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A B S T R A C T   

The solid-state reactions between iridium thin films (50 nm) and 6H-SiC in the 700–1000 ◦C temperature range 
were investigated. The microstructure and surface morphology of the Ir thin films on 6H-SiC were examined 
using Rutherford backscattering spectrometry (RBS), scanning electron microscopy (SEM), Raman spectroscopy 
and grazing incidence X-ray diffraction (GIXRD). The electron beam deposited Ir films had a polycrystalline 
structure with the (111) preferred orientation and their crystallinity increased with annealing temperature. The 
Ir films were stable and did not interact with the SiC substrate after annealing at temperatures below 800 ◦C. The 
RBS results indicate that the initial reaction at 800 ◦C was very fast and almost the entire 50 nm film had reacted 
leading to the formation of Ir-rich silicides, Ir3Si2 and IrSi. After annealing at 900 and 1000 ◦C, the RBS profiles 
XRD results showed that the solid-state reactions proceeded further and Ir3Si2 was converted to IrSi. At the final 
annealing temperature of 1000 ◦C the predominant phase was IrSi. Thermodynamic analysis of the reaction 
phases confirmed the formation and sequence of the phases observed.   

1. Introduction 

Silicon carbide (SiC) is a ceramic material with a wide range of ap-
plications. This is due to its exceptional properties which are derived 
from the strong covalent bonds between the silicon and carbon atoms. 
These properties include high melting temperature, low neutron capture 
cross-section, wide band gap, excellent mechanical properties (high 
hardness, structural stability, high resistance to abrasion and erosion), 
high thermal conductivity, good thermal shock resistance, high corro-
sion resistance, high thermal stability, low coefficient of thermal 
expansion etc. [1,2]. These properties make SiC an important material in 
diverse areas of application as a; metal matrix composite material [1,3], 
wide bandgap semiconductor for microelectronic devices and sensors 
[4], high-temperature structural material for radiation harsh environ-
ments such as nuclear, aerospace applications and thermal protection 
systems [5]. 

In most of these high-temperature and radiation-harsh applications, 
some of the SiC properties can degrade when they are expected to 
remain exceptional. SiC is known to readily oxidize at high temperatures 

[2] and undergo structural damage in radiation-harsh environments [6]. 
The oxidation and radiation damage of SiC are critical issues which can 
limit the use of SiC-based materials. The successful and long-term use of 
SiC requires the control or prevention of oxidation and reduction of 
radiation damage. A direct solution to the problem is the introduction of 
a stable barrier or capping layer between SiC and the oxidizing or 
radiation-harsh environment [7]. 

The application of protective layers is one of the methods that can be 
applied to protect ceramic materials against oxidation or irradiation 
effects [8]. Refractory metals such as tungsten [7] and iridium [9,10] 
have been proposed as potential candidates for protective layers on SiC, 
ZrC and graphite. It is of critical importance that these metal-based 
protective layers should provide good mechanical, and thermochem-
ical stability to the substrates. Additionally, they should also demon-
strate good compatibility and adherence to the substrates. This requires 
the protective layers to be physically uniform and nonporous. 

Iridium (Ir) is a refractory transition metal that belongs to the plat-
inum group and is known to be the most corrosion-resistant metal [11]. 
Iridium has drawn considerable interest recently for high-temperature 
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structural material applications where it can act as a protective layer. It 
is a promising anti-oxidation protection material that can allow for 
higher service temperatures (up to 2000 ◦C), and longer service lifetime 
[12,13]. This interest in Ir is due to its intrinsic advantages, and a unique 
set of properties that make it a candidate for a wide range of highly 
demanding applications at elevated temperatures [3]. These properties 
include; a high melting temperature (2446 ◦C), high specific strength at 
high temperatures, remarkable oxidation resistance [3,12], low oxygen 
permeability and diffusivity at temperatures below 2370 ◦C (10− 14 

g•cm− 1⋅s− 1 at 2200 ◦C) [1,3,13–15], high chemical stability, excellent 
mechanical strength [16], good electric and thermal conductivity [17, 
18], and corrosion resistance [19]. The properties of iridium make it the 
most promising candidate for use as a protective coating for structural 
materials, such as SiC, against extreme operating conditions including 
high temperatures, oxidizing and radiation harsh environments. 

The iridium-SiC system, specifically as iridium thin films on silicon 
carbide, is of great interest for many applications. These include mi-
croelectronics, sensors [20], development of high-temperature materials 
having enhanced oxidation resistance [21], such as diffusion barriers for 
high temperature and radiation harsh environment applications. The 
effectiveness of Ir as a protective film and its structural integrity can be 
limited by several factors. This includes the coefficient of thermal 
expansion mismatch, especially at elevated temperatures. Although 
strong bonding between a protective film and the substrate can be ob-
tained by solid-state reactions, extensive interface reactions and 
unfavourable reaction products may cause the degradation of the me-
chanical properties of the coating. 

Compared to other platinum-group metals such as Pt, Ti, Zr, and Pd, 
the literature on research concerning reactions between iridium and 
silicon carbide is limited. Previous work on the solid-state reactions 
between Ir and SiC was performed using different types of starting 
materials, such as, Ir and SiC powders [20–23], Ir rod [24] and Ir films 
[25] on SiC substrates. These studies were performed at higher tem-
peratures (1000–1900 ◦C) and the results showed the formation of a 
range of iridium silicides phases. The temperature of the initial reaction 
and initial silicide phases formed varied depending on the starting 
materials. 

Iridium thin films deposited on silicon carbide are of great interest 
for the development of high-temperature materials with enhanced 
oxidation resistance. To assess the potential of Ir thin films as protective 
layers against oxidation and radiation damage of SiC substrates, it is 
essential to investigate the stability of the Ir-SiC interface and the re-
actions between Ir and SiC. The processes that occur in the Ir-SiC system 
at elevated temperatures are important and need to be well understood. 
A recent summary by [20] on Ir-SiC reactions at high temperatures in-
dicates that previous research has focused on what can be considered as 
bulk interactions. The only study involving Ir films on SiC was con-
ducted by [25] which examined films with a thickness range of 
3.43–4.88 µm on CVD SiC. Therefore, to the best of our knowledge, no 
study has been conducted on Ir-SiC interactions at the thin film scale, 
that is < 1 µm. Solid-state reactions in the thin film case differ signifi-
cantly from those involving bulk materials. The initial temperature of 
reaction, initial reaction phases formed and phase sequence usually 
differ from those involving bulk materials [26]. 

In this study, the solid-state reactions between thin (50 nm) Ir films 
and 6H-SiC substrates were investigated using a combination of grazing 
incidence X-ray diffraction (GIXRD), SEM, RBS and Raman spectroscopy 
techniques. The Ir-SiC samples were annealed at lower temperatures of 
700 ◦C to 1000 ◦C in vacuum compared with the previous studies which 
were performed at higher temperature ranges. The aim of this study is to 
investigate the stability of Ir thin films deposited on SiC, as well as their 
surface morphology, interdiffusion, and the reaction mechanisms. This 
will include an examination of the temperature of initial reactions, the 
initial silicide phases formed, and the sequence of phase formation that 
occurs between the Ir thin films and SiC after vacuum annealing. 

2. Experimental methods 

Semi-insulating 6H-SiC (0001) single crystal substrates, double-side 
polished to < 0.5 nm RMS roughness from Xiamen Powerway Advanced 
Material Co., were used in this study. The 6H-SiC substrates were cut 
into 5 mm × 5 mm pieces, and then chemically cleaned in an ultrasonic 
bath to remove any contamination and the native oxide layer before 
loading them into the electron beam evaporation chamber. Iridium films 
were deposited on the SiC substrates by electron beam evaporation from 
a 99.9% pure Ir target. The e-beam chamber was evacuated to a base 
pressure of about 5 × 10− 7 mbar before deposition and the pressure was 
about 8 × 10− 6 mbar during the evaporation process. Prior to deposi-
tion, the Ir target was evaporated for about 10 min while the SiC sub-
strates were shielded by the shutter. This step served to clean the Ir 
target by removing any surface contamination, stabilize the evaporation 
rate and for gettering. The Ir evaporation rate was about 0.2 Å/s and the 
thickness of the films was monitored in-situ by an Infincon meter until 
the required thickness of 50 nm was attained. Due to the difficulties with 
depositing iridium films, the 50 nm Ir film was prepared by performing 
sequential deposition (30 nm followed by 20 nm) without breaking the 
vacuum to avoid heating. This allowed the deposition to be done at room 
temperature and to avoid any interdiffusion or reactions occurring be-
tween the Ir thin films and the SiC substrate during deposition. The room 
temperature deposition also avoids any desorption effects on the 
deposited Ir film. The desorption rate of the incident Ir atoms has been 
reported to increase with substrate temperatures leading to thinner films 
[25]. 

After deposition, the Ir-SiC samples were subsequently annealed in a 
vacuum (10− 6 mbar) using a water-cooled horizontally mounted quartz 
tube furnace from 700 ◦C to 1000 ◦C in steps of 100 ◦C for 30 min. The 
as-deposited and annealed Ir-SiC samples were analysed using Ruth-
erford backscattering spectrometry (RBS) to determine the thickness of 
Ir film, the thickness of the reaction zone and the composition of the 
iridium silicide layers. The RBS measurements were performed using a 2 
MeV 4He+ beam with a detector resolution of 15 keV, at a backscat-
tering angle of 150◦. The experimental RBS spectra were analyzed by 
simulating using the RUMP code [13]. The surface morphology of Ir-SiC 
samples was analyzed before and after vacuum annealing using a 
high-resolution field emission gun scanning electron microscope 
(FEG-SEM, Carl-Zeiss ULTRA-55) operating at accelerating voltage of 2 
kV. The crystal structure, phase identification and orientation of the 
as-deposited and annealed Ir-SiC samples were determined by grazing 
incidence X-ray diffraction (GIXRD) using a Bruker D8 Advanced XRD 
system. The analysis was performed using a Cu (Kα) radiation source (λ 
= 0.1540598 nm) at a two-theta step size of 0.04◦. The XRD patterns 
were measured at a grazing incidence angle of 3◦. The XRD patterns 
were collected in the angular range of 25◦< 2θ< 90◦. The qualitative and 
quantitative phase analysis was performed using the International 
Centre for Diffraction Data (ICDD-PDF-2) database. Raman spectroscopy 
analysis was performed to verify the presence and form of carbon in the 
Ir-SiC samples before and after annealing using the HORIBA Jobin 
Yvon’s T64000 series II triple spectrometer system. The Raman spectra 
were collected at room temperature using argon ion laser excitation 
(514.5 nm) through an Olympus microscope (objective ×50) at laser 
power of 10 mW. 

3. Results 

3.1. Rutherford backscattering spectrometry (RBS) 

The experimental RBS spectrum for the as-deposited Ir-SiC sample 
and the corresponding RUMP simulation spectrum are displayed in  
Fig. 1(a). The arrows in Fig. 1(a) indicate the surface channel positions 
of Ir, Si and C at channel numbers 332, 217 and 104 respectively. The 
simulated Ir peak fitted well with the measured Ir profile indicating the 
successful deposition of Ir at room temperature. The layer consisted of 
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only iridium and had a thickness of about 358 × 1015 cm− 2 which is 
about 50 nm (using the density of Ir = 22.51 g/cm3 or 7.0527 ×1015 

cm− 2). The thickness values of the as-deposited Ir film deduced from 
RUMP simulation and the in-situ method are in good agreement. The 
low signal between channel numbers 200–310 is indicates the absence of 
impurities in the deposited Ir film. The edge of the Si signal and Ir back 
edge are flat indicating that no intermixing between the Ir film and the 
SiC substrate occurred during deposition. 

The RBS spectra of the as-deposited and annealed Ir-SiC samples are 
depicted in Fig. 1(b) and (c). The spectrum of the sample annealed at 
700 ◦C is similar to that of the as-deposited sample, indicating that there 
was no interdiffusion or solid-state reactions at the Ir-SiC interface after 
annealing at this temperature. Therefore, the Ir thin film on the SiC 
substrate remained stable at 700 ◦C, and its thickness did not change. 
This is consistent with the reported negligible evaporation of iridium in 
vacuum at temperatures below 2100 ◦C [10]. 

Annealing the Ir-SiC samples at 800 ◦C resulted in a decrease in the Ir 
peak height and a shift of the back edge to lower energy channels, as 
seen in Fig. 1(c). Consequently, the Si edge shifted towards higher en-
ergy channels with a step appearing. The high energy edge of the Si 
signal now corresponds to the surface channel position for Si, as shown 

in Fig. 1(a) and (b). This indicates that interdiffusion or reactions at the 
Ir-SiC interface began at 800 ◦C accompanied by very fast interdiffusion 
rates at the interface. The composition profiles given in Fig. 2(b) show 
that the 50 nm Ir film had been consumed after annealing at 800 ◦C to 
form Ir silicides and carbon precipitates. A 965 × 1015 cm− 2 wide re-
action layer was observed on top of the SiC substrate. The composition 
profiles shown in Fig. 2(b) for the reaction zone after annealing at 
800 ◦C also indicate that the Ir content is high in the layers near the 
surface but rapidly decreases from an Ir to Si ratio of 63.4:36.6 (IrSix =

1.73) to about 10.2:38.5 in the layers next to the SiC substrate. The 
variation in the Ir, Si and C compositions indicates the presence of five 
major composition regions with silicide phases formed from the sub-
strate to the sample surface, as the Si signal edge was observed at its 
surface channel position. The identification of the iridium silicides 
formed is discussed in the GIXRD results section. 

Ir reacts with SiC through a decomposition process of the SiC sub-
strate. The dissociated Si atoms diffuse towards the Ir layer and react to 
form one or more Ir-silicide(s) layer. The free carbon was mostly found 
between the SiC substrate and the Ir-silicide layer due to the low solu-
bility of carbon in Ir [10]. This feature can be seen in Fig. 2(b) where the 
carbon concentration is highest near the SiC substrate and gradually 

Fig. 1. (a) RBS spectra of as-deposited Ir-SiC sample and the corresponding RUMP simulation, RBS spectra of the as-deposited and samples annealed in vacuum at 
700 ◦C, 800 ◦C, 900 ◦C and 1000 ◦C for 30 min (b) silicon signal and (c) Ir signal. 
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decreases towards the surface. The diffusion and solid-state reactions 
observed at 800 ◦C are in contrast to previous findings by other re-
searchers who reported that reactions between Ir and SiC begin at 
1000 ◦C [21,22]. However, it should be noted that they used different 
starting materials (Ir and SiC powders) which can be considered as bulk 
materials. 

Increasing the annealing temperature to 900 ◦C caused a further 
decrease in the Ir peak height accompanied by further widening of the Ir 
peak towards lower energy channels as seen in Fig. 1(b). The Si step and 
the top of Ir peak are not flat, which indicates varying compositions of Ir, 
Si and C in the reaction zone. As shown in Fig. 1(a), the Si profile be-
tween channel numbers 200–220 has a higher yield compared to the 
sample annealed at 800 ◦C, indicating further diffusion of Si towards the 
surface leading to a higher concentration of Si atoms near the surface of 
the Ir-SiC sample. At about channel number 195, the Si profile has a 
lower yield, compared to the 800 ◦C profile. This could be due to the free 
carbon that originates from the decomposition of SiC and segregates 
near the SiC substrate. The amount of free carbon from the SiC substrate 
had increased in this region from 0.513 to 0.532 as seen in the compo-
sition profiles in Fig. 2(b) and (c). The total reaction zone thickness had 
increased to 1228 × 1015 cm− 2, and given that the initial Ir film was 
approximately 50 nm (358 ×1015 cm− 2) thick as determined by RBS 
analysis, it is clear that the reaction zone extends into the SiC substrate, 
see Fig. 2(c). The RBS spectra of the Ir-SiC samples annealed at 1000 ◦C 
for 30 min were similar to those annealed at 900 ◦C as seen in Fig. 1 and 
Fig. 2. Therefore, the reactions between the Ir thin film and SiC pro-
ceeded in the same manner and rate as in the sample annealed at 900 ◦C. 
A comparison of the composition profiles of the samples annealed at 

800 ◦C, 900 ◦C and 1000 ◦C shows that near the sample’s surface, the 
compositions seem to be converging toward an Ir to Si ratio of 50:50 
with increasing annealing temperatures. The convergence of the 
composition profiles towards an Ir to Si ratio of 50:50, as observed in the 
samples annealed at 900 ◦C, and 1000 ◦C, suggests that the final reac-
tion between Ir and SiC is likely to be Ir + SiC → IrSi + C. 

It is difficult to draw any conclusions about the structural composi-
tion of the reaction zone from the RBS results. However, the composition 
profiles suggest that it could consist of IrSi with carbon precipitates, or 
IrSi + Ir silicides and carbon precipitates. Further analysis by GIXRD 
was performed to identify the phases formed and the phase evolution 
involved. 

3.2. GIXRD analysis 

Qualitative and quantitative phase analysis was performed by GIXRD 
analysis which allowed the determination of the crystallinity or struc-
ture of the Ir thin films deposited on 6H-SiC and identification of the 
reaction products in the Ir-SiC samples after annealing. The GIXRD 
patterns of the as-deposited and annealed Ir-SiC samples (700–1000 ◦C 
in vacuum for 30 min) are shown in Fig. 3. The grazing incidence angle 
was initially varied until the SiC peak intensity was low enough to 
ensure the Ir thin film and the reaction zone was sufficiently analysed. 

The XRD patterns of the as-deposited Ir films were found to exhibit a 
polycrystalline structure, with broad Ir reflections at 40.82◦, 47.41◦, 
69.54◦ and 83.65◦ 2θ positions corresponding to the (111), (200), (220) 
and (311) planes respectively, of the face centred cubic (FCC) Ir struc-
ture. The sharp, dominating reflection observed at 35.58◦ was indexed 

Fig. 2. Composition profiles obtained from RUMP simulations of the RBS spectra of (a) the as-deposited Ir-SiC sample and after annealing at (b) 800 ◦C (c) 900 ◦C 
and (d) 1000 ◦C for 30 min. 

E. Njoroge et al.                                                                                                                                                                                                                                 



Materials Today Communications 36 (2023) 106631

5

as the (0006) plane of the hexagonal polytype of the SiC substrate. This 
correlates with the observation from the RBS analysis that a pure Ir film 
was deposited on hexagonal SiC. 

The preferential growth orientation was determined by calculating 
the texture coefficient (TC(hkl)) using the Harris texture equation [9]: 

TC(hkl) =
I(hkl)

/
Io(hkl)

1
N[
∑N

i=1I(hkl)
/

Io(hkl)]
(1)  

where I(hkl) is the measured intensity for the (hkl) plane, Io(hkl) is the 
standard peak intensity for the (hkl) plane and N is the number of 
diffraction peaks corresponding to diffracting (hkl) planes for Ir. Using 
Eq. (1) and the standard X-ray diffraction pattern of Ir, we determined 
that the TC(111), TC(200), TC(220) and TC(311) for the Ir thin film 
were 2.482, 0.592, 0.499 and 0.427, respectively. This indicates that the 
Ir films deposited on 6H-SiC by e-beam showed the presence of the 

preferred orientation of the Ir film along the (111) plane. 
The preferred growth direction is governed by the minimization of 

the surface energy. Usually, the direction with the lowest surface energy 
grows faster. The surface free energies of Ir in the (100), (110) and (111) 
planes reported in [27] are 2.95 J/m2, 3.19 J/m2 and 2.59 J/m2 

respectively. Since Ir has an FCC structure, the (111) planes are 
close-packed in this unit cell and have the lowest surface energy. This 
explains why the (111) orientation is most favoured in the deposited 
polycrystalline Ir films, although other crystallographic orientations 
such as (100) and (110) are also present, albeit in smaller quantities. 
This observation is similar to the findings of other researchers who 
deposited Ir films using RF [16,25], DC [28] sputtering, ALD [14], CVD 
[29] on various substrates such as β-SiC, Si, SiO2/Si. These results sug-
gest that the preferred orientation during the growth of polycrystalline 
Ir films is hardly influenced by the underlying substrate. 

The GIXRD patterns of the Ir-SiC samples annealed at 700 ◦C 

Fig. 3. GIXRD patterns of Ir thin films deposited on 6H-SiC then annealed at 700 ◦C, 800 ◦C, 900 ◦C and 1000 ◦C.  
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exhibited similar reflections to the as-deposited sample and remained at 
the same 2θ positions, indicating no peak shift. Comparing the GIXRD 
patterns of the as-deposited sample with those of the sample annealed at 
700 ◦C, significant increase in the intensity of the (111), (200), (220), 
(311) reflections can be observed, with the (111) peak remaining 
dominant. This suggests that the (111) reflection remained the prefer-
ential orientation of the Ir films at 700 ◦C. A low-intensity peak 
appeared at 88.65◦ which was indexed to the Ir (222) plane. The strong 
reflections observed in the polycrystalline Ir film are evidence of an 
increase in crystallinity after annealing at 700 ◦C. This increase is due to 
the higher atomic mobility which enables the thermodynamically fav-
oured grains to grow [30]. The XRD patterns confirm the RBS results, 
indicating that no reactions occurred in the 700 ◦C annealed sample. 

There were drastic changes in the XRD patterns after annealing the 
Ir-SiC samples at 800 ◦C. The Ir peaks observed at 40.82◦, 47.41◦, 69.54◦

and 88.65◦ 2θ positions after the 700 ◦C annealing disappeared after 
annealing at 800 ◦C, while the peak at 83.65◦ had a lower intensity 
indicating that a small fraction of pure Ir remained in the sample. The 
SiC peak at 35.58◦ was still present indicating that the reaction phases 
formed were evaluated from the sample surface to the SiC substrate. The 
RBS results show that the Ir-silicide/SiC interface moved towards the 
bulk implying that the thickness of the reaction zone was greater than 
that of Ir film. Several Ir silicide phases were found to be present in the 
sample, with the dominant peaks at 31.07◦ assigned to IrSi (011), at 
44.05◦ and 45.73◦ assigned to Ir3Si2 (102) and Ir3Si2 (110), respectively. 
The low-intensity diffraction peaks at 28.67◦ and 32.22◦ were indexed to 
IrSi, while those at 65.46◦ and 84.72◦ were assigned to Ir3Si. Fig. 3 also 
showed other weak diffraction peaks at 29.43◦, 73.21◦, and 79.93◦. 
These peaks indicated the presence of carbon in the reaction zone of the 
sample annealed at 800 ◦C. 

From the XRD results, it can be deduced that the reactive phase 
formation starts with the decomposition of SiC at 800 ◦C in the presence 
of Ir which yields Si and carbon. The Si reacts with Ir to form silicides 
while the carbon forms precipitates. As a result, a reaction zone forms on 
top of the SiC substrate consisting of mixed silicide phases, with Ir3Si2 
and IrSi as the predominant silicide phases. The intensities of the Ir3Si2 
and IrSi phases are higher than that of carbon therefore it can be 
assumed that the content of free carbon detected is less than that of Ir3Si2 
or IrSi. 

Increasing the annealing temperature to 900 ◦C and 1000 ◦C led to a 
drastic reduction in the intensity of the Ir3Si2 diffraction peaks at 44.05◦

and 45.73◦ 2θ positions and an increase in the intensity of the IrSi peak 
at 31.07◦. This indicates that Ir3Si2 had been converted to IrSi during the 
second reaction stage that occurred at higher temperatures of 900 ◦C 
and 1000 ◦C. No reflections from Ir were observed indicating that all the 
Ir thin film had reacted to form silicides. The only difference after 
annealing at 1000 ◦C compared to 900 ◦C was the reduction in the in-
tensity of the peaks at 29.47◦ and 32.25◦ which correspond to C and IrSi 
respectively. Analysis of the GIXRD patterns indicates that the structure 
of the silicide is consistent with orthorhombic IrSi with a preferred 
orientation in the (011) plane. The formation of IrSi as the final phase 
after annealing at 1000 ◦C in this study is similar to that of Yunfeng et al. 
[22] and Richards [25] at 1400 ◦C. The similarity in the diffraction 
patterns after annealing at 900 ◦C and 1000 ◦C suggests that the samples 
were in thermodynamic equilibrium. This is consistent with the Ir-Si-C 
phase diagram at 1340 ◦C [31], which shows that IrSi and SiC are in 
equilibrium and no further reactions are expected between them at these 
temperatures. 

No IrO2 reflections were detected in the sample annealed at 1000 ◦C 
since Ir is an oxidation-resistant metal. The composition profiles of the 
900 and 1000 ◦C annealed samples in Fig. 2 had an Ir to Si ratio of 50:50 
near the surface which suggests the formation of the IrSi phase. This 
observation correlates with the GIXRD results. The presence of the 
carbon peaks observed in the GIXRD analysis was confirmed by Raman 
analysis discussed in Section 3.4. 

In this study, the solid-state reactions started at a lower temperature 

of 800 ◦C. This contradicts the observations of other researchers who 
reported that the initial reactions occur at higher temperatures ranging 
from 1000 ◦C to 1200 ◦C, depending on the different starting materials 
(e.g. powders at 1000 ◦C [22,22] and Ir bulk films on SiC at 1200 ◦C 
[25]). The initial phase observed in previous studies was primarily Ir3Si 
at 1000–1100 ◦C [20–23], except for Richards [25] who found mostly 
IrSi with a trace of lr3Si at 1200 ◦C. The final phase(s) varied in the 
different studies, with some reporting Ir3Si at 1200 ◦C [22], a mixture of 
Ir3Si2 + Ir2Si + IrSi at 1300 ◦C [21], Ir3Si at 1300 ◦C [20], and IrSi at 
1400 ◦C [23] [25]. While in this study, the initial phases were Ir3Si2 and 
IrSi at 800 ◦C and the final phase observed was IrSi at 1000 ◦C. The 
differences in phases formed and temperature of the initial reaction 
observed in this study compared to the previous studies are due to the 
influence of the initial Ir and SiC structures which include particle size, 
high surface area and crystal lattice perfection or imperfection [21]. 
These factors may lead to the formation of some intermediate phases in 
the thin films case, as reported in other studies [32]. 

Reactive phase formation in thin films is known to differ from bulk 
diffusion couples. Interdiffusion and reaction processes in thin films 
generally occur over short annealing durations and at lower tempera-
tures compared to bulk. This is due to the presence of high densities of 
short circuits for diffusion such as grain boundaries and dislocations 
[26]. The non-equilibrium phenomenon is governed by the competition 
between kinetic and thermodynamic factors. This explains the formation 
of Ir3Si2 at 800 ◦C as an intermediate phase, although IrSi is the ther-
modynamically favoured phase to form. The results from previous 
studies showed that the Ir silicide phases that form have Si content less 
than 50 at%, namely Ir3Si, Ir2Si, Ir3Si2 and IrSi. These reaction phases 
are similar to those observed in this study after annealing over the entire 
temperature range of 800–1000 ◦C. 

3.3. SEM analysis 

For applications involving protective films, it is important to 
consider the morphology of the Ir thin film, as it strongly influences its 
protective abilities. Fig. 4(a) shows the SEM micrographs of the surface 
morphology of the 50 nm Ir thin films deposited in 6H-SiC before and 
after annealing. The as-deposited thin films are dense, very smooth and 
homogeneous, without any surface defects such as pores or cracks and 
no grain boundaries visible. This indicates a uniform deposition, which 
is typical of low-temperature deposition. Fig. 4(b) to (e) display the plan- 
view SEM images of the surface morphology of the Ir-SiC samples 
annealed at temperatures ranging from 700–1000 ◦C. 

The surface morphology of the Ir film did not change significantly 
after annealing at 700 ◦C compared to the as-deposited film surface. The 
RBS analysis across the Ir/SiC interface of the sample annealed at 
700 ◦C, showed no evidence of interdiffusion across the Ir film and SiC 
substrate. The surface of the Ir film remained smooth and featureless. In 
contrast, the morphology of the sample annealed at 800 ◦C exhibits a 
surface consisting of closely packed, homogeneous and spherically 
shaped grains (granular surface). Formation of the granular structures at 
800 ◦C indicates that solid-state reactions between Ir thin film and SiC 
had occurred leading to the formation of a reaction zone extending from 
the SiC substrate to the sample surface eliminating any trace of the as- 
deposited morphology. Since the granular structures appear after the 
reactions at 800 ◦C, the granular surface consists of the Ir silicide phases 
identified by GIXRD analysis. The granular surface morphology after 
annealing is due to atomic migration, phase nucleation and grain 
growth. 

At higher annealing temperatures of 900 ◦C and 1000 ◦C, the SEM 
micrographs show almost identical granular surface morphologies to 
those annealed at 800 ◦C. The SEM images in Fig. 4(c) to (e) show sur-
face morphologies that are free of cracks or delamination even after 
annealing at the highest temperature of 1000 ◦C. The Ir silicide layers 
identified by GIXRD remained bonded to the SiC substrate. 
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3.4. Raman Spectroscopy 

Raman spectroscopy is a contactless and non-destructive analysis 
technique that is known to be sensitive in characterizing the different 
allotropes of carbon. It was used to characterize the structure of carbon 
formed during the solid-state reactions between the Ir thin film and SiC 
substrate after annealing at 700–1000 ◦C. The Raman spectra of the as- 
deposited and annealed Ir-SiC samples, measured from the top surface, 
are shown in Fig. 5 in the 1000–2000 cm− 1 spectral range. 

The Raman spectrum of the as-deposited Ir layer shows no Raman 
peaks which is typical for Ir films. The Ir layer thickness prevented the 
laser beam from reaching the substrate, therefore, the 6H-SiC Raman 
bands were not observed. The spectrum of the Ir-SiC sample annealed at 
700 ◦C (not shown here) does not exhibit any carbon Raman bands and 
is similar to the as-deposited one. This observation correlates with the 
GIXRD results which showed that solid-state reactions between Ir and 
SiC had not occurred at 700 ◦C. Another factor could be that the laser 
could not penetrate to the Ir-SiC interface to detect any carbon formed 
from the dissociation of SiC at 700 ◦C. However, the latter can be ruled 

out since RBS and XRD analysis did not show any evidence of reactions 
within the detection limits. 

In contrast, all the Raman spectra obtained from the samples 
annealed at 800 ◦C, 900 ◦C and 1000 ◦C were similar and had two broad 
bands centered at 1347 cm− 1 and 1597 cm− 1 known as the first-order D 
and G bands, respectively. The D band is generally thought to be an 
indication of long-range disorder or defective hexagonal planar 
graphitic structures while the G band originates from the stretching vi-
brations in the basal plane of ideal graphite. The two broad (D) and (G) 
bands are similar to those of moderately damaged glassy carbon [33] 
and they are generally regarded as an indication of nanosized disordered 
graphitic clusters. 

One of the reaction products from the solid-state reactions between Ir 
and SiC after annealing from 800 ◦C to 1000 ◦C is carbon. This is evident 
from the low-intensity carbon peaks observed in the GIXRD analysis and 
corroborated by Raman analysis. As stated in previous sections (RBS and 
GIXRD), the reactions were very fast, with the reaction zone extending 
from the SiC substrate to the sample surface. The decomposition reac-
tion between Ir and SiC started at the interface at 800 ◦C and the volume 

Fig. 4. SEM micrographs of the Ir films deposited on 6H-SiC, (a) as-deposited, after annealing at (b) 700 ◦C, (c) 800 ◦C, (d) 900 ◦C and (e) 1000 ◦C in vacuum.  
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of the carbon clusters formed was sufficient enough to be detected by 
Raman spectroscopy. Carbon precipitated in course of the reactions and 
formed a solution with Ir silicides, therefore the degree of graphitization 
was limited. 

The analysis of the Raman spectroscopy results was carried out by 
fitting the acquired spectra with a Lorentzian function for the D peak and 
a Breit-Wigner-Fano function (BWF) for the G peak. The fitting enabled 
the extraction of parameters such as the D and G peak positions, and 
their intensities. The ID/IG intensity ratios were calculated and 
compared. It is well known that the ID/IG intensity ratio can be used to 
estimate the size of graphitic crystallites or to deduce the degree of 
disorder in graphitic materials. The deconvolution of the D and G peaks 
revealed that the D peak position shifted to higher wavenumbers from 
1347 cm− 1 to 1367 cm− 1 after annealing from 800 ◦C to 1000 ◦C but no 
shift in the G peak position was observed (see Fig. 5). The slight shift in 
the D band towards higher frequency implies a slight increase in the size 
of the nanocrystalline graphitic domains [34]. 

The ID/IG ratio was observed to slightly decline (from 0.9695 to 
0.8555) with the increase in annealing temperature. A lower ID/IG ratio 
is indicative of a larger crystallite size or a higher degree of graphiti-
zation. The average in-plane crystallite size La was estimated by the 
Tuinstra–Koenig equation; ID/IG = Cλ/La, where Cλ = 44 Å for the 
excitation wavelength of λ = 514.5 nm. The graphitic crystallite size 
was deduced to increase from 4.5 nm to 5.1 nm after annealing from 
800 ◦C to 1000 ◦C, respectively. This reveals the nanocrystalline struc-
ture of the graphitic clusters and a slightly larger size of the graphitic 
clusters with the increase in temperature. This suggests that an increase 
in the annealing temperature results in the formation of larger graphitic 
clusters and less disordered carbon structures. 

4. Discussion 

It is of interest to investigate if the reaction phases formed in this 
study correlate with thermodynamic considerations. Based on the pre-
vious research and the Ir-Si-C ternary phase diagram [31] it can be 
concluded that Ir and SiC are not in thermodynamic equilibrium. This is 
evident from the absence of a tie line between Ir and SiC in the phase 
diagram. Furthermore, no ternary phases between iridium, silicon and 
carbon (carbo-silicides) nor Ir carbides have been previously reported to 
form in reactions involving Ir and SiC. Therefore, the ternary phase di-
agram can be considered relatively simple. However, based on the Ir-Si 
phase diagram [35], several Ir silicides can form as reaction products in 
the Ir-Si section of the ternary phase diagram. These include Ir3Si, Ir2Si, 
Ir3Si2, IrSi, Ir3Si4, IrSi2 and IrSi3. 

The thermodynamic data for iridium silicides is limited, with some 
values missing from the literature altogether. The enthalpies of forma-
tion at 25 ◦C can serve as a good approximation up to 1000 ◦C since they 
are not expected to vary significantly. Utilizing the enthalpy of forma-
tion data for iridium silicides compiled by Pretorius et al. [36], Searcy 
[31], and Golosov et al. [20], we were able to calculate the enthalpies of 
reactions associated with the formation of the Ir silicides. To ensure the 
reliability of our analysis, the data from each single source were used 
individually since the values reported vary significantly among different 
sources. From the enthalpies of formation data reported, it was observed 
that IrSi has the most negative formation enthalpy value but it is not the 
first phase observed to form in the previous and in this study as indicated 
in Section 3.2. The possible chemical reactions between Ir and SiC to 
produce Ir silicides and carbon can be expressed as shown in Table 1. 

The reactions in Table 1 can be used to determine whether a reaction 
is thermodynamically possible or not. A negative value of the reaction 
enthalpies is required for the reaction to proceed. Based on the ther-
modynamic calculations, it was found that the reactions to form Ir-rich 
silicides, which have Si content < 50 at% (Ir3Si, Ir2Si, Ir3Si2, IrSi), are 
favourable, as their enthalpies of reaction are negative. Conversely, the 
enthalpies of reaction for Si-rich silicides, which have Si content > 50at 
% (Ir3Si4, IrSi2, and IrSi3), are positive, and these reactions are not ex-
pected to proceed spontaneously. The thermodynamic analysis results 
agree with the GIXRD results from this study and previous work, where 
only Ir-rich silicides form. 

The initial reaction in this study occurred at a lower temperature of 
800 ◦C, and the reaction products were identified by GIXRD analysis as a 
mix of Ir-rich silicides, predominantly Ir3Si2 along with IrSi. The final 
phase and most stable phase formed in this study was observed to be IrSi 
at 900 ◦C and 1000 ◦C after iridium had been completely consumed. 
This result is similar to those reported by Richards [25] and Yunfeng 
et al. [22], albeit at a higher temperature of 1400 ◦C after the Ir film and 
powder had fully reacted. 

In previous work on reactions between Ir and SiC powders, Bannykh 
et al. [21] observed Ir3Si2 +Ir2Si+IrSi at 1300 ◦C then IrSi appeared at 
1400 ◦C, while Golosov et al. [23] observed Ir3Si2 + Ir2Si at 1300 ◦C and 
IrSi+ Ir3Si2 at 1400 ◦C with IrSi as the predominant phase. In these 
previous studies, Ir had not completely reacted in the temperature range 
of 1200–1400 ◦C. We speculate that the enthalpies of formation may 
vary especially at temperatures exceeding 1000 ◦C or some phases such 
as Ir3Si are favoured under certain kinetic conditions. This could explain 
why Ir3Si was observed to form at temperatures of 1000–1200 ◦C while 
Ir is still available for reactions [20–23]. 

The difference between our results and those from previous studies 
may be attributed to several factors that influence the reactivity of Ir 
with SiC such as particle size and crystal lattice perfection. In the case of 
solid-state reactions involving thin film, the reaction pathway can differ 
significantly from those involving bulk materials [26]. The reactions 
often occur at lower temperatures and involve different initial phases or 
phase formation sequences. Typically, the initial phases formed in thin 
film solid-state reactions are not the most thermodynamically favoured. 
This is due to favourable kinetic factors such as diffusivities of Ir, Si, and 
C through the Ir silicides formed in the reaction zone. 

Fig. 5. Raman spectroscopy spectra in the 1000 – 2000 cm− 1 spectral ranges of 
Ir-SiC samples before and after annealing at 800 ◦C, 900 ◦C and 1000 ◦C. 

Table 1 
The reactions enthalpies for the iridium silicides calculated using ΔH◦298 values 
obtained from a [31], b [36], and c [20].  

Reaction ΔH◦
R 

(kcal/g at)a 
ΔH◦

R 

(kJ/mol at)b 
ΔH◦

R 

(kJ/mol at)c 

3Ir + SiC → Ir3Si + C  -3.4 - -59.9 
2Ir + SiC → Ir2Si + C  -3.0 -36.2 -51.9 
3Ir + 2SiC → Ir3Si2 + 2 C  -7.5 -56.9 -65.6 
SiC + Ir → IrSi + C  -1.0 -9.5 -57.3 
3SiC + 2Ir → Ir2Si3 + 3 C  8.0 47.1 - 
2SiC + Ir → IrSi2 + 2 C  11.7 67.8 - 
3SiC + Ir → IrSi3 + 3 C  26.6 168.2 99.64  
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Thin film solid state interaction is a non-equilibrium process and the 
effective concentration at the growth interface is independent of the 
relative thicknesses of the interacting components. The presence of 
carbon in the reaction zone from the dissociated SiC would shift the 
effective concentration towards the Ir-rich side where the Ir3Si, Ir2Si, 
Ir3Si2 and IrSi phases are favoured to form. 

The XRD results of the Ir deposited on SiC and then annealed at 
700 ◦C indicate that iridium oxide and SiO2 were not formed in the Ir 
thin films. This is due to the Ir protective layer which is practically 
impermeable to oxygen at temperatures below 2000 ◦C [1,10]. At 
temperatures of 800–1000 ◦C after the Ir film had been consumed in the 
reactions to form Ir silicides, no Ir oxide nor SiO2 formed. Iridium sili-
cides have been reported to exhibit good high-temperature oxidation 
resistance comparable to that of MoSi2 [1,37]. This ensured that the 
underlying SiC substrate did not get oxidised. Therefore, the iridium 
silicides layers formed on top of the SiC substrate can act as an addi-
tional diffusion barrier to oxygen [38]. 

A common limiting factor for protective films is the poor bonding 
between the coating and the substrate. Delamination can occur after 
deposition or at high temperatures if coefficients of thermal expansion 
(CTE) mismatch exist or if no chemical bonds exist at the interface of the 
film and the substrate [39]. Therefore a protective layer should have a 
coefficient of thermal expansion compatible with the substrates [10]. 
The average coefficients of thermal expansion for 6H-SiC along the a- 
and c-direction over the temperature range of 20–1000 ◦C are 
4.46 × 10− 6/◦C and 4.16 × 10− 6/◦C, respectively [40]. While that of 
iridium from 30 ◦C to 865 ◦C is 7.33 × 10− 6/◦C [41]. The values of the 
coefficients of thermal expansion for the Ir silicides observed in this 
study given in [20] are; Ir3Si = 8.7 × 10− 6 /◦C, Ir3Si2 = 7.6 × 10− 6/◦C 
and IrSi = 3.2 × 10− 6/◦C. The slight mismatch between the Ir silicides 
and SiC CTE values would lead to some stress between the layers. 
However, no micro-cracks or delamination was observed in the Ir-SiC 
before and after annealing up to 1000 ◦C. 

The application of iridium as a protective layer SiC is only limited by 
its high cost and scarcity. Therefore, it can only be used for critical ap-
plications such as in nuclear reactors or radiation harsh applications as a 
coating against oxidation at high temperatures, composite materials for 
heat-resistant components in nuclear power plants [21]. 

5. Conclusions 

We investigated the solid-state reactions of thin iridium films 
deposited on hexagonal silicon carbide in the temperature range of 
700–1000 ◦C in vacuum. This was done to gain insight into the viability 
of using Ir films as protective layers on SiC for use in radiation harsh, 
high temperatures or oxidizing environments. The as-deposited Ir thin 
films had a polycrystalline structure with the (111) preferred orienta-
tion. The Ir films were dense, had good adhesion to the SiC substrates 
and were without any visible defects. The Ir-SiC samples were observed 
to be stable with no evidence of reactions after annealing at tempera-
tures of up to 700 ◦C in vacuum. Based on the GIXRD analysis the Ir films 
appear to have increased crystallinity after annealing at 700 ◦C. Based 
on this, we can deduce that Ir is a promising material which can provide 
stable anti-oxidation protection to SiC at temperatures below 700 ◦C. 

The solid-state reactions between the Ir thin film and SiC were 
observed to start at 800 ◦C. A mixed reaction zone layer consisting of 
iridium-rich silicides (Ir3Si2, IrSi and Ir3Si) and carbon. The solid-state 
reactions were very fast since Si was observed at the surface of Ir-SiC 
samples after annealing at 800 ◦C for 30 min. After the Ir film had 
completely reacted with SiC at 900 and 1000 ◦C, IrSi was the predom-
inant phase formed. The solid-state reactions to form Ir silicides may 
consist of two stages. In the initial stage at 800 ◦C the reaction kinetics 
are controlled by the supply of Ir and the decomposition of SiC to supply 
Si to form Ir3Si2, IrSi and traces of Ir3Si. During the second stage at 900 
and 1000 ◦C when the supply of Ir was limited, IrSi was the main silicide 
phase formed. 

The carbon is released from the SiC during the solid-state reactions at 
800, 900 and 1000 ◦C was identified by Raman analysis to be in a 
graphitic state. The Ir silicides formed as reaction products are also 
adherent to the SiC substrate and they provide good oxidation resis-
tance. Since the melting points of the iridium silicides are high (Ir3Si, 
Ir2Si and Ir3Si2 are close to 1400 ◦C), they can be used for high- 
temperature applications close to 1400 ◦C. 
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