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Abstract
Iridium (Ir) thin films, deposited on Si (1 0 0) substrate by pulsed laser deposition (PLD) technique using Ir target in a vacuum atmosphere, were

annealed in air ambient and the thermal stability was investigated. The crystal structure and surface morphology of Ir thin films before and after

being annealed were studied by X-ray diffraction, Raman scattering, scanning electron microscope, and atomic force microscopy. The results

showed that single-phase Ir thin films with (1 1 1) preferred orientation could be deposited on Si (1 0 0) substrate at 300 8C and it remained stable

below 600 8C, which showed a promising bottom electrode of integrated ferroelectric capacitors. Ir thin films got oxidized to IrO2 at temperatures

from 650 to 800 8C.
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1. Introduction

In highly integrated memory devices and high-density

ferroelectric memories, the bottom electrodes should remain

highly conductive, and the electrode should not be oxidizable or

should form a conductive oxide [1,2]. Therefore, noble metals

such as platinum (Pt), ruthenium (Ru), and conductive oxides

are widely used for this purpose [3,4].

However, Pt deposited directly on Si plugs cannot be used

since it readily reacts with silicon to form the silicide, which

significantly reduces the properties. Compared with Ru and

some conductive oxides, Ir has low oxygen permeability, high

chemical stability, and good electric conductivity, which make

Ir a potential bottom electrode in ferroelectric memories [5,6].

Moreover, the oxide of Ir is also a good conductive oxide (IrO2),

and the formation of IrO2 can prevent the permeability of

oxygen [7].

As an efficient technique, pulsed laser deposition (PLD)

technique could produce higher quality films with better purity

and improved adherence [8]. However, only a few reports were
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focused on the PLD Ir films [9,10], and the effect of annealing

on thermal stability and morphology of Ir thin films had been

little reported, which was an important property to consider for

the applications of electrode materials. In this present work, the

effects of annealing on thermal stability and morphology of Ir

films deposited on Si (1 0 0) were investigated.

2. Experimental

Ir thin films were deposited by ablating a pure polycrystal-

line Ir target with a Q-switch pulsed Nd: YAG laser at a

substrate temperature of 300 8C. At a repetition rate of 10 Hz,

the laser (355 nm, 5 ns) beam of 100 mJ average pulse energy

was focused at an angle of 458 onto a rotating target 2 cm in

diameter. The substrate temperature was measured using a

thermocouple embedded in the substrate holder beneath the

substrate mounting area. In order to clean the target surface,

10 min pre-ablating was carried out before the deposition of Ir

thin films. The distance between target and substrate was

50 mm and the base pressure of the deposition system was kept

at 10�5–10�6 Pa during Ir deposition. The annealing was

carried out at 600–800 8C for 1 h in air ambient.

The crystal structure of the as-deposited and annealed films

was examined by X-ray diffractometer with Cu Ka radiation.
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Fig. 2. The typical AFM plane image of Ir thin films at substrate temperature of

300 8C.

Y. Gong et al. / Applied Surface Science 254 (2008) 3921–39243922
Raman scattering was also carried out to assist the identification

of the annealed Ir films. Atom force microscopy (AFM) was

used to measure the surface morphology and roughness of the

films. The thickness was observed by scanning electron

microscope (SEM).

3. Results and discussion

Fig. 1 shows the XRD patterns of Ir target and thin films

grown on Si (1 0 0) substrate at a growth temperature of 300–

400 8C. The u–2u scan data of the deposited films at 300 8C
exhibited 2u peaks at 40.868, 47.458, 83.688, and 88.148,
respectively. Comparison of the relative intensities of the

(1 1 1), (2 0 0), (3 1 1), and (2 2 2) diffraction peaks with the

standard data for cubic iridium (JCPDS-430144) showed the

presence of preferred orientation of the Ir planes along (1 1 1)

reflection. The result was in agreement with what was

previously observed by El Khakani et al. [11]. The (1 1 1)

orientation was favoured most likely because the (1 1 1)

crystallographic planes were close-packed in the fcc Ir

structure. However, when the substrate temperature was

increased to 400 8C, there appeared IrSi peaks besides Ir

peaks, which was due to the reaction between Si substrate and Ir

films at temperature above 400 8C. The result was in agreement

with what was previously observed by Demuth et al. [12], who

believed that the substrate temperature played an important role

in the formation of Ir silicide. This suggests that single-phase Ir

thin films with a preponderant (1 1 1) reflection could be

obtained at substrate temperature of 300 8C.

The typical AFM plane image of Ir thin films at substrate

temperature of 300 8C was shown in Fig. 2. It can be seen that

the Ir film consist of closely spaced particles with a nearly dense

texture and various shapes. The average particle size in the film

was about 20 nm.

To study the thermal stability of Ir thin films, the Ir films

deposited at 300 8C on Si (1 0 0) were annealed in air ambient.

Fig. 3 shows the X-ray diffraction patterns of Ir thin films at

annealing temperatures of 600–800 8C. As can be seen from
Fig. 1. X-ray diffraction patterns of Ir target and films deposited on Si (1 0 0)

substrate at a growth temperature of 300–400 8C.
Fig. 3, Ir films did not oxidize in air up to 600 8C. Though there

was no oxidized phase at 650 8C, the color of the surface of Ir

films was different with that of Ir films annealed at 600 8C,

which had the same color as the deposited Ir thin films at

300 8C. Raman scattering was carried out to assist the

identification of the annealed Ir films. Fig. 4 shows the Raman

spectra of Ir thin films at annealing temperatures of 650 and

750 8C for 1h. The three major Raman peaks of single crystal

IrO2 are located at 561, 728, and 752 cm�1 [13]. Good

agreement between the observed and standard Raman peaks

confirms that the deposited Ir films were oxidized to IrO2 after

being annealed at 650 8C for 1 h. This suggests that Ir films

remained stable up to 600 8C. When the film was heated to

650 8C above, IrO2 layer was formed on the surface of the Ir

film. However, annealing temperature of 900 8C resulted in

almost a total loss of Ir from the substrate due to the sublimation

of Ir in the form of IrOx at high temperature [8]. Though the

formation of Ir silicide was found at a deposition temperature of

400 8C and above, the existence of Ir silicide was not detected

during the annealing of Ir thin films at 600–800 8C in air
Fig. 3. X-ray diffraction patterns of Ir thin films at different annealed tem-

peratures.



Fig. 4. Raman spectra of Ir thin films at different annealed temperatures.
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ambient. In our opinion, the main reason was due to the higher

surface mobility of the ablated species during deposition of Ir

films than the course of annealing of Ir films. The results were

very similar to what was previously observed by Jeon et al. [4].
Fig. 5. The AFM stereo images of Ir thin films as a function of the annealed
Changes in the surface roughness as a function of the

annealing temperature were determined using AFM. The AFM

surface morphology results were showed in Fig. 5. The root

mean square roughness (RMS) and surface max height range

(low point to high point) of the Ir films as a function of annealed

temperature were illustrated in Fig. 6. It is clearly observed that

the surface morphology of the Ir films changed with the

annealing temperature. The as-deposited Ir film was very

smooth, with a RMS of 0.6 nm and a surface max height of

7 nm. The grain size and thus the surface roughness increased

with the annealing temperature. The increase in crystallite size

resulted from the enhancement of film surface atomic mobility

with the increasing of temperature, which enabled the

thermodynamically favoured grains to grow [14]. The results

were very similar to what was observed by Kohli et al. [15].

From the as-deposited film to annealed film at 650 8C (Fig. 5(b)

and Fig. 6), the root mean square roughness and surface max

height grew almost linearly, RMS from 0.6 to 8.2 nm, max

height from 7 to 17.4 nm. But the film annealed at 750 and

800 8C exhibited large jumps in the RMS and surface max

height, which were clearly shown by the AFM images (Fig. 5(c)

and (d)) and Fig. 6. The structural changes with annealing
temperatures: (a) as-deposited, (b) 650 8C, (c) 750 8C, and (d) 800 8C.



Fig. 6. Root mean square roughness and max height of Ir thin films as a function

of annealing temperatures.

Fig. 7. SEM photographs of the cross-section of Ir films at an annealing

temperature of 750 8C.
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temperature were a result of the growth of IrO2 crystalline

structure [2], which were consistent with those obtained in

XRD patterns (Fig. 3).

Fig. 7 shows the SEM photograph of the cross-section of as-

deposited Ir film at an annealed temperature of 750 8C. It can be

seen that the Ir film had exhibited good adhesion with the

substrate and the thickness of Ir film was fairly homogeneous

with the value being about 100 nm. The oxidized layer (IrO2)

was very obvious and the thickness was only about 10 nm. Two

reasons were thought to be responsible for the thickness of IrO2

layer. One is that IrO2 layer formed on the surface during

annealing at 650 8C above may prevent diffusion of oxygen;

and the other is that annealing at a high temperature of 650 8C
above may make the structure of Ir film dense or make the grain

boundary tight for oxygen not to diffuse along (especially for

Fig. 5(c) and (d)).

4. Conclusions

Extremely smooth Ir thin films with (1 1 1) preferred

orientation were prepared on Si (1 0 0) substrate by PLD

technique at substrate temperature of 300 8C. The results of Ir

films annealed at different temperature in air ambient showed

that the deposited Ir films remained stable up to 600 8C. Ir films

began to be oxidized at 650 8C and continuous growth of IrO2

was observed with increasing temperature up to 750 and

800 8C. AFM measurements show that the films became

rougher and the grain sizes became larger as the annealing

temperature increased, this was a result of the growth of IrO2

crystalline structure.
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