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Abstract: Contact resistances take a significant portion of on-state resistances of advanced Si CMOS transistors. 

As a result, a metal-semiconductor contact resistivity (ρc) of sub-10-8 Ω∙cm2 or even sub-10-9 Ω∙cm2 is required to 

achieve high performance for a very downscaled transistor. In this snapshot review on our ρc investigation efforts, 

we first introduce a test structure—a multiring circular transmission line model (MR-CTLM)—with high accuracy 

to measure ultralow ρc, and then we evaluate different contact solutions. Our contact solution exploration includes 

metal/insulator/semiconductor (MIS) contacts for n+-Si and advanced (gemano-)silicides for n+-Si and p+-SiGe. 

We discuss limitations of MIS contacts. And we demonstrate encouraging ρc of 10-9 Ω∙cm2 that meet the 

requirement of 7 nm or 5 nm CMOS technology nodes. We also briefly discuss the current ρc investigation status 

of n+-Ge and n+-InGaAs—two potential NMOS channel candidates. 

1. Introduction 

The long journey of CMOS downscaling has approached physical limits in multiple ends. In the past several 

technology nodes, the traditionally constant dimensional downscaling factor [1] applies no longer to every 

component of CMOS transistors; rather, the transistor downscaling mission has been reallocated among different 

components. For example (see the schematic in Fig. 1b), along transistor length, downscaling of the gate length 

(Lg) has much slowed down in the past several technology nodes to suppress short channel effects, while 

source/drain (S/D) contact length (Lc) and spacer thickness (tsp) have got thus harder compressed [2], [3]. It is 

expected that in 14 nm and 7 nm CMOS technology nodes, Lc are as small as ~20 nm and ~14 nm, respectively 

[20]. Because the Lc is extremely confined and the metal gate scheme has been used, the conventional self-aligned 

silicidation (Salicide) process [4] (see the schematic in Fig. 1a) is no longer practical and beneficial. Instead, from 

14 nm technology node onwards [5], S/D contact metals are deposited at the bottom of the via—these contacts 

are thus referred to as liner contacts [6]. Because of extreme Lc shrinkage in recent technology nodes, the contact 

resistance (Rc) of liner contacts becomes a performance killer of modern CMOS front-end transistors [7]. To 

reduce Rc, expansion of contact area and reduction of contact resistivity (ρc) are desired. 

Making use of the 3D features of advanced transistors, novel schemes like raised S/D (Fig. 1d) [9] and 

wrap-around S/D (Fig. 1e and Fig. 1f) [10], [11] are effective to increase contact area. Besides S/D shape 

engineering, conformal metal deposition techniques [10], [11] help to further maximize contact area. 

With contact area being optimized, one would rely on ρc reduction to further minimize Rc. Assuming that 

Rc composes 25% percent of the on-state resistance of transistors, the 7 nm/5 nm CMOS technology nodes require 

ρc to be lower than 2×10-9 Ω∙cm2 [12]. These ultralow ρc challenge not only S/D contact formation techniques but 
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Fig. 1 Schematics of (a) Salicide contacts in traditional transistors [1] and (b) liner contacts in advanced 

transistors (e.g. 14 nm CMOS technology nodes [8]). Schematics of S/D contact schemes for FinFET: (c) Metal 

landing on fin, (d) metal landing on raised S/D, (e) metal wrapping around S/D, and (f) metal wrapping around 

raised S/D. 

 

also challenge measurement accuracy of test structures. We could use the following simple calculation to illustrate 

quantitatively the importance of an ultralow ρc in the Rc control. The relationship between Rc and ρc at a simple 

S/D (like Fig. 1c) is expressed by [13] 

𝑅𝑐 =
𝜌𝑐

𝑊𝑐𝐿𝑡

coth (
𝐿𝑐

𝐿𝑡

)                                                                     (1) 

where the Wc is the contact width, the Rs is the sheet resistance of the highly doped semiconductor (namely highly 

doped drain, HDD, in CMOS transistors), and the Lt is the transfer length calculated by 

𝐿𝑡 = √
𝜌𝑐

𝑅𝑠

                                                                                  (2) 

When an ultralow Lc of 10-20 nm is dictated by CMOS downscaling, a low Rc with the expression (1) demands 

both ultralow ρc and small Lt. A small Lt is important, because Rc would skyrocket when Lt > Lc. In the expression 

of Lt in (2), the Rs term cannot vary much, as its value is specified with the S/D shape and dopant activation at 

S/D which are not easily changed. Therefore, a small Lt again relies on an ultralow ρc; and this further increases 

the Rc dependence on the ρc. In addition, as small dimensions of a Lc challenge harshly lithography and etching 



precisions, Lc errors are increasingly problematic in advanced transistors [14]; an ultralow ρc is thus also important 

to suppress Lc errors induced transistor performance variations. 

In short, experimental investigations of ultralow-ρc contact solutions are demanded by advanced CMOS 

technology. This snapshot review is based on our previous ρc investigations, which have been summarized in the 

thesis [15]. In this review, we introduce investigations of ultralow ρc on Si CMOS relevant substrates—n-Si and 

p-SiGe. In the 2nd section, we construct ρc test structures with high sensitivity and accuracy; in the 3rd section, we 

evaluate a metal-insulator-semiconductor (MIS) contact scheme on n-Si; in the 4th section, we demonstrate pre-

contact amorphization implantation based Ti alloy contacts with ultralow ρc on n-Si and p-SiGe that beat the  

2×10-9 Ω∙cm2 target; in the 5th section, we briefly discuss n+-Ge and n+-InGaAs ρc investigations; in the 6th section, 

we will conclude this review and propose remaining topics that require further efforts in future. 

 

Fig. 2 (a) Comparison of ρc accuracy among various TLM test structures [18]–[25]. Accuracy of different TLMs 

is estimated based on effectiveness of metal resistance correction, fabrication complexity, and sampling 

capacity. If not corrected, potential dropped over metal resistances cause significant ρc extraction inaccuracy 

for TLMs. TCAD simulated potential drop on metal electrodes are compared between (b) CTLM, (C) refined 

TLM, and (d) MR-CTLM structures [26]. Potential profile along the “cut” in (d) is shown in (e), featuring 

equipotential metal rings in MR-CTLM. Simulation conditions: ρc = 1×10-8 Ω·cm2, Rs = 100 Ω/sq, and metal 

sheet resistance Rsm = 0.2 Ω/sq. 



2. Accurate Contact Resistivity Measurement  

The latest advanced 7 nm and 5nm CMOS technology demands ρc as low as 2×10-9 Ω·cm2 [16], [17]. Novel 

contact solutions are required to accomplish such low ρc. Before that, accurate ρc measurement is essential for 

correct evaluation. Accurate ρc extraction from a test device requires careful precluding impacts of the parasitic 

series resistance—including metal electrode resistances—and device dimension errors. A family of ρc test 

structures named transmission line models (TLM), as summarized in Fig. 2e, have been widely applied in ρc 

measurement because of their simple structures and simple ρc extraction principles: The simple fabrication reduces 

processes induced dimension errors; the simple ρc extraction principle makes parasitic factors transparent and easy 

to correct. As shown in Fig. 2a, among various TLM structures [18]–[24], the group of circular TLM (CTLM) 

and multiring CTLM (MR-CTLM) structures benefits from particularly simple fabrication that requires (A) only 

one step of lithography. The MR-CTLM further features (B) a high contact area sampling capacity and (C) 

effective suppression of the metal resistance impact (Fig. 2d and Fig. 2e). The features (A, B, C) make MR-CTLM 

stand out in ρc accuracy compared to other frequently applied TLM structures, like the CTLM (Fig. 2b) and the 

refined TLM (Fig. 2e).   

 

Fig. 3 Schematic (a) top view and (b) cross-section view of MR-CTLM [26]. Exemplary (c) curve-fitting and (d) 

ρc and Rs extraction using MR-CTLM [26] and CTLM [21] measurement resistances based on Ti/Si:P contacts. 

The Si:P with and without laser anneal have a carrier concentration of 2.7 × 1020 cm-3 and 4.6 × 1020 cm-3 

respectively. Ultralow ρc of (6.17 ± 0.35) × 10-9 Ω·cm2 and (1.12 ± 0.05) × 10-8 Ω·cm2 were extracted with MR-

CTLM for Ti/Si:P contacts with and without laser activation anneal of the Si:P [26].   

 

One key in improving ρc accuracy of TLM structures is reduction of the parasitic metal resistance impacts. 

This requires not only reduction of the sheet resistance of the metal but also reduction of the effective metal 

electrode length in TLM structures. In the TLM families, the MR-CTLM [26], the refined TLM [18] and the 

laddar TLM [24] have effectively reduced metal electrode lengths and thus own high ρc accuracy. As shown in 

the schematic Fig. 3b, in a MR-CTLM structure, each ring of CTLM has a very small effective metal length of SS 

(10 µm in [26]). Combined with a small metal sheet resistance of <100 mΩ/sq, the MR-CTLM provides high 

sensitivity and resolution for ρc exploration in the order of 10-9 Ω·cm2—see Fig. 3c and Fig. 3d for instances. We 



have thus used MR-CTLM extensively to evaluate contact solutions that target <2×10-9 Ω·cm2 requirement by 

advanced CMOS technology nodes. 

3. Metal-insulator-semiconductor (MIS) contacts vs metal-semiconductor (MS) contacts 

There are two types of surface states that cause surface Fermi-level pinning for a semiconductor. One is the 

interfacial defects induced gap states (DIGS), including dangling bonds of surface Si atoms; the other is the metal 

induced gap states (MIGS) [27], [28], which are generated due to penetration of the tails of the electron waves 

from the metal into the band gap of a semiconductor [27], [29]. Inserting an insulator may passivate semiconductor 

surface states and help to achieve ultralow Schottky barrier height φb for a contact. Researchers have reported that 

by putting an ultrathin (~1 nm) insulator interlayer—such as TiO2 [30], ZnO [31], Al2O3 [32], Si3N4 [33], Ge3N4 

[34], MgO [35]—between the metal and the semiconductor and form a metal-insulator-semiconductor (MIS) 

contact, both DIGS and MIGS are passivated, and the semiconductor surface Fermi level is depinned. A low 

Schottky barrier height φbn for n-Si could thus be achieved by forming a MIS contact with a low-work function 

metal. MIS contacts attracted much attention for n-Si, because the surface Fermi-level pinning of Si leads to a 

commonly large φb for n-Si MS contacts. It was speculated a low φb would contribute to ultralow ρc in the 10-9 

Ω·cm2 range. To verify validity of this speculation, we have systematically evaluated the potentials of MIS 

contacts in terms of of both φb and ρc [36]–[38]. 

 

Fig. 4 Comparison of Ti/TiO2/n-Si and Ti/n-Si contacts based on (a) room-temperature I-V curves measured 

with SBD, and (b) ρc measured with (MR-)CTLM [36]. An XTEM image of Ti/TiO2/n-Si contact is shown in 

the inset of (b). (c) Schematic band diagram of MIS contacts with highly and moderately doped n-Si, where 

electron transmission over contacts is based on field emission (FE) and thermionic-field emission (TFE), 

respectively. (d) Theoretical comparison of ρc of MIS vs MS contacts based on calculation method in [36]. 

 



To evaluate the potential of MIS contact, we fabricated Ti/TiO2/n-Si MIS contacts and compared them to 

Ti/n-Si MS contacts (without silicidation). The comparison was carried out with Schottky barrier diodes on lowly 

doped n-Si substrates which have an electron concentration of 2×1014 cm-3 and with (MR-)CTLM devices on 

moderately and highly doped substrates which have electron concentrations of 2.0×1018, 1.5×1019, 7.0×1019, 

2.1×1020, 2.8×1020, 4.6×1020, 6.8×1020 cm-3. The TiO2 is a promising insulator candidate for n-Si MIS contacts 

because of its low ∆Ec with silicon [39].  

In Fig. 4a, the current-voltage (I-V) characteristics of SBD of the Ti/TiO2/n-Si MIS contact show an ohmic 

behavior, while the Ti/n-Si MS contact shows a typical rectifying behavior. The φbn of the MIS and the MS 

contacts are 0.12 eV and 0.47 eV, respectively, extracted with a low-temperature capacitance-voltage (C-V) 

measurement of the SBD samples [40]. From the SBD samples, we confirm the effective φbn reduction by inserting 

a TiO2 interlayer between the Ti and the n-Si. However, we find that the low φbn does not lead to a low ρc on the 

highly doped n+-Si. As shown in Fig. 4b for relatively lowly doped n-Si with n of 2.0×1018 and 1.5×1019 cm-3, the 

ρc of Ti/TiO2/n-Si is lower than that of Ti/n-Si; however, when n is higher than 5×1019 cm-3, the Ti/n-Si 

outperforms the Ti/TiO2/n-Si.  

We have performed theoretical calculation of ρc of MIS vs MS contacts in [36] and understood that the ρc of 

an MIS contact is increased due to reduced tunneling probability of electrons through the insulator interlayer. The 

schematics in Fig. 4c help illustrate electron transmission over MIS contacts on moderately and highly doped n-

Si. The lowering of φb and the hindering of electron tunneling by an insulator make two opposite impacts on 

electron transmission over a MIS contact. Under the thermionic emission related regimes on lowly and moderately 

doped n-Si, the former advantage of MIS contacts is more dominant and thus contributes to improved SBD current 

and ρc; under the field emission dominated regime on highly doped n+-Si, the latter disadvantage gets pronounced 

and thus compromises ρc.  

Admittedly, the TiO2 may not be a perfect insulator to achieve low ρc of an MIS contact. In Fig. 4d, we assign 

optimal parameters to an imaginary ideal MIS contact (A) and compared it to ideal MS contacts (C) and (D) [36]. 

Even an ideal MIS contact would lose its edge in the high doping range above 3×1020 cm-3—the relevant doping 

level for the source/drain of advanced Si nMOSFETs. Besides a compromised carrier tunneling probability, MIS 

contacts have another major concern about its thermal stability.  MIS contacts for n-Si require a low work function 

metal—such as Al, Ti, Mg—to approach a low qφb. However, the low-work function metals are typically reactive 

and they are thus difficult to preserve a stable interface with a ~1 nm thin insulator of an MIS contact. Thermal 

degradation of MIS contacts has been reported experimentally below 400oC [37] or even during metal depositions 

[37], [41]. This makes MIS contacts hardly possible to survive several 400-450°C heating steps in the CMOS 

back-end-of-line (BEOL) manufacturing. Therefore, we focus on developing MS contacts in the next section to 

meet the 10-9 Ω∙cm2 ρc requirement of the advanced CMOS technology.  

4. Advanced Ti (germano-)silicide contacts for both n-Si and p-SiGe 

It cannot be overstressed that the Schottky barrier height is no longer a dominant parameter behind the ρc 

when the active doping concentration is beyond 3×1020 cm-3. On Si:P substrates with an active donor of 7×1020 

cm-3 [42], we have demonstrated that the Ti silicides with φbn of ~0.5 eV have nearly one order lower ρc than the 

La silicides counterpart with φbn as low as ~0.3 eV [43]. This is because tunneling based carrier transmissions 



dominate MS interface conduction on highly doped semiconductors; here the theoretical dominant factors behind 

the ρc become the active doping concentration of a semiconductor and the effective mass and the Fermi energy of 

a contact metal [44]. In realistic implementation of MS contacts in advanced CMOS transistors, we shall also 

consider several practical factors, including impurity scavenging capability of the metal, diffusion rates of the 

metal in a semiconductor, MS interface morphology and stability, dopant redistribution after MS reaction, and 

available metal deposition methods [15]. In this overview picture, Ti and its (germano-)silicides make excellent 

candidates for source/drain contacts of both NMOS and PMOSFETs.  A summary of research and development 

of advanced Ti (germano-)silicide refers to [15], [45], [46].  

 

Fig. 5 Benchmark of ρc of TiSix on n+-Si. Only those ρc reported together with specific active donor 

concentration of n+-Si in literature are included in this figure. 

 

High dopant activation and (germano-)silicidation methods are the key to ultralow ρc, which is clear from the 

ρc benchmark collected for Ti and TiSix [10], [47]–[56] in Fig. 5. In the following sub-sections, we will introduce 

three (germano-)silicidation methods: the first one is based on pre-contact amorphization implantation (PCAI) 

[53], [54], [57], the second on Ti/Si co-deposition (CD-TiSi) [56], [58], the third on atomic layer deposited Ti 

[10]. All three methods feature low-thermal budget, work for both n+-Si and p+-SiGe, and help approach the ρc of 

2×10-9 Ω·cm2 5/7 nm CMOS technology target; the three methods have sequentially increasing compatibility to 

advanced 3D CMOS transistors.  

(I) Pre-contact amorphization implantation based TiSix(Gey) 

A schematic process flow utilizing the PCAI technique is illustrated in Fig. 6. The PCAI induced ρc 

improvement is demonstrated in Fig. 7a and Fig. 7b. XTEM images of the TiSix(Gey) before and after post-metal 

annealing (PMA) are shown in Fig. 7c-f. The PCAI could improve TiSix nucleation and crystallinity [59]. 

Moreover, the PCAI creates Si interstitial point defects near the Si surface, which compensate the vacancy defects 

induced by Ti silicidation [60]. Both improvement may have contributed to the ultralow ρc of TiSix(Gey) on both 

highly doped Si:P and SiGe:B. We have systematically screened the PCAI and post-metal anneal (PMA) 

conditions for TiSix(Gey) [53], [58]. Note that there is a common process window that results in ultralow ρc for 

both n-type and p-type substrates in Fig. 6c and Fig. 6d: optimal (germano-)silicidation is achieved by 3keV 



6×1014 cm-2 Ge PCAI and around 500oC 1min PMA in N2. The mild amorphization by the low-energy low-dose 

PCAI and the low thermal-budget PMA are relatively compatible to the 3D transistors.  

 

Fig. 6 PCAI based contact formation for both NMOS and PMOS: (a) PCAI with 3keV 6×1014 cm-2 Ge I/I after 

contact opening; followed by (b) Ti/TiN deposition, 500oC 1min N2 PMA, W CVD, and W CMP.  

 

Fig. 7 ρc of (a) TiSix/Si:P and (b) TiSixGey/SiGe:B with and without PCAI; ρc were evaluated with MR-CTLM.  

XTEM of (c,d) TiSix/Si:P and (e,f) TiSixGey/SiGe:B that received 6 keV 6×1014 cm-2 Ge PCAI (c,e) before and 

(d,f) after 1 min N2 PMA [22], [24]. Sample in (c) received 550oC PMA [22] while sample in d) received 500oC 

PMA [24]. 



Note that the low-ρc phases of TiSix(Gey) in Fig. 7d and Fig. 7f are different with traditional low-resistivity 

fully-crystalline TiSi2. The low-ρc TiSix(Gey) formed with relatively low-temperature (≤550oC) thermal annealing 

is in an amorphous phase with embedded TiSix(Gey) crystallites—the crystallites could be detected by X-ray 

diffraction [53]; the TiSix(Gey) in such low-ρc phases usually maintain a smooth interface with n-Si or p-SiGe. 

This differs with fully-crystalline TiSi2 formed after ≥800oC annealing which usually has a rough interface with 

Si; formation of TiSi2 and degradation of MS morphology lead to significant ρc degradation [47], [53]—such ρc 

degradation is already observed in Fig. 7a and Fig. 7b with near 600oC PMA. 

(II) TiSi Co-deposition Based TiSix 

The phase of low-ρc TiSix can also be achieved by a TiSi co-deposition (CD-TiSi) technique. Like the PCAI 

based TiSix, the amorphous Ti and Si mixture in as-deposited CD-TiSi also enhances TiSix crystallite formation 

[61]. The CD-TiSi has three advantages over the PCAI based one: it prevents Si substrate consumption; it avoids 

potential ion implantation induced damages; and it is flexible to modulate a composition ratio between the 

amorphous Si and the Ti [62]. But due to a low oxygen solubility in the CD-TiSi, oxide residues may segregate 

at the CD-TiSi/semiconductor interface and degrade ρc. The oxygen may origin from the TiSi deposition process 

or from an oxide residue on semiconductor surfaces. Solutions to the oxide interlayer may include an additional 

oxygen scavenging cap layer on top of the CD-TiSi [56]. 

 

Fig. 8 (a) Co-deposition of TiSi for both NMOS and PMOS contacts followed by 450~500oC PMA. (b) Ultralow 

ρc achieved by CD-TiSix on Si:P and SiGe:B [56], [58] compared to the PCAI based TiSix(Gey) [53], [58]; ρc 

evaluated with MR-CTLM. 

 

A schematic of TiSi co-deposition based silicidation technique is shown in Fig. 8. The CD-TiSi can be 

accomplished by laminated physical vapor deposition (PVD) of Ti and Si monolayers in cycles. As shown in Fig. 

8, the CD-TiSi also achieves ρc as low as those achieved by the PCAI based TiSix(Gey). We have also observed 

that CD-TiSi forms a similar phase of TiSix (not shown) [56], [58] to the PCAI based one in Fig. 7d and Fig. 7f .  

(III) Conformal Ti or TiSix 

The PCAI and CD-TiSix based TiSix(Gey) have shown several advantages including ultralow ρc. However, 

those metal PVD based methods get increasingly incompatible to source/drain formation on a FinFET due to a 

shrinking contact opening area. Besides, there is increasing interests in forming a wrap-around contact (WAC) on 

a raised source/drain to maximize the contact area, which requires conformal metal deposition. In this regard, like 

in the schematics of Fig. 1e and Fig. 1f, conformal Ti or TiSix by chemical vapor deposition (CVD) or atomic 

layer deposition (ALD), appeals to the modern transistors.  



The CVD or ALD Ti or TiSix techniques are difficult because Ti has very negative electrochemical potentials. 

Only recently have ALD or CVD Ti based wrap-around contacts (WAC) on fins been reported [10], [11]. In our 

demonstration, the Ti/TiN ALD was performed on both MR-CTLM and Fin-TLM using an experimental, 

showerhead based chamber on a TEL Triase+ platformTM [10]. The Ti ALD process was slowly conducted at 

430oC, which provides sufficient thermal heating for in situ Ti (germano-)silicidation during the ALD. In Fig. 9a 

and Fig. 9b, the ALD Ti can approach ultralow ρc around 2×10-9 Ω∙cm2 after mild (germano-)silicidation; unlike 

the PVD Ti in Fig. 7, the PCAI treatment is unnecessary to achieve such low ρc. In the XTEM images and energy-

dispersive X-ray spectroscopy images in Fig. 9c, we not only observe an increased contact area with WAC but in-

situ silicidation without intentional PMA [10].  

 

Fig. 9 ρc of ALD Ti on (a) Si:P and (b) SiGe:B with and without PCAI; ρc was evaluated with MR-CTLM [10]. 

(c) XTEM image and energy-dispersive X-ray spectroscopy for a WAC on Si fin after Ti/TiN ALD and W 

CVD without intentional PMA [10].  

 

5. Contact challenges for Ge and InGaAs NMOS 

Since electrons have higher mobility in Ge and InGaAs than in Si, Ge and InGaAs were considered potential 

channel material candidates for advanced NMOS transistors. However, the high Rc together with challenging gate 

oxide passivation remain major bottlenecks that prevent replacement of Si NMOS with Ge and InGaAs candidates. 

The high Rc of n+-Ge and n+-InGaAs are caused by insufficient donor activation and/or thermally unstable donor 

super-activation.   

Limited donor activation and fast donor diffusion in Ge are caused by donor-vacancy pairing and clustering 

[63]. Typical active donor concentration in heavily doped n+-Ge after rapid thermal annealing activation is limited 



at 2~5×1019 cm-3. This leads to relatively high ρc of n+-Ge under the thermionic-field emission regime. It is 

encouraging that short-pulse laser anneal activation helps break the donor-vacancy bond and achieve super-

activation of donors in Ge while limiting the donor diffusion [64]–[67]. As shown in the benchmark of Fig. 10a 

[15], [64]–[74], low ρc of n+-Ge in the orders of 10-9 and 10-8 Ω·cm2 have been achieved by laser based donor 

activation [64]–[67]. Making use of high P chemical doping up to 1020~1021 cm-3 in Si:P, a Si:P interlayer based 

metal/Si:P/n+-Ge contact scheme has been demonstrated for n+-Ge contact [67], [74], [75]. Further, van Dal et al. 

combine the metal/Si:P/n+-Ge contact with laser anneal donor activation and achieve record-low ρc of n+-Ge of 

~1.6×10-9 Ω·cm2 [67]. However, laser anneal based superactivated donors are prone to deactivation after 

300~500oC heating [15], [76], [77]. This implies that the low ρc of Ge NMOS achieved by laser super-activation 

could hardly maintain after BEOL processing, where several steps are performed at near 400oC. Therefore, donor 

super-activation and prevention of donor deactivation are currently major challenges for low Rc of Ge NMOS.  

As for n+-InGaAs contacts, low donor activation is a major challenge to achieve low Rc. As reviewed by Lind 

et al. [78], the highest reported active donor concentration in n+-In0.53Ga0.47As is merely ~5×1019 cm-3. In 

investigations of n+-InGaAs contacts in Fig. 10b [79], we observe that the ρc of n+-InGaAs contacts are not 

sensitive to contact metal species and are favored by a very low φbn. These observations are aligned with the 

InGaAs (001) surface Fermi level pinning effect in the conduction band [80]. As indicated in Fig. 10b by 

extrapolation, the donor activation level for n+-InGaAs must be boosted far above 1020 cm-3 to meet the 2×10-9 

Ω·cm2 target for advanced NMOS applications. Effective super-activation methods for donors in InGaAs are 

wanted. 

 

Fig. 10 (a) Benchmark of ρc of n+-Ge contacts [15], [64]–[74]. (b) Comparison of ρc of n+-InGaAs contacts with 

varied active donor concentration achieved by in-situ Si, S, or Se doping [79].  

 

6. Conclusions and outlook 

We have established accurate ρc test structures with a simple fabrication scheme to facilitate efficient and 

systematic experimental investigations on ρc. By putting 10 CTLMs in series, we develop a multiring CTLM 

(MR-CTLM) method to improve the sampling capacity and suppress the parasitic metal resistance impact on ρc 

extraction. 

We have evaluated the MIS contact scheme for n-Si but found two limitations to its realistic applications. 

One limitation is the insulator reduced carrier transmission, which prevents the MIS contacts from meeting the 



10-9 Ω∙cm2 ρc target; the other limitation is the low thermal stability of the MIS contacts, which cannot withstand 

a standard BEOL thermal budget of CMOS manufacturing. 

We evaluate and optimize ρc of Ti alloy contacts on n+-Si and p+-SiGe. By applying three Ti (germano-) 

silicidation techniques, we demonstrate Ti alloys with ultralow ρc of (1-3)×10-9 Ω·cm2 on both substrates, which 

meet the ρc target of 7 nm/5 nm CMOS technology nodes. The first (germano-)silicidation technique is based on 

pre-contact amorphization implantation, the second on Ti/Si co-deposition, and the third on atomic layer deposited 

Ti. An in-situ anneal or post-metal anneal at around 450-550oC helps TiSix(Gey) approach a low-ρc phase. The 

low-ρc TiSix(Gey) is at an amorphous state but embedded with small crystallites. 

We briefly summarize the status of n+-Ge and n+-InGaAs contact investigations. Donor activation and 

prevention of donor deactivation remain challenging for those two NMOS candidates. For n+-Ge, thermal stability 

of super-activated donors requires improvement. For n+-InGaAs, effective donor activation methods are wanted 

to boost the active donor concentration above 1020 cm-3.    

Based on the contact exploration for advanced CMOS technology in this review, we suggest that the following 

topics require further investigations in future: 

1. Apart from Ti alloys, contact metal candidates should be experimentally evaluated with respect to ρc and 

thermal stability. Such a broad screening of contact metals is of high significance, but is still lacking, 

especially on highly doped substrates; 

2. Prevention of donor deactivation from thermal heating in BEOL steps is important for n+-Si substrates 

[81], because donor deactivation causes a directly increase of ρc and Rc; 

3. Ga is an attractive acceptor candidate for S/D doping of group-IV PMOS transistors because of high Ga 

activation in high-Ge content SiGe [82], [83]; 

4. Besides accurate ρc measurement on planar devices, all contact schemes should be reevaluated on 3D 

nanoscale devices to test their compatibility; 

5. As the next generation of integrated circuits (IC) may feature 3D sequential integration [7], there are two 

types of contacts that would be required in such IC: contacts with low formation thermal budget and low 

ρc for top-tier devices, and contacts with high thermal stability and low ρc for the bottom-tier devices. 

These two types of contacts require further exploration; 

6. Finally, the interface resistivity between the via metal and the silicide has rarely been studied. But this 

interface resistivity may become significant when ρc enters the order of 10-10 Ω∙cm2.  
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