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Abstract 
 
Single-crystal n-Si substrates of 〈100〉 orientation with a metal layer Ti∼18 nm have been irradiated at room tem-
perature with 197Au of 95 MeV energy. High-energy ion beam mixing has been used to obtain mixing at the inter-
face. Titanium silicide (TiSi2) formed as a result of the irradiation. The electrical properties at the interface, 
containing the silicide layer, the room temperature I–V curves for the pristine samples and irradiated ones have 
been studied. Their room temperature resistance values are estimated. 
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1. Introduction 

Metal silicides are widely used in very-large and ultra-large-scale integrated electronic cir-
cuits (VLSI and ULSI) as interconnects, source/drain contacts and gate electrodes. Both Ti 
and Co silicides are promising candidates for contacting and interconnects due to high con-
ductivity, which lowers the sheet resistance of a shallow junction by shunting, thus decreas-
ing the parasitic contribution to the device contact resistance [1]. Kessels et al. [2] have 
recently investigated intensely refractory metals such as W and Mo and their silicides. W 
and Mo act as contact materials because of some useful properties such as selective growth 
and high thermal stability. However, these materials have a limit to the application to ultra-
large integrated circuits in the future because of high contact resistivities to Si. Today, tita-
nium silicides are the most common choice and have been widely implemented due to low 
resistivity, ease of formation and self-alignment capability. In the solid-phase reaction proc-
ess, titanium silicide (TiSi2) is usually formed by a two-step silicidation process. First, low-
temperature anneal is used to nucleate and grow the high-resistivity TiSi2. After removal of 
the unreacted metal top layer, a subsequent high-temperature anneal is performed [3]. The 
system Ti/Si has been chosen because of its technological interest. The use of the technique 
of ion beam mixing helps in silicide formation by different mechanisms compared to that 
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formed in furnace annealing. The refractory TiSi2 is the most commonly used silicide in the 
0.35-µm generation of circuits [4]. Other crystalline titanium silicides are interesting be-
cause they are corrosion-resistive compounds. The Ti-Si system has also received interest 
as an amorphous alloy. 

 Refractory silicides (RSi2) have high-temperature stability and high electrical conduc-
tance [5]. Low specific contact resistivities (10–8 Ωcm2) are essential to realize ULSIs, 
which have very small contact holes of the order of 0.1 µm in size [6]. Ion beam mixing is a 
novel technique to achieve these metal silicides. A swift heavy ion (SHI) moving at a veloc-
ity comparable to Bohr velocity can transfer energy to the material causing the modification 
of its properties. After the passage of SHI, the solid returns to its equilibrium state leaving 
behind bulk and surface modifications. Consequently, ion beams could be an ideal instru-
ment to modify, under controlled conditions, the physical and chemical properties [7]. 
Leguay and Dunlop observed intermixing at Ti/Si interface as a result of 0.89 GeV Ta ion 
irradiation [8]. Compositional changes in Ti/Si bilayers and multilayers due to 30 KeV N2

+ 
ion bombardments were studied using Auger electron spectroscopy (AES) and RBS tech-
niques [9]. Ion beam-assisted deposition (IBAD) technique was used to achieve the forma-
tion of C54 TiSi2 by direct interfacial reaction between TiSi and Si substrate [10]. The 
resistivity has been reported as 43.1 Ωcm for Ti and 13–16 Ωcm for TiSi2 [11]. The Schot-
tky barrier height of different metal silicides has also been an interesting field of study. It 
varies from 0.93 eV(IrSi) to 0.55 eV(ZrSi2) [12]. Schottky barrier height of Zr/Si system is 
0.61 eV for p-type Si with boron concentration of (1–8) × 1015 cm–3 and 0.52 eV for n-type 
Si with phosphorous concentration of 5 × 1014–2 × 1015 cm–3. The specific contact resisti-
vity in Zr-n Si system is 3 × 10–7 Ωcm–2 for as-grown samples and 4 × 10–8 Ωcm–2 for an-
nealed samples [13]. The role of interface states and series resistance on the I–V and C–V 
characteristics in MIS (metal-insulator semiconductor)-type Schottky barrier diodes have 
been discussed recently by Altindal et al. [14]. It has been explained that performance and 
reliability of a Schottky diode is drastically influenced by interface quality between the de-
posited material and the semiconductor surface. I–V studies of Ni/Si interface and SBH 
have also been reported recently [15]. In this paper, we present the effects of large elec-
tronic excitation and silicide formation in the Ti/Si system using the swift heavy ions (SHI) 
and electrical properties of the heavy ion beam intermixed Ti–Si system are discussed. 

2. Experimental 

A thin Ti film (~ 18 nm) was deposited on Si [100]. Top layer was Si (~ 5 nm) to avoid the 
oxidation of Ti. The samples were irradiated with 95 Mev Au ions at 300 K to a fluence of 
1013 ions/cm2, at a current of 1 pna. The electronic energy loss was found to be 
20.43 keV/nm for 95 Mev Au ions in Ti by TRIM calculation. The structural and interfacial 
properties of Ti/Si interfaces have been investigated using the Rutherford backscattering 
spectroscopy (RBS), X-ray reflectivity (XRR) and Grazing angle X-ray diffraction 
(GIXRD). The RBS simulation using the RUMP [16] shows the mixing in a zone, which is 
20–25 Å thick. RBS spectra are shown in Fig. 1. In GIXRD curves, sharp crystalline peaks 
appear as a result of irradiation, which can be identified to be crystalline TiSi2 phase as 
shown in Fig. 2. Thus, characterization of the samples by X-ray diffraction and RBS of the 
samples confirms mixing at the interface. Details of the mechanism of silicide formation in 
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the system are discussed in our earlier paper [17]. After mixing, investigation of the electri-
cal properties at the interface is done to infer the interface states. For electrical measure-
ments silver paint was applied for the top and bottom contacts in the specimen. I–V 
characteristics measurements were taken in the vacuum of the order of 10–5 Torr using elec-
trometer (Keithley Electrometer Model 610-c). 

2.1 Electrical measurements 

From electrical measurements we can infer the presence of surface states. If they are pre-
sent, the barrier height can be determined by the interface states and these states are due to 
the interfacial layer between silicon and silicide. The position of these interface states is de-
termined by the kind of metal and their density can depend upon the interfacial composi-
tion. The fact that changing the kind of composition does not change the value of SBH 
simply means that that even if the interfacial layer changes, the corresponding changes in 
the density of states is not enough to produce an appreciable effect on the position of the 
fermi level. Thus, an interfacial layer having a composition different from pure metal or 
silicon or compound seems to be responsible for the main features observed in the metal-
silicon interactions and electrical contacts [18]. 

2.2 I–V characteristics 

I–V characteristics have been measured for as-deposited and irradiated samples. I–V meth-
ods were then used to measure the Schottky barrier height of the samples. Figure 3 shows 
the room-temperature I–V characteristics of different samples. It is observed that the sam-
ples that were subjected to irradiation shift towards linearity in comparison to the pristine 
ones. For Ti/Si samples the room temperature resistances of the pristine and irradiated ones 
have been calculated as 241 and 200 Ω, respectively. Thus in different samples there is a 
decrease of ~ 20% or more in the contact resistivity of the sample. The resistivity plot is 
shown in Fig. 4 and is in accordance with the literature. For the irradiated samples this de-
crease may be attributed to the generation of radiation-induced defect states energy gap and 
compensates the free carriers in the substrate. Thus it is a result of SHI-induced silicide 
formation at the interface, which is also confirmed from the X-ray studies. 

  
FIG. 1. RBS spectra of pristine and Au ion (95 MeV)-
irradiated Ti/Si specimen. 

 

FIG. 2. GIXRD spectra of Au ion (95 MeV)-irradiated 
Ti/Si specimen. 
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FIG. 3. I-V characteristics of pristine and Au ion (95 
MeV)-irradiated Ti-Si specimen. 

2.3 Schottky barrier height 

Barrier height is one of the most important parameters of the Schottky barrier diodes. In a 
reactive interface such as silicide–Si interface there is an interfacial region, which tends to 
dominate the Schottky barrier height. The layer should control not only the barrier height, 
but also other interfacial properties as well. Here we will discuss the barrier height of Ti-n 
Si diode by variation of zero bias barrier height and ideality factor for such a diode. For a 
Schottky barrier diode, the relation between the applied forward bias and current of the de-
vice is due to the thermionic emission current and it can be written as 

 I = Io[exp(qv/nkt) – 1] 

where n is the ideality factor, Io, the saturation current and defined by 

  I = AA*T2exp(–qΦB0/KT) 

where the quantities A, A*, T, q, k and ΦB0 are, respectively, the diode area, the effective 
Richardson constant, T = 300 K is the measurement temperature, the electronic charge, 
Boltzmann’s constant and apparent barrier height. The Io was obtained by extrapolating the 
linear region of the curve to zero applied voltage and the ΦB0 values were calculated from 
the second equation. The values of ideality factor n were obtained from the slope of linear 
region of the I–V plots. Nevertheless, it is the interfacial region that dominates the Schottky 
barrier formed. In turn, all the features are determined by the strength and nature of interfa-
cial bonding of formation [19]. There will be reaction-driven diffusion across the interface 
once reaction is initiated. The barrier height ΦB of Ti-n Si interface is calculated from the I-
V curves of different specimens. 

 

Sample kind SBH 
 

Pristine –0.46 eV 
Irradiated –0.78 eV 

FIG. 4. Resistivity plot of Ti-Si samples before and 
after Au ion (95 MeV) irradiation. 
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The precise composition at the Si interface in the Ti/Si interface is always close to TiSi2 
over Si after irradiation. Hence, the ΦB depends on the crystallinity of the TiSi2 at the Si in-
terface, not on the composition of Ti-Si alloy. It has been reported that the barrier height 
does not change as the interdiffused amorphous Ti-Si alloy thickness increases [20] and this 
result supports the suggestion that the interface is critical for the barrier height. 

2.4 Chemical dependence of Schottky barrier height 

Experiments carried out under UHV conditions have shown that intrinsic surface states are 
not present in the bandgap of the most compound semiconductors for clean, well-cleaved 
surfaces and therefore play no role in the Schottky barrier process [21]. Instead, chemical 
reaction and interdiffusion between the metal and the semiconductor are found to play a 
dominant role. Such chemical phenomenon leads to a new picture of the Schottky barrier 
junction. In contrast to the sharp boundary between metal and semiconductor, the interface 
in general encompasses an extended region and may involve a reacted region with new di-
electric properties and chemical compositions. In a reactive interface such as silicide-Si in-
terfaces there is an interfacial layer which tends to dominate the Schottky barrier height. 
This interface layer is a reacted layer of two solids in contact. 
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