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Supplementary Note 1  30 

Features of CoSi for highly conductive interconnect 31 

When the thickness of conventional metals scales below the electron mean free path, its 32 

resistivity greatly increases. The resistivity increase is a result from increased electron 33 

scattering at the surfaces and grain boundaries. In addition, impurities and scattering in 34 

conventional metal can affect the motion of electrons due to strong momentum loss in the 35 

scattering. In the 7-nm technology node of integrated circuits, the resulting higher resistivity 36 

of interconnects contributes to over 50% of the total signal delay (Supplementary Fig. 1). 37 

We have calculated the band structure along the Brillouin zone path following the 38 

theoretical investigation1. Different form conventional metals, semimetal CoSi has a unique 39 

band structure (Supplementary Fig. 2) and transport behavior. CoSi hosts spin-1 excitation 40 

with Chern number +2 at Γ and the double Weyl fermion with the Chern number −2 at R2. 41 

Our calculation results reveal that in a small CoSi supercell of 8 u.c (a=b=c= 4.445 Å in 42 

one u.c.), there are strong surface states contribution and weak bulk states contribution 43 

(Supplementary Fig. 3a and Supplementary Fig. 3b), especially near the Fermi level. 44 

Theoretical calculation work3 reveal the thickness-dependent surface/bulk to total charge 45 

current fraction ratio (Supplementary Fig. 3c). This thickness-dependent trend clear shows 46 

that as the thickness gradually reduces, the surface to bulk charge current ratio increases, 47 

revealing the intrinsic feature of the highly conductive surface path of CoSi. As the electrons 48 

can move quickly through the Fermi arc surface states with minimal scattering, the conductivity 49 

contribution of surface states is dominated when the thickness of CoSi scales down, which 50 

results in increased conductivity with decreased thickness. Hence, topological semimetal CoSi 51 

with surface states and Fermi arcs can break this trade-off, showing ultrahigh conductivity at 52 

room temperature. 53 

 54 

 55 

 56 

 57 

 58 
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Supplementary Note 2  59 

Materials growth and characterization of CoSi nanoflakes 60 

We used the confined flux-assisted growth setup (Supplementary Fig. 4) to synthesize 61 

CoSi nanoflakes over a wide temperature range of 770 to 920 ℃. We employ a rapid thermal 62 

profile (Supplementary Fig. 5) featuring a controlled heating ramp and an optimized holding 63 

time of 6 minutes. This rapid process, culminating in the complete evaporation of the Te flux, 64 

kinetically terminates the growth. The flux-assisted confined method enables the growth of 65 

nanoflake samples with a high degree of tolerance for growth parameters4.  66 

While the CoSi phase can form over a wide temperature range, systematic optimization 67 

reveals that the resulting morphology and thickness are highly sensitive to the growth 68 

parameters. To identify the optimal window for sub-100 nm nanoflakes, we investigated the 69 

influence of growth temperature and precursor-to-flux mass ratio. 70 

The growth temperature primarily dictates the evaporation kinetics of the Te solvent 71 

(Supplementary Fig. 6). At a low temperature of 770 °C, the vapor pressure of Te is 72 

insufficient for effective volatilization, leaving the CoSi nucleation sites entirely encapsulated 73 

within the residual flux. As the temperature reaches 800 °C to 830 °C, the progressive removal 74 

of Te begins to begins to yield discrete, individual nanoflakes. The optimal growth window is 75 

achieved at 860-890 °C, where the complete volatilization of the solvent ensures the isolation 76 

of pristine, well-defined, and ultrathin nanoflakes. However, further increasing growth 77 

temperature to 920 °C accelerates the vertical mass transport, which inevitably leads to 78 

noticeably thicker nanoflakes. 79 

In addition, the precursor-to-flux mass ratio serves as a critical liquid medium for mass 80 

transport (Supplementary Fig. 7). At lower mass ratios (1:2-1:4), the limited solvent volume 81 

fails to establish a continuous transport phase, resulting in fragmented clusters accompanied 82 

by unreacted precursors. The optimal growth window is identified between 1:6 and 1:8, where 83 

the appropriate flux concentration enables the robust growth of high-quality 2D nanoflakes. 84 

While further increasing the Te content (e.g., 1:12) can still yield thin flakes, the excessive 85 

solvent severely dilutes the precursor concentration. This over-dilution compromises the stable 86 

2D growth kinetics, leading to sparse nucleation and a significant reduction in the overall 87 



4 
 

integrity of the samples.  88 

As summarized in Supplementary Fig. 8 and Fig. 9, the statistical results reveal an 89 

exceptionally narrow compositional distribution. The average atomic ratio of Co:Si is 90 

approximately 49.9:50.1. This result provides robust evidence that the bulk stoichiometry is 91 

tightly centered on the 1:1 ratio. 92 

 93 
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Supplementary Note 3  117 

Transport behaviors of CoSi nanoflakes 118 

The pronounced trend of resistivity scaling is a result of the dominant contribution from 119 

surface conduction. To quantify the contributions of bulk and surface carriers in the topological 120 

semimetal, we performed Hall effect measurements under a magnetic field up to 6 T. We 121 

experimentally measured Hall resistance and acquire thickness-dependent Hall coefficient (RH). 122 

Then, we calculated the total Hall resistivity (𝜌𝜌𝑥𝑥𝑥𝑥𝑇𝑇 ) and Hall conductivity (𝜎𝜎𝑥𝑥𝑥𝑥𝑇𝑇  ) of CoSi 123 

nanoflake with different thicknesses, respectively. The 𝜎𝜎𝑥𝑥𝑥𝑥𝑇𝑇   consists of bulk and surface 124 

contribution2, which can be described by Equation (1): 125 

𝜎𝜎𝑥𝑥𝑥𝑥𝑇𝑇 = 𝜎𝜎𝑥𝑥𝑥𝑥𝐵𝐵 + 𝜎𝜎𝑥𝑥𝑥𝑥𝑆𝑆 = 𝜎𝜎𝑥𝑥𝑥𝑥𝐵𝐵 + 𝐺𝐺𝑥𝑥𝑥𝑥𝑆𝑆 /𝑡𝑡                      (1) 126 

where 𝜎𝜎𝑥𝑥𝑥𝑥𝑇𝑇  consists of the bulk Hall conductivity (𝜎𝜎𝑥𝑥𝑥𝑥𝐵𝐵 ) and the surface Hall conductivity (𝜎𝜎𝑥𝑥𝑥𝑥𝑆𝑆 ). 127 

Furthermore, 𝜎𝜎𝑥𝑥𝑥𝑥𝑆𝑆 = 𝐺𝐺𝑥𝑥𝑥𝑥𝑆𝑆 /𝑡𝑡, where 𝐺𝐺𝑥𝑥𝑥𝑥𝑆𝑆  is the surface sheet Hall conductance, and 𝑡𝑡 is the 128 

sample thickness, respectively. We can extract: 𝜎𝜎𝑥𝑥𝑥𝑥𝐵𝐵  = -17.1 μΩ−1m−1T and 𝐺𝐺𝑥𝑥𝑥𝑥𝑆𝑆  = -4.8 Ω−1 T. 129 

According to equations RH=1/(GxyB) and n=1/(RHe), we can acquire the thickness-dependent 130 

surface carrier density (𝑛𝑛2𝐷𝐷𝑆𝑆 )  and bulk carrier density (𝑛𝑛2𝐷𝐷𝐵𝐵 ) . Following the fundamental 131 

conductivity relationship σ = n µ e (where σ denotes electrical conductivity, n represents carrier 132 

density, µ is charge carrier mobility, and e stands for elementary charge), we quantitatively 133 

analyzed the thickness-dependent carrier mobilities for both surface and bulk transport 134 

pathways. 135 

The total conductivity is treated as the parallel combination of surface and bulk 136 

conductivities: 𝜎𝜎to𝑡𝑡𝑡𝑡𝑡𝑡 = 𝜎𝜎b + 𝜎𝜎s  , where 𝜎𝜎to𝑡𝑡𝑡𝑡𝑡𝑡  is the total conductivity, 𝜎𝜎b  is the bulk 137 

conductivity, and 𝜎𝜎s is the surface conductivity. Therefore, 𝜎𝜎to𝑡𝑡𝑡𝑡𝑡𝑡 = 𝜎𝜎b + 𝜎𝜎s = (𝐺𝐺b + 𝐺𝐺s)/𝑡𝑡 138 

where 𝐺𝐺b = 𝑛𝑛𝑏𝑏𝜇𝜇𝑏𝑏𝑒𝑒𝑒𝑒, 𝐺𝐺𝑠𝑠 = 𝑛𝑛𝑠𝑠𝜇𝜇𝑠𝑠𝑒𝑒. Consequently, 𝝈𝝈𝐭𝐭𝐭𝐭𝒕𝒕𝒕𝒕𝒕𝒕 = 𝒏𝒏𝒃𝒃𝝁𝝁𝒃𝒃𝒆𝒆 + 𝒏𝒏𝒔𝒔𝝁𝝁𝒔𝒔𝒆𝒆/𝒕𝒕.  139 

We have determined all four fundamental quantities by fitting the experiment results:  140 

 𝑛𝑛𝑏𝑏 = 1.07 × 1020 cm−3 , 𝜇𝜇𝑏𝑏 = 704 cm2V−1s−1 , 𝑛𝑛𝑠𝑠 = 2.9 × 1015 cm−2 , 𝜇𝜇𝑠𝑠 = 1.51 ×141 

104 cm2V−1s−1. 142 

 143 
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We further carried out calculations based on this formula and compared them against 144 

experimental data from both as-grown nanoflakes and bulk samples. Our experimental results 145 

are in agreement with the simulation results (Supplementary Fig. 19).  146 

Comparison between nanoflakes and nanowires 147 

The resistivity of our CoSi nanoflake crystal is much lower than that of the reported 148 

nanowires5,6. This observation aligns with the findings in topological semimetal TaAs, where 149 

TaAs nanowires exhibit resistivity 1000 times higher than their nanoflake counterparts with 150 

similar dimensions7. In contrast, the surface transport property in nanoflakes remains relatively 151 

unaffected by the geometric confinement along the z-direction. The elevated resistivity in 152 

nanowires is attributed to: (i) a high density of surface defects introduced during synthesis, or 153 

(ii) enhanced boundary scattering from in-plane confinement effects. 154 

  155 
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Supplementary Note 4  156 

Working frequency benchmark for interconnects with different resistivities 157 

There is about 40% increase (Supplementary Fig. 23a) of relative maximum frequency 158 

(Fmax) as the resistivity is reduced to 1 μΩ cm for the circuit of 700 W in the 5-nm-technology 159 

node1. For comparison, we calculated the relative Fmax for Bi, Pt, Ru, Co, W, and CoSi, 160 

normalizing to Cu (Fmax = 1). Fmax, representing the reciprocal of delay, was computed using 161 

the Elmore delay model. This model is extensively employed in estimating interconnect delays 162 

within VLSI design. This model provides a simplistic delay analysis that avoids time-163 

consuming numerical integration/differential equations of a Resistance-Capacitance network. 164 

Top panel of Supplementary Fig. 23b shows the simplified lumped-element model for 165 

predicting the impact of wire geometry on circuit delay, as expressed as the Equation (2)8: 166 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 = 0.69𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 0.69𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶𝑊𝑊 + 0.69𝑅𝑅𝑊𝑊𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 + 0.38𝑅𝑅𝑊𝑊𝐶𝐶𝑊𝑊 (2) 

where 𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 is drive resistance that refers to the resistance offered by a circuit or component 167 

when it is driving a signal to the next stage; 𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿, load capacitance, is the total capacitance 168 

that a circuit or component must drive, 𝑅𝑅𝑊𝑊 and 𝐶𝐶𝑊𝑊 are the wire resistance and capacitance 169 

for the considered interconnect length, respectively. The wire resistance 𝑅𝑅𝑊𝑊 is calculated with 170 

the following Equation (3):  171 

𝑅𝑅 = 𝜌𝜌
𝐿𝐿
𝐴𝐴

 (3) 

where 𝜌𝜌 denotes to the resistivity, 𝐴𝐴 refers to the cross-sectional area, and the 𝐿𝐿 represents 172 

the length of the interconnect. The capacitance 𝐶𝐶𝑊𝑊 is calculated with the following Equation 173 

(4): 174 

𝐶𝐶 =
𝜀𝜀0𝜀𝜀𝑟𝑟𝐴𝐴
𝐿𝐿

 (4) 

where 𝜀𝜀0  is the vacuum permittivity (8.85×10-12), 𝜀𝜀𝑟𝑟  is the dielectric constant of silicon 175 

oxide which is 3.9, 𝐴𝐴 refers to the cross-section area, and 𝐿𝐿 represents the length of the oxide. 176 

The length of oxide between two contact or via is equals to the length of the interconnection. 177 

The relative Fmax is calculated with the Fmax of copper as baseline, which could be 178 

calculated by the following Equation (5):  179 
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𝐹𝐹𝑚𝑚𝑚𝑚𝑚𝑚 = 1 +
� 1
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 −

1
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐶𝐶𝐶𝐶

�

� 1
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝐶𝐶𝐶𝐶

�
 (5) 

We calibrated the model by adjusting the 𝑅𝑅𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 and 𝐶𝐶𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 to match the experimental 180 

result from this work1. The calculation of relative Fmax for Bi, Pt, Ru, Co, W, and CoSi are 181 

shown in the bottom panel of Supplementary Fig. 23b, with all simulation parameters for 182 

frequency normalization detailed in Supplementary Table S3. 183 

 184 

 185 

 186 

 187 

 188 

 189 

 190 

 191 

 192 

 193 

 194 
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 196 

 197 

 198 

 199 
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Supplementary Note 5  207 

High-frequency transmission of CoSi interconnect 208 

As the testing frequency is not higher than 40 GHz, we adopted Equation (6) in the de-209 

embedding process with tested scattering parameters: 210 

                       𝑌𝑌𝐷𝐷𝐷𝐷𝐷𝐷 = 𝑌𝑌𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 − 𝑌𝑌𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂                        (6) 211 

Then, we can acquire the S21 of thru and CoSi interconnect with de-embedding in 212 

Supplementary Fig. 26, respectively. Both thru and CoSi interconnect show the decreasing 213 

S11 from about -20 dB to -10 dB, while the S21 gradually increases to about -2 dB as the 214 

frequency increase from 1 to 40 GHz. 215 

 The interconnection transmission can be described by a transmission line model 216 

consisting of a conductor and a dielectric layer (SiO2). R represents the series resistance, L 217 

represents the series inductance, G represents the shunt conductance (the dielectric loss 218 

between CoSi and SiO2), and C represents the shunt capacitance. These distributed parameters 219 

and impedance can be extracted from S-parameter measurements. Wave equations for this 220 

equivalent circuit model yield the propagation constant γ and impedance Z as a function of 221 

frequency. 222 

𝛾𝛾 = 𝛼𝛼 + 𝑗𝑗𝑗𝑗 = �(𝑅𝑅 + 𝑗𝑗𝑗𝑗𝑗𝑗)(𝐺𝐺 + 𝑗𝑗𝑗𝑗𝑗𝑗)                    (7) 223 

𝑍𝑍 = �𝑅𝑅+𝑗𝑗𝑗𝑗𝑗𝑗
𝐺𝐺+𝑗𝑗𝑗𝑗𝑗𝑗

                               (8) 224 

The S-parameters for a two-port network can be converted to ABCD parameters to obtain the 225 

propagation constant γ and impedance Z. 226 

�𝐴𝐴 𝐵𝐵
𝐶𝐶 𝐷𝐷� = 1

2𝑆𝑆21
× �

(1 + 𝑆𝑆11 − 𝑆𝑆22 − ∆𝑆𝑆) 𝑍𝑍0(1 + 𝑆𝑆11 + 𝑆𝑆22 + ∆𝑆𝑆)
(1/𝑍𝑍0)(1 − 𝑆𝑆11 − 𝑆𝑆22 + ∆𝑆𝑆) (1 − 𝑆𝑆11 + 𝑆𝑆22 − ∆𝑆𝑆) �,  (9) 227 

where ∆𝑆𝑆 = 𝑆𝑆11𝑆𝑆22 − 𝑆𝑆21𝑆𝑆12 , and 𝑍𝑍0  denotes the controlled impedance in an RF 228 

measurement system (50 Ω). γ and Z are extracted by using the ABCD parameter matrix as 229 

follows: 230 

𝛾𝛾 = cosh−1𝐴𝐴                              (10) 231 

𝑍𝑍 = �𝐵𝐵/𝐶𝐶                               (11) 232 

Transmission parameters such as R, L, G, and C can be obtained by Equation (12): 233 

𝑅𝑅 = Re{𝛾𝛾𝛾𝛾} 234 
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𝐿𝐿 = Im{𝛾𝛾𝛾𝛾}/𝜔𝜔 235 

𝐺𝐺 = Re{𝛾𝛾/𝑍𝑍} 236 

𝐶𝐶 = Im{𝛾𝛾/𝑍𝑍}/𝜔𝜔                            (12) 237 

The relationship between the propagation constant 𝛾𝛾 = �(𝑅𝑅 + 𝑗𝑗𝑗𝑗𝑗𝑗)(𝐺𝐺 + 𝑗𝑗𝑗𝑗𝑗𝑗)  and 238 

impedance 𝑍𝑍 = �(𝑅𝑅 + 𝑗𝑗𝑗𝑗𝑗𝑗)/(𝐺𝐺 + 𝑗𝑗𝑗𝑗𝑗𝑗)  was used to obtain the individual transmission 239 

parameters of R, L, G, and C. 240 

The “thru” device has a width of 20 μm, whereas our CoSi interconnect device measures 241 

merely 4.5 μm in width, constituting less than one-quarter of the “thru” device’s width. Despite 242 

this significant size variance, the S21 curve of the CoSi interconnect remarkably mirrors that of 243 

the “thru” device. The characteristic propagation constant and impedance of CoSi transmission 244 

line were acquired directly from the measured scattering parameters. We can further extract 245 

the resistance (R) and normalized resistance (R per width) of CoSi and thru devices. Both 246 

devices show the increasing R as the frequency range from 0 to 40 GHz. The normalized R 247 

shows that CoSi interconnect shows lower resistance than thru structure. On the whole, the R 248 

of CoSi and thru devices slight increase as the frequency increase from 0 to 40 GHz 249 

(Supplementary Fig. 27).  250 

  251 
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Supplementary Note 6  252 

On-chip integration of CoSi interconnect with a ring oscillator 253 

Oscillation frequency f of the ring oscillator circuit is determined by the total delay time 254 

of the signal traveling through all the inverters in the loop, which is expressed by Equation (13): 255 

                            𝑓𝑓 =  1
2𝑁𝑁𝑁𝑁

                           (13) 256 

where N is the number of stages in the ring oscillator and T is the delay time for each stage, 257 

which is determined by the RC delay of invertor. Thus, the oscillation frequency f is expressed 258 

by Equation (14): 259 

                         𝑓𝑓 =  1
2𝑁𝑁𝑁𝑁𝑁𝑁

                          (14) 260 

where R and C refer to equal resistance and capacitance of the interconnect.  261 

As shown in Fig. 4f, the change of f is negligible after embedding our CoSi interconnect, 262 

reflecting the high conductivity of the material and its suitability for interconnect applications. 263 

 264 

 265 

 266 

 267 

 268 

 269 

 270 

 271 

 272 

 273 

 274 

 275 

 276 
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 277 

Supplementary Figure 1. The signal delay contribution ratio from the Cu interconnect9. 278 

 279 

 280 

 281 

 282 

 283 

 284 

 285 

 286 

 287 

 288 

 289 

 290 

 291 

 292 

 293 
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 294 

Supplementary Figure 2. Band structure and topological Fermions of CoSi. Purple and 295 

orange circles mark the topological Fermions in the band structure along the corresponding 296 

Brillouin zone path.  297 

 298 

 299 

 300 

 301 

 302 

 303 

 304 

 305 

 306 

 307 

 308 

 309 

 310 

 311 

 312 
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 313 

Supplementary Figure 3. Surface and bulk states contribution of thin CoSi. a, Surface 314 

states contribution to the band structure along M-R-G based on a small CoSi supercell (8.u.c). 315 

b, Bulk states contribution to the band structure along M-R-G on a small CoSi supercell (8.u.c). 316 

c, Thickness-dependent surface to bulk charge current. The calculation is based on the 317 

surface/bulk to total charge current fraction ratio, as derived from theoretical work3. 318 

 319 

 320 

 321 

 322 
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 323 

Supplementary Figure 4. Flux-assisted growth setup for synthesizing CoSi nanoflakes. a, 324 

Schematic of using the confined setup, mixed Co/Si powders and flux material for growing 325 

CoSi samples. b, Optical images of the growth setup. c, Optical images of as-grown CoSi 326 

samples on the sapphire substates. d, Atomic force microscope image and corresponding 327 

thickness-position curve of a representative CoSi nanoflake.  328 

 329 

 330 

 331 

 332 
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 333 

Supplementary Figure 5. Representative thermal profile for the kinetically controlled 334 

growth. The curve illustrates a typical heating process for the synthesis of CoSi nanoflakes, 335 

using a target temperature of 860 ℃ as an example. To achieve the kinetic trapping of the 336 

ultrathin state, the temperature is first raised to 600 ℃, followed by a precise heating ramp of 337 

16 ℃/min to reach the growth window. 338 

 339 

 340 

 341 

 342 

 343 

 344 

 345 

 346 

 347 

 348 



17 
 

 349 

Supplementary Figure 6. Temperature effects on the CoSi crystal growth. Optical 350 

microscopy images of CoSi crystals grown at various temperatures (from 770 ℃ to 920 ℃). 351 

The precursor-to-flux mass ratio is 1:8.  352 

 353 

 354 

Supplementary Figure 7. Effect of precursor-to-flux mass ratio on the CoSi crystal 355 

growth. Optical microscopy images showing the morphological evolution from 1:2 to 1:12. 356 

The growth temperature is 860 ℃. 357 

 358 
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 359 

Supplementary Figure 8. Morphology and chemical composition of the as-grown CoSi 360 

nanoflakes. a, EDS mapping of Sample #S1. b, The elemental energy spectrum for Samples 361 

#S1 to #S6. 362 

 363 

Supplementary Figure 9. Statistical chemical composition analysis of the as-grown CoSi 364 

nanoflakes. The table (left) and corresponding bar chart (right) summarize the atomic 365 

percentages of Si and Co obtained from EDX point analysis on 6 randomly selected nanoflakes. 366 

The individual experimental data points (n = 6, overlaid as colored dots) display an extremely 367 

narrow distribution tightly clustered around the ideal 50% dashed line. This robust statistical 368 

evidence confirms a highly uniform, near-perfect global stoichiometric 1:1 ratio across the 369 

synthesized macroscopic samples, well within the instrumental error range.  370 



19 
 

 371 

Supplementary Figure 10. Statistical verification of single-crystalline nature across global 372 

and local scales (Sample 1). The top-left low-magnification TEM image displays the selected 373 

measurement locations (labeled 1 to 7, covering the corners, edges, and center) across the entire 374 

macroscopic nanoflake. The corresponding experimental SAED patterns collected from these 375 

spatially distinct regions are crystallographically identical and match perfectly with the 376 

theoretically simulated diffraction pattern (top-middle panel). All patterns can be unequivocally 377 

indexed to the [100] zone axis. This strict experimental-theoretical consistency rigorously 378 

confirms a true single-domain nature without any grain boundaries or lattice misorientation. 379 

 380 

Supplementary Figure 11. Verification of single-crystalline nature for Sample 2. 381 
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 382 

Supplementary Figure 12. Verification of single-crystalline nature for Sample 3. 383 

 384 

Supplementary Figure 13. Verification of single-crystalline nature for Sample 4. 385 

 386 
Supplementary Figure 14. Verification of single-crystalline nature for Sample 5. 387 
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 388 

Supplementary Figure 15. Verification of single-crystalline nature for Sample 6. 389 

 390 
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 403 

Supplementary Figure 16. Deconvoluted XPS spectra of (a) Si 2p and (b) Co 2p core levels. 404 

The spectra clearly distinguish the intrinsic Co-Si bonding (sharp peaks) from the surface 405 

passivation layer (broad shoulder). 406 

  407 
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 408 

Supplementary Figure 17. Temperature-dependent resistivity and Hall resistance curve 409 

of representative bulk and 20-nm samples. a, Temperature-dependent resistivity. b, Hall 410 

resistance curves. 411 

 412 

 413 

 414 

 415 

 416 

 417 

 418 

 419 
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 426 

Supplementary Figure 18. Thickness verification of CoSi nanoflakes across different 427 

scaling regimes. a, b, Low-magnification (a) and high-resolution (b) cross-sectional 428 

transmission electron microscopy (TEM) images of a representative ultra-thin CoSi nanoflake, 429 

confirming a physical thickness of ~22 nm. c, Atomic force microscopy (AFM) height profile 430 

of a CoSi device in the same ultra-thin regime, demonstrating excellent quantitative agreement 431 

with the TEM structural calibration. d, e, Representative AFM height profiles for intermediate-432 

thickness CoSi nanoflakes in the ~100 nm (d) and ~500 nm (e) regimes. The insets show the 433 

corresponding AFM images of the fabricated Hall bar devices. f, Height profile of a 1000-nm 434 

CoSi sample measured using a stylus profilometer. 435 
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 442 

Supplementary Figure 19. Experimental results of CoSi nanoflake and polished bulk 443 

crystal compared with the simulation results based on 𝝈𝝈𝐭𝐭𝐭𝐭𝒕𝒕𝒕𝒕𝒕𝒕 = 𝒏𝒏𝒃𝒃𝝁𝝁𝒃𝒃𝒆𝒆 + 𝒏𝒏𝒔𝒔𝝁𝝁𝒔𝒔𝒆𝒆/𝒕𝒕. Bulk 444 

samples are mechanically polished from one bulk CoSi crystal with 650 μm. 445 
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 450 

Supplementary Figure 20. Shubnikov-de Haas oscillations in the CoSi nanoflake. a, Raw 451 

Hall resistance data measured from -9 T to 9 T at various tilt angles. b, Anti-symmetrized pure 452 

Hall resistance obtained by extracting the anti-symmetric component to eliminate longitudinal 453 

resistance mixing. c, Angle dependence of the oscillation frequency where the solid red line 454 

represents the perfect theoretical fit to the 2D Fermi surface model. The inset illustrates the 455 

measurement geometry, defining the tilt angle θ between the applied magnetic field and the 456 

surface normal of the CoSi nanoflake. d, Hall resistance (𝑅𝑅𝑥𝑥𝑥𝑥) measured under perpendicular 457 

magnetic field at 2 K, 10 K, and 30 K. e, The extracted oscillatory component (∆𝑅𝑅𝑥𝑥𝑥𝑥) plotted 458 

against the inverse magnetic field (1/B). The quantum oscillations are clearly visible at 2 K and 459 

10 K, but are completely suppressed by thermal smearing at 30 K. 460 
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 467 

Supplementary Figure 21. Angle-dependent Shubnikov-de Haas oscillations of 𝑹𝑹𝒙𝒙𝒙𝒙 in 468 

the CoSi nanoflake at 2 K. a, Resistance 𝑹𝑹𝒙𝒙𝒙𝒙 measured as a function of magnetic field B 469 

from -9 T to 9 T at various tilt angles θ. b, Oscillatory component ∆𝑹𝑹𝒙𝒙𝒙𝒙 plotted against inverse 470 

magnetic field 1/B for angles 0°, 30°, and 60° after subtracting a smooth background. Clear 471 

SdH oscillations are observed at low angles. c, Fast Fourier Transform (FFT) spectra of the 472 

oscillations. The primary frequency 𝑭𝑭𝜶𝜶 exhibits a systematic blue-shift from 17.4 T at 0° to 473 

21.7 T at 30°. The inset formula 𝑭𝑭(𝜽𝜽)~𝑭𝑭(𝟎𝟎𝐨𝐨)/ 𝐜𝐜𝐜𝐜𝐜𝐜𝜽𝜽 indicates the 2D nature of the Fermi 474 

surface. 475 
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 483 

Supplementary Figure 22. Room-temperature Hall mobility versus Hall carrier density 484 

for CoSi. Solid red symbols (star and hexagon) represent the CoSi nanoflake and bulk single 485 

crystal from this work, respectively. The dashed ovals guide the eye to the general trends of 486 

conventional bulk crystals and low-dimensional systems. Open symbols represent 487 

representative data from the literature for comparison (bulk crystals10-12 and thin films/micro-488 

ribbons 13,14). 489 
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 500 

Supplementary Figure 23. The effects of reduced resistance on relative maximum 501 

frequency (Fmax). a, The significant increase (40%) of Fmax as the resistivity is reduced to 1 502 

μΩ cm for the circuit of 700 W in the 5-nm-technology node1. b, Signal delay and working 503 

frequency benchmark results of CoSi, Cu, Bi, Pt, Ru, Co and W at 20-nm thickness. Simplified 504 

lumped-element model for circuit delay and power predictions. Circuit delay and Fmax is 505 

computed by applying the Elmore approximation. 506 
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 519 

Supplementary Figure 24. Migration barrier of neighboring Co in CoSi. The calculated 520 

activation energy of neighboring Co migration is 3.67 eV, a very high value for ion migration.  521 
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 551 

Supplementary Figure 25. Line-resistance scaling of CoSi and representative 552 

interconnect materials. Line resistance versus cross-sectional area for CoSi nanoflakes (this 553 

work), NbAs nanowires15, MoP nanowires16, and Ru/Cu interconnects16. The Cu data include 554 

liner/barrier contributions. DD, dual damascene; SB, selective barrier; ALD, atomic layer 555 

deposition; CVD, chemical vapor deposition. Dashed lines denote power-law fits and 556 

extrapolations. 557 
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 570 

Supplementary Figure 26. The S21 of metal and CoSi interconnect with/without de-571 

embedding. 572 
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 585 

Supplementary Figure 27. The extracted R of metal and CoSi interconnect. a, The 586 

equivalent transmission line circuit model. b-e, The extracted R, L, G and C of CoSi and thru 587 

devices. f, The normalized resistance of CoSi and thru devices. 588 
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 594 

Supplementary Figure 28. S21 of the CoSi transmission lines with the quartz substrate. 595 

The transmission losses in our samples are primarily due to dielectric losses, transmission 596 

line geometry, and parasitic effects. The Si/SiO2 substrate with a thickness of 280/0.285 μm 597 

has a high dissipation factor (tanδ), leading to significant dielectric losses. Additionally, the use 598 

of transferred CoSi nanoflakes alters the signal line width and signal-to-ground spacing in the 599 

coplanar waveguide (CPW) and introduces parasitic factors like contact interfaces. These 600 

effects can cause impedance mismatches with the RF measurement system, resulting in large 601 

reflections and increased transmission losses. To address these issues, we re-fabricated the RF 602 

transmission line using a quartz substrate with low tanδ and a thickness of 500 um, which can 603 

reduce the transmission loss (Supplementary Fig. 27).  604 
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 611 

Supplementary Figure 29. The ring oscillator with 123 inverters. Each inverter is 612 

comprised of one pair of p-and n-FET. 613 
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 619 

 620 

Supplementary Figure 30. Integration of CoSi interconnect onto the ring oscillator. Co 621 

and Si element mapping in the SEM image of Fig. 4e. The white dash box indicates the etched 622 

area. 623 
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Table S1. Detailed resistivity of CoSi nanoflakes. 630 

Sample Thickness (nm) Resistivity (μΩ cm) 

#1 20 0.7 
#2 22 0.73 
#3 23 0.87 
#4 24 0.85 
#5 23 0.78 
#6 22 0.72 
#7 20 1.1 
#8 20 1.5 
#9 22 0.4 
#10 20 0.45 
#11 50 0.75 
#12 53 0.82 
#13 47 0.92 
#14 49 0.93 
#15 54 0.72 
#16 53 0.78 
#17 50 0.6 
#18 52 0.58 
#19 51 2.1 
#20 50 0.71 
#21 74 1.2 
#22 75 1 
#23 77 1.3 
#24 76 2.2 
#25 75 1.1 
#26 76 1.4 
#27 74 1.8 
#28 77 1.2 
#29 75 1 
#30 76 1.3 
#31 100 1.3 
#32 103 1.8 
#33 98 1.7 
#34 104 1.6 
#35 99 1.7 
#36 97 2 
#37 100 3 
#38 105 1.7 
#39 105 1.8 
#40 98 1.5 
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#41 205 3.5 
#42 210 3.4 
#43 198 2.6 
#44 195 2.2 
#45 203 3.2 
#46 194 2.2 
#47 189 3.1 
#48 199 5.2 
#49 211 3.1 
#50 193 2.4 
#51 402 6.1 
#52 385 3.5 
#53 408 7.3 
#54 394 5 
#55 389 6.5 
#56 395 6.9 
#57 402 5.3 
#58 417 4.7 
#59 394 5.4 
#60 407 6.3 
#61 588 7.2 
#62 592 6.6 
#63 595 6.9 
#64 596 8.1 
#65 604 10 
#66 599 7.4 
#67 601 7 
#68 603 3.2 
#69 616 7.9 
#70 602 7.8 
#71 1000 5.5 
#72 1030 6.8 
#73 960 8 
#74 1010 4 
#75 1020 4.5 
#76 1020 7 
#77 1000 10 
#78 1010 11 
#79 1010 9.8 
#80 990 8.8 
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Table S2. CoSi mobility comparison for bulk samples and our nanoflake sample. 633 
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Table S3. Parameters for calculating the normalized working frequencies 654 

Parameters Value 
Material CoSi Cu Bi Pt Ru Co W 
Resistivity(μΩ·cm) 0.72 7 500 40 9.1 9.1 8 
Length of wire(μm) 1 
Cross sectional area(μm2) 450 
Permittivity (pF/μm) 8.85×10−12 

Relative permittivity 3.9 
Area of plate(μm2) 450 
Separation distance(μm) 1 
RDrive (mΩ) 0.21 
CLoad(nf) 910 
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