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A B S T R A C T   

This study reports the practical limit on contact resistance of Si (100)/TiSi2 system. The maximum transmission 
in silicide contact is estimated via the overlap of conducting modes. This ideal limit is then compared versus the 
coherent transport calculation, where DFT-NEGF is applied to a pool of model interfaces. It is shown that 
interface scattering increases the contact resistance by an order of magnitude. The barrier tunneling strongly 
depends on surface termination and coordination defects. For the studied samples, the trend of contact resistance 
matches the inverse of transmission at Fermi level.   

1. Introduction 

The scaling of transistors in advanced nodes has effectively 
decreased the channel resistance. This makes the parasitic contributions 
particularly important, as they do not scale easily. Perhaps the most 
challenging component is the contact resistance. Currently, titanium 
silicide (TiSi2) is the common choice of metal. In this study, some basic 
aspects of carrier transport in Si/TiSi2 system are explored. 

2. Theory and calculations 

The samples of Si/C49-TiSi2 junctions are prepared in (100) orien
tation. For this orientation, TiSi2 may have five different terminations: 
Three Si-rich and two Ti-rich atomic planes. Fig. 1 shows the corre
sponding hetero-interfaces for all TiSi2 terminations. The interface 
strain is about ~1 % of 1 × 1 nm2 cross section with ~6 nm thickness of 
Si and TiSi2. 

2.1. Structure relaxation 

The density functional theory (DFT) relaxation is performed using 
PseudoDojo pseudopotentials [1] with PBEsol functional and double- 
zeta polarized basis. The density cut-off energy is set to 150 Ha. The 
k-grids of 3 × 3 × 1 are applied for the density calculations. The atomic 
force for all samples is smaller than 20 meV/Å. 

2.2. Contact resistance calculations 

The contact resistance is calculated in two different ways: Valley 
filtering and DFT non-equilibrium Green’s function (DFT-NEGF) 
methods. In the following, the results and details of each method are 
discussed.  

• Valley filtering limit 

Our procedure is similar to the work in Refs. [2] and [3]. After 
structural relaxation, the unit cells of bulk-representative parts are used 
for band structure calculations with uniform k-grids of 101 × 101 × 101. 
Here, band energies for both spin up and down are considered. meta- 
Generalized-Gradient Approximation (meta-GGA) exchan
ge–correlation (XC) functional of Tran & Blaha (TB09) is used [4]. The c- 
parameter is set to 1.03511. The density mesh cut-off is at 100 Ha. The k- 
resolved distribution of modes M (E, k), which can be efficiently 
calculated using the so-called “band-counting” method, is then extracted 
for the relevant energy range. M (E) of Si and TiSi2 are obtained by the 
integration over the 1st Brillouin zone. The valley filtering approach 
calculates the overlap between the k-resolved distribution of modes in Si 
and TiSi2. From the valley filtered M (E, k), the contact resistance (ρ) is 
computed according to Landauer formalism [3]: 
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where f is the Fermi-Dirac distribution function, G0 = 2q2/ħ is the 
fundamental quantum conductance, and q is the elementary charge. 
Fig. 2 shows the k-resolved conducting modes of C49-TiSi2, Si and the 
corresponding overlap. The conducting modes are effectively filtered in 
high energy range, as shown in Fig. 3(a). Consequently, the difference of 
intrinsic and valley-filtered resistance is increased at high carrier con
centration, as shown in Fig. 3(b) and 3(c). Though these results consider 
the non-ideality of metal and mismatch of symmetries, the reflection and 
tunneling resistances at the interface are neglected. Therefore, these 
results can set the lowest theoretical limit for contact resistance.  

• DFT-NEGF calculations 

To investigate the impact of interface scattering, DFT-NEGF simu
lations are carried out. The basis and exchange–correlation setup is the 
same as mentioned previously. For all devices, silicon is n-type doped to 
3 × 1020 cm− 3 level [5], and transmission spectra are computed with 
regular k-point grids of 51 × 51 × 1. The resulting transmission per unit 
area, T (E), is used for the contact resistance calculation, as proposed in 
Ref. [6]. The typical k-resolved transmissions are shown in Fig. 4. The 
transmissions across the hetero-interface are much lower than the ideal 
limit in Fig. 2. In particular, the conducting path near Γ-point is totally 
vanished for all cases. This is mainly due to the heavy effective mass in 
the longitudinal direction. To obtain an accurate density matrix, the k- 

mesh should cover the detailed features of the silicon conduction band 
and metal Fermi surface. In Fig. 5(a), the sensitivity of contact resistance 
to the corresponding density matrix k-mesh is demonstrated. The results 
are benchmarked against the reference case, where transmission mesh is 
101 × 101, and density matrix mesh is 51 × 51. From these results, it can 
be seen that 13 × 13 k-mesh keeps the error less than 1 %. 

Fig. 5(b) shows the comparison of T (E) among five different in
terfaces. Apparently, the contact resistances in Fig. 5(c) are much larger 
than the theoretical limit, i.e. 5.9× 10− 11 Ω⋅cm2. Interestingly, the 
atomic structure in case 3 gives the highest resistance. This is due to the 
fact that the specific Si-termination does not produce coordinate defects. 
As a result, the tunneling path between Si and the first metallic-plane 
gets longer, which effectively hampers the tunneling and transmission, 
as shown in Fig. 6. In general, the combination of bond-intimacy and 
coordination defects will determine the level of tunneling. The effective 
contribution of these factors can be presented by transmission at Fermi 
level, T(Ef ). As shown in Fig. 5(d), there is a strong correlation between 
contact resistance and 1/T(Ef ). This suggests that T(Ef ) can be used as a 
metric for fast screening of model interfaces. Due to the form of the 
Fermi-Dirac distribution function, this metric becomes more exact as 
temperature is reduced. 

3. Conclusions 

The impact of interface chemistry on tunneling current in silicide 
contact is investigated. Among the prepared samples with similar 
Schottky barrier heights, those with shorter tunneling paths and 

Fig. 1. The atomic structures of Si (100)/TiSi2 (100) interfaces are shown after geometrical relaxation. Case 1–3 represent the Si-rich terminations, while case 4–5 
are Ti-rich ones. 
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Fig. 2. (a) The transverse momentum-resolved distribution of modes (DOM) of TiSi2. (b) Si with surface orientation in (100) direction. (c) Its valley filtered DOM. 
For these graphs, the energy level is at 0.134 eV from the conduction band minimum. 
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Fig. 3. The comparison between the intrinsic limit of Si and its valley filtered limit by TiSi2 is shown at 300 K. (a) The available conducting modes per unit area, M 
(E), are depicted versus energy. The reference energy is the conduction band minimum (CBM). (b) The resistances at different positions of Fermi level are shown, 
which represents the different doping scenarios. (c) The resistances as function of electron concentration are presented. 
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coordination defects closer to Fermi level produce lower contact resis
tance. For the nominal doping level, the tunneling current is much lower 
than the theoretical limit. This suggests that there is a big room to en
gineer the interface and optimize the contact resistance. 
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Fig. 4. The DFT-NEGF calculations of the transverse k-resolved transmission spectra of Si (100)/TiSi2 (100) model interfaces shown in Fig. 1. The results are 
demonstrated at Fermi level. 
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Fig. 5. (a) The sensitivity of contact resistance to density matrix k-mesh resolution is shown for the structure of case 3. With 13x13 k-mesh, the error is less than 1 %. 
(b) The transmissions per unit area of the 5 cases in Fig. 1 are benchmarked. (c) The corresponding resistances at room temperature are calculated. (d) The trend of 
inverse transmission at Fermi level of these 5 cases is shown. 
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Data availability 

No data was used for the research described in the article. 
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Fig. 6. The projected local density of states and the corresponding transmission from the structures of (a) case 3 and (b) case 4 are demonstrated.  
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