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Abstract 15 

The thermal boundary conductance is typically positively correlated with interfacial 16 

adhesion at an interface. Herein, we demonstrate a counterintuitive experimental result in 17 

which a weak van der Waals interface can give a higher thermal boundary conductance 18 

than a strong covalently bonded interface. This occurs in a system with highly mismatched 19 

vibrational frequencies (copper/diamond) modified by a self-assembled monolayer. By 20 

finely controlled fabrication and detailed characterization complemented by molecular 21 

simulation, the effects of bridging of the vibrational spectrum mismatch and bonding at 22 

the interface are systematically varied and understood from a molecular dynamics 23 

viewpoint. The results reveal that the bridging and binding effects have a trade-off 24 

relation, and consequently, the bridging effect can overwhelm the binding effect at a 25 

highly mismatched interface. This study provides a comprehensive understanding of the 26 

phonon transport at interfaces, unifying the physical and chemical understandings, which 27 

inspires interfacial tailoring of the thermal transport in various material systems. 28 

 29 

MAIN TEXT 30 

 31 

Introduction 32 

The rapid advances in electronics have triggered increasing demand for effective heat 33 

dissipation at the material level (1), for which interfaces between constituent materials or 34 

inside composites are critical since they are significant scatterers for phonons, resulting in 35 

thermal resistance (2) (Fig. 1a). To enhance the thermal boundary conductance (TBC), the 36 

insertion of an intermediate layer at an interface has attracted considerable interest. 37 

Controlling the mass (3), thickness (4–6), and chemical components (7) of the 38 

intermediate layer has been suggested to be effective in enhancing the TBC. Recently, the 39 

self-assembled monolayer (SAM) (8) comprising alkyl chain molecules with a thickness 40 

below 2 nm has emerged as a promising candidate for the intermediate layer (9–11) 41 

because of the precise and flexible controllability of the physical and chemical structures 42 

by varying the chain length and end groups (Fig. 1b). 43 

The use of an SAM as an intermediate layer facilitates interfacial heat conduction 44 

through two distinct mechanisms: binding and bridging effects (12). Numerous studies 45 

have shown TBC enhancement by increasing the interfacial adhesion via the binding 46 

effect, which enhances the transmission coefficient of individual phonons while remaining 47 

the range of phonon transmission constant (the number of phonon channels keeps 48 

unchanged). At interfaces such as gold/quartz (13) and copper (Cu)/silica (14), by varying 49 
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the end groups from CH3 (van der Waals (vdWs) interface) to SH (covalently bonded 50 

interface), which increases the interfacial adhesion strength by approximately two orders 51 

of magnitude, the TBC increases from 36 to 65 MW/K-m2 and from 260 to 430 MW/K-52 

m2, respectively. Additionally, fewer, but still several, works have demonstrated 53 

enhancement of the TBC through the bridging effect at interfaces such as gold/polymer 54 

(25 to 165 MW/K-m2) (15) and Cu/diamond (40 to 80 MW/K-m2) (16). Bridging the 55 

vibrational frequency mismatch between the materials on the sides of the interface with 56 

the SAM can extend the phonon transmission spectrum to a broader range, the same as 57 

that of the expanded vDOS overlap, which creates extra phonon channels for an enhanced 58 

interfacial thermal transport. Although previous studies have elucidated the effectiveness 59 

of SAM modification for TBC enhancement and corresponding mechanisms, the binding 60 

and bridging effects have always been discussed separately. A unified understanding of 61 

the relative contributions of the binding and bridging effects would expand the methods to 62 

further promote the TBC by SAM modification, but the challenge is to systematically vary 63 

both the bonding strength and frequency matching. 64 

In this work, with fine control over the structure of the SAM, we realize a systematic 65 

study of the binding and bridging effects on the TBC by varying both the end groups of 66 

the SAM (CH3 and SH) and phonon frequencies of the dielectric (silicon, sapphire, and 67 

diamond). In the Cu/diamond system, we experimentally demonstrate that the CH3-SAM-68 

functionalized vdWs interface gives a counterintuitively higher TBC than the SH-SAM-69 

functionalized covalently bonded interface, whose interfacial adhesion strength is 70 

typically two orders of magnitude higher (17). By comparing the TBCs of all the systems, 71 

we find that this abnormal phenomenon only occurs at the interface with highly 72 

mismatched frequencies, where the bridging effect dominates over the binding effect in 73 

determining the TBC. We discover a trade-off between the binding and bridging effects, 74 

and the strong bridging effect overwhelms the negative effect of the weak interfacial 75 

adhesion at the CH3-SAM-modified vdWs interface. 76 

Results  77 

Anomalous heat conduction at the mismatched interface 78 

To obtain an interface with variable adhesion, alkylsilanes (n-butyltrimethoxysilane 79 

and 3-(trimethoxysilyl)propanethiol) with two different kinds of end groups (SH and CH3, 80 

respectively) were used for SAM functionalization (illustrated in Fig. 1c). The SH-SAM 81 

can form a robust covalent bond (S-Cu) with Cu via the dehydrogenation reaction of SH, 82 

making the interfacial adhesion strength typically two orders of magnitude higher than 83 

that with the weak vdWs interaction between the CH3-SAM and Cu. By utilizing these 84 

two kinds of SAM in systems such as Cu/diamond, Cu/sapphire, and Cu/silicon with 85 

different degrees of vibrational mismatch, we can elucidate the roles of both the binding 86 

and bridging effects in determining the TBC. 87 

We fabricated the samples by forming the SAM on the substrates and then depositing 88 

the Cu and aluminium layers, which served as a transducer (see Method). Since the 89 

morphology of the SAM influences the heat conduction through the interface (10), SAM 90 

formation on the substrates (diamond, sapphire, and silicon) was performed concurrently 91 

in the same reaction container to ensure that the morphologies of the SAMs in all the 92 

systems are comparable. Most importantly, the morphologies of the SH-SAM and CH3-93 

SAM should be similar to ensure that the resultant differences in the TBC originate mainly 94 

from the differences in the properties of the SAM end groups. To this end, before 95 

depositing the metals, we applied the commonly used water contact angle and 96 

ellipsometry measurements to characterize the SAM morphologies (Fig. 2a). The 97 
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thicknesses of both the SH- and CH3-SAM are approximately 5~6 Å, with contact angles 98 

of 53 and 93 degrees, respectively, owing to the difference in the hydrophilicity of the end 99 

groups. This result agrees well with a previous study (18), indicating that the SH- and 100 

CH3-SAM are similar in morphology, uniform monolayers with high order. 101 

Using time-domain thermoreflectance (TDTR, Fig. 1d), we first measured the TBC at 102 

the Cu/diamond interface. The temperature decay profile illustrates a clear difference 103 

between the interfaces functionalized by the SH- and CH3-SAM (Fig. 3a), where the decay 104 

is considerably faster in the CH3-SAM case. This result indicates an unexpected 105 

phenomenon in which the CH3-SAM-modified interface with the CH3-Cu vdWs 106 

interaction, whose adhesion is two orders of magnitude lower than the SH-Cu covalent 107 

bonding, achieves a higher TBC than the SH-SAM-modified interface. This contradicts 108 

the fundamental understanding of the binding effect reported in previous studies (13, 14). 109 

To verify the reproducibility of the experimental results, additional measurements 110 

were carried out using independently prepared samples of the same kind. The resulting 111 

TBCs are summarized in Fig. 3b. For each case, the measured TBC was observed to be 112 

within a reasonable range (±7 MW/m2-K, where the error bars represent the uncertainty in 113 

TDTR data fitting and sample preparation, including SAM formation and metal 114 

deposition), with an average TBC for the CH3-SAM interface of approximately 61.5 115 

MW/m2-K, two-fold higher than that of the SH-SAM interface (33.6 MW/m2-K). This 116 

high reproducibility of the experimental results proves the reliability of this unusual 117 

dependence of the TBC on the bonding strength. 118 

Moreover, we characterized the SH-SAM samples (with metal layers deposited) using 119 

transmission electron microscopy (TEM) and X-ray photon spectroscopy (XPS) to 120 

exclude unintentional factors such as degradation of the SAM and poor contact between 121 

the SAM and deposited Cu layer that may degrade the TBC. The TEM cross-sectional 122 

view and the corresponding energy-dispersive X-ray spectroscopy (EDX) line scan at the 123 

interface (Fig. 2b, c) display a highly uniform SAM layer (~6 Å) firmly in contact with 124 

both Cu and diamond, whose thickness is in perfect agreement with that measured by the 125 

ellipsometer. Figure 2d shows the XPS spectrum of the sulfur (S) 2p peak measured at the 126 

surface close to the Cu/SAM interface with the help of a precisely controlled argon 127 

sputtering process (insertion in Fig. 2d). This enables direct probing of the chemical 128 

bonding at the interface. We observed that the S 2p3/2 peak at a binding energy of 129 

approximately 161.7 eV corresponds to the S-Cu covalent bond (19), while the peak 130 

representing the pristine SH end groups (~168 eV) is absent. This result reveals that 131 

almost all the SAM molecules formed Cu-S covalent bonds at the Cu/SAM interface. 132 

The measurement-reproducibility tests and the SAM morphology characterizations 133 

before and after the metal deposition strongly suggest the validity of the experimental 134 

results, which clarify that the properties of the SAM end groups are responsible for the 135 

unusual trend of the TBC at the Cu/diamond interface. To explain the gap between the 136 

current findings and the usual understanding that stronger interfacial adhesion enhances 137 

the TBC, we compared the TBCs with those of other systems with the same SAM 138 

modification. Figure 3c shows the TBCs in Cu/sapphire and Cu/silicon systems measured 139 

by TDTR (for each case, multiple samples were prepared separately). In these systems, we 140 

found that the TBC shows the usual dependence on the interfacial adhesion strength (9, 141 

13, 14) in that the interfaces modified by the SH-SAM (covalently bonded interfaces) 142 

have higher TBC than those modified by the CH3-SAM (vdWs interfaces). This result 143 

once again supports the reliability of the anomalous trend of the TBC observed for the 144 

Cu/diamond system because the sample preparations for all the systems were performed 145 

together. 146 
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The systems with different materials on the dielectric side of the interface result in 147 

different extents of vibrational frequency mismatch between Cu and the dielectric. This 148 

influences the bridging effect of the SAM (20–23) due to the difference in the overlapping 149 

of vibrational frequencies between the SAM and the materials on both sides, which can 150 

change the TBC. In this sense, the results may imply that the bridging effect of the CH3-151 

SAM has such a strong impact that it overwhelms the disadvantage of the weak vdWs 152 

interaction in terms of the binding effect. 153 

Phonon transport at interfaces with varying phonon frequencies 154 

For the discussion in view of the vibrational mismatch between different materials, we use 155 

the Debye temperature, which is the temperature at which all vibrational modes are 156 

excited in a given material, as an indicator for the frequency range of the lattice 157 

vibrational spectrum (or vibrational density of states). Here, as a simplification, the 158 

degrees of vibrational mismatch of the systems are determined by the Debye temperature 159 

(19) of the materials on the dielectric side, which is 550 K, 1000 K, and 2200 K for 160 

silicon, sapphire, and diamond, respectively, as the other side was fixed to Cu (Debye 161 

temperature is 343 K). Since the measured TBC for the Cu/silicon systems is 162 

underestimated, as it includes the thermal resistance of the unavoidable natural oxide layer 163 

(~3 nm-thick silica, measured by the ellipsometer), the value was corrected by removing 164 

the thermal resistance of the oxide layer. We then plotted all the TBCs as a function of the 165 

Debye temperature of the dielectric side (Fig. 3d). In the SH-SAM-functionalized cases, 166 

an increase in the vibrational mismatch of the system results in a reduction in the TBC. 167 

This result agrees well with the previous research that studied the TBC between metal 168 

leads with different vibrational frequencies (24). In contrast, for the CH3-SAM-modified 169 

cases, the trend becomes nonmonotonic, where the highly mismatched Cu/diamond 170 

interface shows a higher TBC than the interfaces with lower degrees of vibrational 171 

mismatch. According to previous studies (25, 26) on highly mismatched metal/diamond 172 

systems, the heat conduction through the interface is dominated by the inelastic phonon 173 

interaction, resulting in low TBC, which means that phonon transmission through the 174 

elastic channel is strongly impeded by the vibrational mismatch. Therefore, if the CH3-175 

SAM modification can significantly enhance the bridging effect, then phonon transmission 176 

can be promoted through elastic phonon channels to largely impact the TBC, even to the 177 

extent that the loss in the binding effect is overwhelmed. This makes a highly mismatched 178 

system a necessary condition for the bridging effect to overwhelm the binding effect, 179 

which is consistent with the superiority of CH3-SAM modification over SH-SAM 180 

modification observed only for the Cu/diamond interface. 181 

To further examine the mechanism, we performed molecular dynamics (MD) simulations 182 

of the Cu/diamond system (see Method). The MD simulations capture the experimentally 183 

observed trend of the TBC in the two different SAM cases, where the TBC is higher for 184 

the CH3-SAM (131.2 MW/m2-K)-modified case than for the SH-SAM case (110.4 185 

MW/m2-K). Using this system, we calculated the vibrational density of states (vDOS) of 186 

Cu, diamond, and the SAM (Fig. 4a). The vDOS of diamond exhibits high peaks at 187 

frequencies around 40 THz, totally deviating from that of Cu, whose cut-off frequency is 188 

approximately 8 THz. The vDOSs of the CH3- and SH-SAM show a broad distribution (0-189 

90 THz), where the vDOS overlap with that of diamond is significant for both kinds of 190 

SAM. This makes the temperature jumps at the SAM/diamond interface negligible. In 191 

contrast, a relatively large temperature jump occurs at the Cu/SAM interface (Fig. S1), 192 

dominating the TBC of the entire interface. Therefore, the vDOS overlap of Cu and the 193 

SAM, which determines the number of elastic phonon channels at the interface, becomes 194 

the key factor of the TBC. Consequently, we mainly focus on the low-frequency range 195 
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(~20 THz) covering the vibrational modes of both the SAM and Cu, where an evident 196 

difference in the vDOSs exists between the SH- and CH3-SAM. For the CH3-SAM, the 197 

vDOS is higher in the range of frequency overlap with that of Cu (<8 THz), with a minor 198 

drop below 2 THz, which benefits the bridging effect. The vDOS of the SH-SAM 199 

decreases more rapidly with decreasing frequency, resulting in a smaller vDOS than that 200 

of the CH3-SAM below 8 THz, thus unfavourable vibrational matching with Cu and a 201 

weaker bridging effect. Here, the calculated magunitude of the difference in vDOS 202 

between CH3-SAM and SH-SAM is somewhat smaller than the actual experiment judging 203 

from the difference in TBC (~20%), shown in Fig. 4(b), being smaller than that of the 204 

experiments (two-folds). This is understandable considering that the vDOS of SH-SAM 205 

and TBC of CH3-SAM are highly sensitive to the force fields of the MD simulations as 206 

shown in Fig. 4(b) and Fig. S2, respectively, which will be discussed further later. 207 

Therefore, here we intend to use the MD simulations only to qualitatively reproduce the 208 

experiment and explain the roles of the bridging and binding effects.  209 

This difference in vDOS between the SH- and CH3-SAM can be explained by the low-210 

frequency vibrational modes of the SAM, whose frequencies are roughly proportional to 211 

√
𝑘

𝑚
 (15). Here, 𝑚 is the effective atomic mass of SAM molecules, and 𝑘 is the effective 212 

force constant of the entire SAM layer considering it as a spring system connecting Cu 213 

and diamond (the model is concretely discussed in the supplementary information). Since 214 

both ends of the SH-SAM chain molecules are anchored through strong covalent bonds, 215 

the effective force constant 𝑘 is large. In contrast, the CH3-SAM molecules are covalently 216 

bonded only on a single side (the other side experiences the weak vdWs force interaction), 217 

making the effective force constant 𝑘 smaller. Therefore, as the masses of these two kinds 218 

of SAM are similar (13% difference), the smaller effective force constant in the case of 219 

the CH3-SAM can induce lower vibrational frequencies, hence resulting in a higher 220 

bridging effect. This idea was further verified by the change of vDOS through artificially 221 

changing the bonding strength of Cu-S indicated by the coefficient of the harmonic bond 222 

between Cu and S in the MD simulation. By significantly increasing or decreasing this 223 

bonding strength (by 0.1 and 10 times), we observed a clear downshift of the low-224 

frequency vibrational modes with increasing bonding strength between the SAM and Cu 225 

(Fig. S2(a)). This result indicates the thought-provoking fact that strong interfacial 226 

adhesion inhibits heat conduction by weakening the bridging effect at the interface, giving 227 

rise to an unexpected trade-off between the binding and bridging effects. Note here, the 228 

vDOS variation when artificially changing the interaction of CH3-SAM and Cu is 229 

negligibly small (Fig. S2(b)). The spring model introduced above can also explain the 230 

difference of vDOS variation between the CH3- and SH-SAM (discussed in 231 

Supplementary Information). This result can further verify the effectiveness of the spring 232 

model in describing the vibrational frequency of SAM. 233 

Bridging and binding effect 234 

   To further elucidate the contributions of the bridging and binding effects in the highly 235 

mismatched system, we artificially change the mass of copper in the MD simulation to 236 

alter the extent of vibrational mismatch of Cu/diamond system. The vDOS of copper 237 

upshifts with the reduction of the copper mass (Fig. S6(a)), which reduces the extent of 238 

vibrational mismatch at the Cu/SAM interface for both the CH3- and SH-SAM cases. This 239 

enables isolated control of the bridging effect and helps us to separately discuss the effect 240 

of bridging and binding effect. With decreasing mass of copper, the TBC of SH-SAM-241 

modified systems increases faster and eventually exceeds the TBC of CH3-SAM cases 242 
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(Fig. S6(b)). These results indicate that the bridging effect plays more critical role for the 243 

system with a larger extent of vibrational mismatch. 244 

Alternatively, we studied the variation of TBC for both the CH3- and SH-SAM modified 245 

cases with increasing interfacial adhesion strength (Fig. 4b). For the CH3-SAM case, since 246 

adjusting the interfacial adhesion strength exhibits negligible influences on the vDOS 247 

(Fig. S2(b)), only the binding effect is modified. Hence, the TBC increases rapidly when 248 

increasing the interfacial adhesion strength (described in Method section), which indicates 249 

that the mode bridging between Cu and the SAM in this case is already fairly satisfied, 250 

and thus, enhancement of the binding is effective in further enhancing the TBC. On the 251 

other hand, in the case of SH-SAM, the increase of interfacial adhesion strength does not 252 

enhance the TBC. Note that the increase of interfacial adhesion strength does alter and 253 

shift the vDOS but in the direction to further enlarge the vDOS mismatch. (Fig. S2 (a)). 254 

This verifies that TBC becomes insensitive to the interfacial adhesion strength when 255 

vDOS mismatch is large. The above analyses of CH3-SAM and SH-SAM together confirm 256 

that the bridging effect is more critical in highly mismatched systems for enhancing the 257 

TBC.  258 

We also calculated the spectral interfacial thermal conductance to confirm the 259 

dominant phonon frequencies that contribute to the TBC (Fig. 4c). For all cases, the 260 

spectral interfacial thermal conductance is mainly distributed within 0-8 THz, below the 261 

cut-off frequency of bulk Cu. In addition, the CH3-SAM-modified interfaces demonstrate 262 

higher spectral interfacial thermal conductance within 0-8 THz, which agrees with the 263 

above discussion that the elastic phonon transport enhanced by the CH3-SAM at the 264 

Cu/SAM interface dominates the TBC. Notably, a minor but nonnegligible spectral 265 

interfacial thermal conductance is observed above 8 THz (up to approximately 14 THz), 266 

which is also enhanced by increasing the interfacial adhesion for both cases. The 267 

transmission above the cut-off frequency of bulk Cu should be due to the surface states of 268 

Cu being influenced by the mode hybridization with the SAM, and an inelastic process 269 

also possibly exists (27); however, we would like to stress that the contribution of the 270 

transmission in 8-14 THz to the overall TBC is minor, and the trade-off between the 271 

bridging and binding effects in this system can be well explained in terms of an elastic 272 

process based on bulk Cu vibrational states. 273 

Discussion  274 

We have experimentally observed an unusual heat conduction behaviour in that a vdWs 275 

interface with weaker interfacial adhesion provides a higher TBC than the strong 276 

covalently bonded interface obtained by SAM functionalization. To elucidate the 277 

mechanism responsible for this abnormal behaviour, we found that the contributions of the 278 

bridging and binding effects to TBC enhancement depend strongly on the degree of 279 

vibrational mismatch of the interface. The significant bridging effect in the highly 280 

mismatched Cu/diamond interface can offset the negative effect of the weak binding and 281 

further enhance the TBC because the bridging effect is more critical in determining the 282 

TBC in the highly mismatched system. In addition, we discovered the always ignored fact 283 

that a trade-off exists between interfacial adhesion and the bridging effect by controlling 284 

the SAM structure for highly mismatched systems. The results lead us to make an 285 

important practical suggestion when designing an intermediate layer for considerable TBC 286 

enhancement. Whenever combining the materials commonly used in electronic devices, 287 

such as silicon carbide, boron nitride, and aluminium nitride, whose Debye temperatures 288 

exceed 1000 K, with other materials with low cut-off frequency, the bridging effect may 289 

become dominant in enhancing the TBC. This study established a comprehensive model 290 
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for interfacial heat conduction enhancement by an intermediate layer, inspiring high-291 

efficiency thermal management in various systems. 292 

Materials and Methods 293 

  294 

Self-assembled monolayer (SAM) formation 295 

Two kinds of silanes (n-butyltrimethoxysilane and 3-(trimethoxysilyl)propanethiol) were 296 

used as the precursors for the formation of the CH3- and SH-SAM, respectively. The 297 

process was as follows. First, dielectric substrates (diamond, sapphire, and silicon) were 298 

immersed in piranha solution (30% H2O2 + 70% H2SO4, 2 hours) followed by 299 

ultrasonication washing using deionized water and acetone solution (99.5%) in sequence. 300 

The substrates were then baked (100 ℃) for 30 mins to obtain a clean hydroxy-enriched 301 

surface with a monolayer of water. Second, SAM functionalization was performed on the 302 

substrates. The processes for the two kinds of SAM formation were different because of 303 

the different chemical reactivities of the end groups. For the CH3-SAM, substrates were 304 

first immersed in a 30 mL toluene solution (99.5%, Wako) with 30 µL n-305 

butyltrimethoxysilane (Gelest) and 45 µL triethylamine (99.5%, Sigma-Aldrich) for 48 306 

hours in a sealed container. For the SH-SAM, substrates were immersed in a 30 mL 307 

toluene solution (99.5%, Wako) with 5 µL 3-(trimethoxysilyl)propanethiol (TCI), 45 µL 308 

triethylamine, and 0.01 mg dithiothreitol (Sigma-Aldrich) for 2 hours (the short process 309 

time and the addition of dithiothreitol were to prevent oxidization and aggregation of 3-310 

(trimethoxysilyl)propanethiol). Last, the SAM-functionalized substrates were washed with 311 

toluene and acetone solution using ultrasonication in sequence to remove the physically 312 

adsorbed silane. SAM formation on different substrates was carried out in the same vessel 313 

in the same manner. Independent preparation was performed several times to verify the 314 

reproducibility of the SAM formation. The diamond (EDP), silicon (Nilaco), and sapphire 315 

(Amanda Namiki) dielectric were used as the substrates. The diamond substrate was 316 

synthesized by a plasma CVD process, guaranteeing a high-quality single crystal with less 317 

nitrogen impurity (<8 ppm) and hence a high thermal conductivity of 2000 W/m-K. After 318 

the SAM formation, we deposited the copper and aluminum in sequence using EB 319 

evaporation (VTR-350MERH, ULVAC) under pressure below 10-3 Pa. 320 

 321 

Characterization of the SAM morphology 322 

Before the deposition of the metal layers, the thickness of the SAMs was evaluated by 323 

ellipsometry measurements (MARY-102, Five lab), and 25 points on the substrates were 324 

measured for each sample to obtain the average thickness. In addition, the deionized water 325 

contact angle measurement was used for characterization of the SAM morphology (e.g., 326 

order of SAM alignment) since the hydrophilicities of the CH3 and SH end groups are 327 

different. After metal deposition, we observed a cross-sectional view of the interfaces. The 328 

Cu/SAM/diamond samples were processed by the focused ion beam method (FIB) to 329 

obtain an ultrathin section of the interface. This sample was then attached to a grid and 330 

measured by transmission electron microscopy (TEM) (JEM-ARM200F, JOEL) with 331 

elemental mapping performed by energy-dispersive X-ray spectroscopy (EDX). The 332 

SAM/Cu chemical bonding was evaluated using X-ray photon spectroscopy (XPS) (PHI-333 

5000 Versaprobe iii, Ulvac) equipped with an argon-ion sputtering system. Since the 334 

penetration depth of XPS measurement is small (several nanometres), to directly probe the 335 

chemical bonding at the Cu/SAM interface, we used a precisely controlled sputtering 336 

process to etch the metal layer and obtain a new surface near the SAM/Cu interface, 337 

assisted by in situ XPS monitoring. The XPS spectrum was calibrated based on the carbon 338 

1s peak to obtain the accurate chemical shift of the sulfur 2p peak. We could then evaluate 339 

the chemical bonding by the chemical shift of the peaks in the XPS spectrum. 340 
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 341 

Time-domain thermal reflectance (TDTR) 342 

TDTR, a pump-probe method, was applied to measure the thermal boundary conductance 343 

(TBC) at the Cu/dielectric (diamond, silicon, and sapphire) interfaces. In the TDTR setup 344 

used in this study, the laser frequency was 80 MHz, with a pulse width of 140 fs. The 345 

diameters (1/e2 radius) of the pump (400 nm) and probe (800 nm) lasers focused on the 346 

surface of the sample were 39 µm and 10 µm, respectively. The pump laser modulation 347 

was conducted with a high frequency of 11.05 MHz, which resulted in a small penetration 348 

depth and hence provided a high sensitivity for the TBC at the Cu/dielectric interfaces 349 

(because the targeted interface is close to the top surface of the sample). This was proven 350 

by the sensitivity calculation result (Fig. S3), which suggests a high sensitivity for the 351 

TBC of the Cu/dielectric interface (the detailed structure used for TDTR analyses will be 352 

described later) and hence high reliability of the resulting TBC value. Aluminium (Al)~80 353 

nm/Cu~20 nm/dielectric (diamond, silicon, and sapphire ~1 mm) samples were used for 354 

the TDTR measurement. Because the thermal resistance of the Al/Cu interface is 355 

negligibly small (2.7×10-8 m2K/W (28)) such that it can be ignored in the heat conduction 356 

model, regarding the Al and Cu layers as one to simplify the heat conduction model to a 357 

two-layer structure is reasonable. To extract the targeted TBC value by fitting TDTR data, 358 

we used the temperature decay profile with a delay time longer than 200 ps to avoid the 359 

influence of the electron-phonon interaction process (29). The parameters for fitting are as 360 

follows. The bulk values of the specific heat capacity and thermal conductivity were used 361 

for the metal and the dielectric layer (diamond, silicon, and sapphire). The thickness of the 362 

transducer (~100 nm) was obtained by measuring the reference sample (Al/Cu/quartz), 363 

whose metal layers were deposited concurrently with the Al/Cu/SAM/dielectric samples. 364 

Molecular dynamics (MD) simulation 365 

Nonequilibrium molecular dynamics (NEMD) (30) simulations were performed to 366 

study the TBC in the Cu/SAM/diamond system using the LAMMPS package (31). The 367 

size of the Cu and diamond lead was 5.0×5.0×50.0 nm3. The diamond surface was fully 368 

hydroxylated and initially used as the starting point to graft alkylsilane(-369 

OSi(OH)2(CH3)3CH3/-OSi(OH)2(CH3)3CH3). The embedded atom method (EAM) 370 

potential (32) and Tersoff potential (33) were used to describe the covalent bond 371 

interactions between Cu atoms and carbon atoms inside the diamond, respectively. The 372 

OPLS all-atom model (34, 35) was applied to build the force field parameters of hydroxyl 373 

groups and alkyl chains. The Lennard-Jones (L-J) potential parameters between different 374 

atoms were described by the geometric combination rule. The particle-particle-particle 375 

mesh (PPPM) Ewald summation method (36) assisted the calculations for slab geometries 376 

(37).   377 

The system was first relaxed in the isothermal-isobaric (NPT) ensemble. After the 378 

systems reached equilibrium with no stresses remaining, the NEMD simulation was 379 

performed. Periodic and fixed boundary conditions were applied along the x direction and 380 

along the y and z directions, respectively. To generate a temperature difference, the atoms 381 

at the two ends of the system were coupled with Langevin thermostats at temperatures TH 382 

and TL. In our simulations, we set TH = 330 K and TL =270 K to calculate the TBC at 300 383 

K. After the system reached the steady state, the cumulative energy ΔE added 384 

to/subtracted from the heat source/sink region was recorded for 2.5 ns. The time step was 385 

set as 0.5 fs. By applying a linear fitting to the raw data of the cumulative energy ΔE, the 386 

energy change per unit time (ΔE/Δt) was obtained, which was used to calculate the heat 387 

flux J = ΔE/(Δt·S). Here, S is the cross-sectional area of the simulation domain. The TBC 388 

was calculated by J/ΔT, where ΔT and J are the temperature difference at the interface and 389 

the magnitude of the heat flux, respectively. 390 
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 391 

Spectral interfacial thermal conductance calculation 392 

The spectral interfacial thermal conductance T(ω) was calculated as (38) 393 

                                
ΔTk

q
T

B

)(
)(


 =                (1) 394 

where Bk  is the Boltzmann constant, and ∆T is the temperature difference at the interface 395 

of Cu and the SAM since the TBC of the Cu/SAM/diamond system is dominantly 396 

governed by the Cu/SAM interface (Fig. S1). Here, q(ω) is the frequency-dependent heat 397 

current across the interface, which can be calculated as (39, 40) 398 

              

=
Cui SAMj iij

s

Re
t

2
q )()()(  vF                 (2) 399 

where ts is the simulation time, and Fij is the interatomic force on atom i due to atom j. 400 

Note that the Fij and vi are obtained directly during the execution of the MD simulations. 401 

Therefore, in our simulations, the anharmonic effect has been considered in the calculation 402 

of phonon transmission. 403 

 404 

Vibrational density of states (vDOS) calculation 405 

The vDOS was calculated according to vDOS (ω) = FFT[Cor(t)], where FFT denotes the 406 

fast Fourier transform, and Cor(t) is the normalized velocity autocorrelation function. 407 

Cor(t) can be described as 408 
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t                  (3) 409 

where t is the correlation time, n is the number of atoms, mi is the mass of the ith atom, vi is 410 

the velocity vector of the ith atom, and the bracket denotes the ensemble average. 411 

Artificial control of the interfacial adhesion strength 412 

We artificially modified the interfacial adhesion strength in the MD simulation to 413 

observe the variation in the TBC and vDOS. For the interfaces functionalized by the SH-414 

SAM, since the van der Waals (vdWs) interactions between Cu and carbon and hydrogen 415 

atoms are much weaker than the covalent bond between Cu and sulfur atoms, we can 416 

neglect the influence of the vdWs interaction and only adjust the coefficient k of the 417 

harmonic bond between Cu and S atoms to change the interfacial adhesion strength. For 418 

the case of the CH3-SAM, we modified the coefficient ɛ of the L-J potential between Cu 419 

and all the carbon and hydrogen atoms of the SAM to change the interfacial adhesion 420 

strength. 421 

To verify the effect of the bonding strength in determining the bridging effect, we 422 

significantly changed the interfacial adhesion strength by 0.1 and 10 times in the case of 423 

the SH-SAM to observe a clear shift of the vDOS spectra. In contrast, in the discussion 424 

about the superiority of the binding and bridging effects in the highly mismatched system, 425 

we calculated the TBC under different interfacial adhesion strengths for both CH3- and 426 

SH-SAM-modified interfaces in a relatively small range (within three times) since overly 427 

increasing the interfacial adhesion strength (such as by 10 times) may result in an upshift 428 

of the vDOS spectra of the SAM and thus weaken the bridging effect. This can avoid 429 

making the discussion more complicated (i.e., by fixing the bridging effect and only 430 

modifying the bonding strength) and enable us to discuss the bridging and binding effects 431 

individually. 432 
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Figures and Tables 556 

 557 
Fig. 1. Schematics of the experimental setup and samples. Schematic and 558 

corresponding temperature profiles of (a) pristine and (b) SAM-functionalized 559 

interfaces. (c) Chemical structures of SH-SAM- and CH3-SAM-functionalized 560 

copper/dielectric systems. (d) Schematic of the TDTR method and the sample. 561 

  562 
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 563 

  564 
Fig. 2. Characterization of SAM functionalized interface. (a) Contact angle and 565 

thickness measurement results of SH- and CH3-SAM-modified diamond substrates 566 

(the insertions are images of the contact angles). (b) High-resolution TEM 567 

(HRTEM) image of the cross-section of the SH-SAM-functionalized 568 

copper/diamond sample. (c) EDX line-scan measurement along the white dashed 569 

line marked on the HRTEM image. (d) XPS result of the sulfur 2p spectrum 570 

obtained near the copper/SAM interface with the assistance of an argon sputtering 571 

process. The insertion is a schematic of the sputtered sample. 572 
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  573 
Fig. 3. TDTR measurement. (a) Temperature decay profile of SH- and CH3-SAM-574 

functionalized copper/diamond interfaces measured by the TDTR measurement. 575 

Resulting TBC of the SH- and CH3-SAM-functionalized (b) copper/diamond, (c) 576 

copper/silicon, and copper/sapphire systems. (d) TBC of SH- and CH3-SAM-577 

functionalized systems with different degrees of vibrational mismatch. 578 

 579 

 580 

 581 

 582 
Fig. 4. MD simulation. (a) vDOSs of copper, SAM, and diamond. (b) TBC and (c) 583 

corresponding spectral interfacial thermal conductance (in the representative one- 584 

and three-fold relative interfacial adhesion strength cases) of CH3-SAM- and SH-585 

SAM-modified copper/diamond systems obtained by artificially controlling the 586 

relative interfacial adhesion strength to 1, 1.5, 2, 2.5, and 3 times. 587 

 588 


