),

and this may be the reason for the bump in the 250�C AFM

data as well (Fig. 14). There is no island formation, though,

and the film surface is also quite smooth at 500�C. This agrees

well with the small crystallite size of the vacuum-annealed film

[Fig. 12(b)]. The formation of an island network is observed at

750�C and separate islands at 1000�C. In contrast to the

nitrogen-annealed film, the island size seems to remain the

same and there is only a small change in the r.m.s. roughness.

4. Conclusions

High-temperature X-ray diffraction and X-ray reflectivity

measurements in oxygen, nitrogen, vacuum and forming gas

were conducted on atomic layer deposited IrO2 , and the

surface morphology was further investigated using scanning

electron microscopy and atomic force microscopy. Detailed

analysis of the unit-cell parameters, phase composition and

crystallinity was performed and the results were compared

with the literature. The results of the present study give

valuable information for researchers and industry by

deepening the knowledge of the temperature and atmosphere

stability of IrO2 films and the development of their micro-

structure upon annealing under different conditions.
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Figure 13
FESEM images of the IrO2 films heated to different temperatures in
different atmospheres. The image sizes are 3 � 2 mm for the as-deposited
film and 2 � 2 mm for the others.

Figure 14
The r.m.s. roughnesses of the IrO2 films heated to different temperatures
in different atmospheres as acquired from the AFM images.
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It was shown that in oxygen the IrO2 film is stable up to

800�C, and at higher temperatures it evaporates as a volatile

oxide. The stability was evident from the HTXRR data as well,

since all the parameters remained essentially constant up to

500�C, above which the film densified and the roughness

started to increase until the destruction of the layer above

750�C. The cause of the increasing roughness is clear from the

crystallite sizes, which remain constant up to 400�C and then

start to increase.

When annealed in forming gas, vacuum or nitrogen, IrO2

decomposed to Ir at 150, 200 or 650�C, respectively. The

crystallite sizes of the resulting Ir films increased continuously

above the reduction temperature while the film turned first

into a network of islands and then, with increasing tempera-

ture, into separate islands. HTXRR was not well suited to

studying the annealing in forming gas or vacuum due to the

abrupt changes in the films at low temperatures. However,

HTXRR gave useful information about the annealing in

nitrogen as it showed how the film structure changed and

developed density variations within the film even though there

was no phase change or change in crystallinity. This sensitivity

makes HTXRR a very attractive technique to observe even

the smallest changes in thin films during annealing. It should

be noted that in many thin-film device stacks the internal

structure might be more important than the actual phase-

change temperature. The behaviour of the interfaces during

annealing is much better understood with in situ studies as

they give more information about the development of film

structure than numerous ex situ measurements.
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