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Nanoscale solid-solid contacts are key elements which determine the electrical and thermal 

behaviour of modern electronic devices, and micro- and nanoelectromechanical systems. Here we 

show that simultaneous measurements of the shear force and the heat flow in nanoscale junctions 

reveal a linear correlation between thermal conductance and maximal shear force, confirming the 

ballistic nature of heat transport in the junction. Furthermore, we find that here the shear strength 

and thermal conductance in nanoscale contacts for materials where heat transport is phonon 

dominated can be linked via the fundamental material properties of heat capacity and group 

velocity of the heat carriers. 
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Introduction 

As continuously decreasing length scales are exploited in the fundamental architecture of electronic,  

nanoelectromechanical [1] and nanostructured thermal management devices [2], the nature of 

nanoscale contacts between solid surfaces and interfaces is becoming increasingly important for 

understanding many of the properties of these devices. Whilst electron transport [3] and force 

interaction [4] in such contacts have been well explored, the study of nanoscale heat transport in both 

active (heat generating) and passive (heat dissipating) nanostructures [5] still poses significant 

challenges [6] as the critical dimensions of these devices are typically below the mean free path (MFP) 

of electrons and phonons – the two major types of heat carriers in solid state devices [7]. 

One of the most versatile approaches for nanoscale thermal mapping is scanning thermal microscopy 

(SThM) [8]. SThM is a modified atomic force microscopy (AFM) system, which measures the heat 

transfer through a nanometre dimension contact between the apex of a heated thermal probe [9,10] 

and the sample of interest, enabling determination of local sample thermal conductivity [11,12] and 

heat transport down to single quanta accuracy [13,14]. Unfortunately, the generally irregular and 

fluctuating morphology of the nanoscale solid-solid contact significantly reduces the reliability and 

effectiveness of these measurements [15]. 

A tempting approach to resolve this is to perform correlated measurements of the heat transfer and 

a complimentary parameter which is also sensitive to the contact-state of the nanoscale junction. For 

example, recent studies of the heat and electron transport in metallic junctions [13,14] confirmed the 

Wiedemann-Franz law [16] – validating the proportionality of thermal and electrical conductance in 

metals down to the atomic scale. Thermal transport in a nanoscale junctions was shown to change 

normal forces [17]; however in that study, the contact area, the physical value that ultimately defines 

the contact, was only indirectly determined via the generally unknown tip shape (Fig 1a).  

Here we have used a different physical parameter that is both easily measurable in a SThM and also 

known to be directly dependent on the junction area – namely, the maximal shear (friction) force Fms 

the junction can support. Fms has been shown, by nano-tribology studies elsewhere [18-21], to be 
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directly proportional to the solid-solid contact area of the junction. In our experiments, we measure 

this shear force via lateral dithering of the sample perpendicular to the long axis of the cantilever while 

measuring Fms. We then used a change in a normal force, Fn during a approach and retract cycle of the 

tip to the surface, at a rate much slower than the dithering frequency, to modulate the contact area. 

During contact modulation both the change in Fms (or “shear response”) and the heat conductance of 

the junction were concurrently measured in the same SThM setup (see details in the Supplementary 

Materials (SM) [22]). Unlike comparisons of electrical and thermal transport [13,14], both shear force 

and heat flow are present for any metallic, semiconductor or insulating contact and could provide a 

universal platform for exploring fundamental heat transport phenomena in any solid-solid nanoscale 

junction. Here we have shown the feasibility of this approach for a selection of materials with radically 

different thermal and electrical properties: insulating quartz and metallic gold are briefly reported (a 

more comprehensive study of electron dominated metals is subject to a further study) while a phonon 

dominated semiconductor (Si) is explored in more depth in this paper. 

Experimental Results 

Correlation of nanoscale thermal and shear responses: In our experiments we used Joule self-heated 

micro-fabricated SThM resistive probes with either a silicon nitride probe with Pd integrated heater 

(SP) (Kelvin Nanotechnologies, UK) or Si probe with doped heater (DS) (AN-200, Anasys Instruments). 

Experiments were performed in either ambient or high vacuum (HV) 1x10-7 mBar environments. The 

change of probe heater electrical resistance, included in a sensitive Wheatstone bridge circuit (the 

“thermal response”), is proportional to probe temperature: for a constant power applied to a probe, 

it is a linear function of the probe temperature and hence probe total thermal resistance Rt, or the 

inverse of it – total thermal conductance Gt=1/Rt, the values most often measured in SThM 

experiments [23]. In absence of tip-surface contact, in vacuum, the probe thermal resistance in 

vacuum, Rp, is defined solely by the heat flowing to the base of the probe, and in ambient environment 

also flowing into the air. As the apex of the probe contacts the sample, an additional heat channel 

with resistance Rj is opened carrying the heat to the sample resulting in decrease of the probe total 

thermal resistance Rt to Rc. By measuring Rp and Rc one can easily find the tip-surface junction thermal 

resistance Rj noting that in-contact Rp and Rj are connected in parallel [24,25]: 

𝑅𝑗 =
𝑅𝑝×𝑅𝑐

𝑅𝑝−𝑅𝑐
     (1) 

and, correspondingly, to find the total thermal conductance of the junction Gj=1/Rj [26]. 

In our experiments the probe thermal conductance was measured simultaneously to the normal and 

shear forces during tip-surface approach (typical ambient dependencies are given in supporting 

materials and HV dependencies in Fig. 1c,d). The lateral force (shear) response of the probe was 

recorded at oscillation amplitudes exceeding the sliding threshold at the dithering frequency of 70 Hz; 

well below cantilever resonances. The lateral AFM signal detected by a lock-in amplifier (“shear 

response”), was then directly proportional to the maximal shear force in the junction Fms, and showed 

no change due to either the application of dithering, nor any notable oscillation at the dithering 

frequency. The high torsional stiffness of the SThM probe ensured a negligible tilt of the probe tip, 

estimated at 2x10-5 rad, during dithering. Assuming a contact size of a few nm, this tilt resulted in a 

variation of the tip-surface distance across the junction below 10-13 nm (~10-3 of interatomic distance) 

with no effect on the heat flow in the junction. The shear and thermal responses were recorded at as 

the probe was gradually (10 nm s-1) brought into and out of contact with the sample in the standard 

force spectroscopy way [27]. 
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Initial studies were performed in ambient conditions on a 100 nm Au-coated polished quartz substrate 

In all cases we observed that both thermal and shear responses have a strong variation as the tip was 

approached and retracted from the sample, with shear response particularly rich in features. 

Remarkably, in all cases, the behaviour of the thermal resistance Rc and shear response was clearly 

opposite, supported by the correlation analysis of these curves. The correlation coefficient between 

them was in the range of  1 to  0.8, well above the level of  0.15 for the typical shear force and 

probe thermal response correlated with simulated noise. Reproducibility of the anti-correlation 

relationship between shear and thermal response has been confirmed across a wide range of samples: 

gold (metal with thermal conductivity ~310 W m-1 K-1) silicon (semiconductor with ~149 W m-1 K-1) and 

quartz (insulator with thermal ~1-10 W m-1 K-1). This relationship was observed for both Si (DS) and 

Si3N4 (SP) tipped probes we used (see SM for data on different contact pairs [22]). 
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Fig. 1. (a) Schematic of multi-asperity contact between a heated 
SThM probe and sample highlighting fluctuating nature of the 
probe-sample nanoscale interface. Simultaneously measured 
normal force acting at the cantilever (b), and total thermal 
conductance of the probe Gt = 1/Rt (solid lines) and maximal lateral 
force (dashed lines) obtained during tip approach to (c) and 
retracting (d) from the surface. 

 

Initial, ambient, studies also indicated the presence of fine features observable in both the thermal 

contact fluctuations and in the shear force, such features are practically absent in the normal force 

response. However, quantitative heat transport analysis in SThM in ambient conditions is challenging 

as the probe temperature depends on multiple heat transfer pathways each with its own associated 

thermal resistance: i) solid-solid contact of the probe apex and the sample [28], ii) through-air heat 

conduction [29], iii) heat transfer via water meniscus [30], and iv) radiative far-field and near-field heat 

transfer, although the latter has been shown to be generally insignificant in typical SThM 

measurement conditions [8]. To investigate the relative importance of the heat transfer pathways i-

iii) and therefore single out the nanoscale heat transfer phenomena at the tip-sample nanoscale 

junction, we conducted detailed comparative SThM studies in air and HV environments. Here a DS Si 

(b) 

(c) 

(d) 

(a) 
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probe was brought into contact with a polished Si surface (Fig 1b-d) while both normal force, thermal 

response and shear response were monitored during approach-retract cycles. In order to quantify the 

link between thermal and shear force phenomena, we compare the shear response with the thermal 

conductance of the probe-surface junction, Gj. 

A gradual change of the probe temperature, as the tip approached the sample surface, was also clearly 

observed in air (see SM [22]). Such change is associated with conduction of heat from the cantilever 

to the sample surface via the air; this is fully eliminated in the HV environment (Fig. 1c,d). 

Furthermore, as expected, there was significantly greater adhesion in air due to the presence of the 

tip-sample water bridge, eliminated in HV conditions of 10-7 torr; pull-off forces of ~137 nN and ~62 nN 

in air and in vacuum, respectively, were measured. The comparison of in-air and in-vacuum 

measurements (see SM Fig. S4 [22]) estimated the vacuum snap-in junction conductance at 65% of 

the in-air values, suggesting that solid-solid contact is a dominant heat conductance channel in our Si 

probe contacts, with water meniscus playing a secondary role. In Fig. 1, we further observe that while 

an increase of normal forces produces a general rise of the probe thermal conductance Gj, the shear 

response shows a much more clear correlation with the fluctuating thermal conductance – a feature 

analysed in detail below. 

Discussion 

For the simplest case of a single asperity solid-solid contact, one can find the relation between the 

force acting on the tip, observed as cantilever deflection [27], and the true probe-sample contact 

radius a using the Johnson-Kendal-Roberts (JKR) model, this assumes that surface forces are short 

range in comparison to the elastic deformations they cause[31,32]. This model is applicable here due 

to the relatively large adhesion forces and large tip radii and was shown to explain well the elastic 

contact between the similar AFM tip and the Si surface [33]. As we do not know the radius of curvature 

of contact, r, we will perform the simulations for the range of the radii of curvature producing the 

dependence of the maximal shear force Fms and junction thermal conductance, Gj for variable loads, 

and comparing these with the experiment. 

According to the JKR model, the variation of contact area with normal force equivalent load (L) is 

given by 

𝑎

𝑎0
= [

1+√1−𝐿 𝐿𝑐⁄

2
]

2

3     (2) 

where Lc is the negative critical load measured in the experiment, and load L is directly measured 

from the deflection of the cantilever using Hooke’s law in the standard way [27]. a0 can then be 

experimentally determined as the pull off force of the probe from the sample and ao is the contact 

radius at zero load such that 

𝑎0(𝑟) = [
6𝜋𝛾𝑟2

𝐾
]

1

3     (3) 

where γ is interfacial energy per unit area (work of adhesion) and K is the effective elastic modulus 

of tip and sample such that 𝐾 =
4

3
[

1−𝜈1
2

𝐸1
+

1−𝜈2
2

𝐸2
] where E1 and E2 are the Young’s moduli of tip and 

sample, respectively, and ν1, ν2 are Poisson’s ratios of the tip and sample, respectively. Here ESi = 160 

GPa and νSi = 0.27.  

The surface energy γ can then be directly determined from the experimental measurement of Lc as 

𝐿𝑐 = −
3

2
𝜋𝛾𝑟. In this way, for our system comprising Si in vacuum, we calculate γ in the range 2.589 
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to 0.259 Jm-2 for r from 5 to 50 nm, which compares well to 0.34 Jm-2 reported in ambient conditions 

[4] for the tip with radius of curvature r = 10 nm. This link allows to reduce errors that may arise 

from surface modification leading to change the value of γ. Finally, by substituting this into the Eq. 3 

and 2, obtain 

𝑎(𝑟, 𝐿, 𝐿𝑐) = ⌊
3𝜋𝐿𝑐 𝑟(1+√1−𝐿 𝐿𝑐⁄ )

2

2𝐾
⌋

1

3

     (4) 

where the only unknown not derived from the experiment is tip radius of curvature r. The derived 

radius of the contact, a, that depends on the contact load, L, governs both the thermal conductance 

of the junction as well as the shear forces, and we will discuss the relevant relationships below. 

With single asperity geometry of a tip contact with a planar sample, it is generally accepted that, in 

vacuum, maximal shear force [34,35] in the junction, Fms, is given by a continuum model such that 

𝐹𝑚𝑠 = 𝜏𝜋𝑎2      (5) 

where τ is the constant interfacial shear strength [20,36], and πa2=A, the contact area between the 

probe and sample. It should be noted, however, that while this is a most widely accepted 

approximation, its validity at the nanoscale is still a subject of some debate [37,38]. The thermal 

resistance of this junction can then, in this general case, be calculated using the method outlined by 

Prasher [39], that uses the Knudsen number Kn =/a, where  is the mean free path of phonons in 

the material and a is the characteristic dimension, allowing us to consider both the diffusive (a  ) 

and ballistic (a < ) cases in a single model. According to [39] the thermal resistance of the junction Rj 

in vacuum can be written as 𝑅𝑗 =
1

2
𝑘𝑎 [1 +

8

3𝜋
𝐾𝑛] with Gj then determined as  

𝐺𝑗 =
1

2𝑘𝑎 [1+
8

3𝜋
𝐾𝑛]

     (6) 

where material thermal conductivity 𝑘 =
1

3
𝐶𝑣𝑔, with C being the specific heat capacity per unit 

volume and vg is the weighted average of the transverse and acoustic phonon group velocity (here we 

use C=1.66 × 106 Jm-3K-1 and vg= 6,400 m/s, respectively, for Si) [40,41]. This formula does not account 

for the interfacial (Kapitza) thermal resistance that can be not insignificant in case of dissimilar 

materials [42-44]. At the same time in our case it is a reasonable approximation as two identical 

materials (Si tip on Si substrate) are used. For thermal resistance lets us consider two boundary cases 

- the purely diffusive approximation, with Kn→0 and a ballistic approximation with Kn→∞. For the 

diffusive regime, the junction thermal resistance becomes 

𝐺𝑗𝑑 = 2𝑘𝑎 ∝  𝑎     (7a) 

whereas for the ballistic heat flow regime junction resistance is 

𝐺𝑗𝑏 =
3𝑘

4Λ
𝜋𝑎2 =

𝐶𝑣𝑔

4
𝜋𝑎2 ∝  𝑎2    (7b) 

with a notably different power law dependence of the contact radius. It would be ideal to plot the 

dependence of the Gjb and Fms on the contact area a, for both these models, and to observe which 

model fits the experiment. Unfortunately, as the contact area a is not directly measured in the 

experiment, we use experimentally measured varied load L as a parameter that changes a according 

Equation 4. Also, while values of the k and  in the Equations 7 a,b are known, the value of the shear 

strength  in Equation 5 is generally unknown (see SM for its estimates [22,45]), this value may also 

change between the different approach - retract curves. Here we eliminated the need to find the 
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absolute values of the shear strength τ, by normalising the shear force response Fms to 1 for the 

maximum shear force Fms-max obtained during each measurement at the same maximum load used in 

the experiment of Lmax = 200 nN with zero corresponding to zero shear force. The normalised shear 

force response Fms-norm = Fms/Fms-norm can expressed using Equations 4 and 5 as  

𝐹𝑚𝑠−𝑛𝑜𝑟𝑚 =
𝜏𝜋𝑎(𝑟,𝐿,𝐿𝑐)2

𝜏𝜋𝑎(𝑟,𝐿𝑚𝑎𝑥,𝐿𝑐)2  = (
1+√1−𝐿 𝐿𝑐⁄

1+√1−𝐿𝑚𝑎𝑥 𝐿𝑐⁄
)

2

3

     (8) 

Using this normalisation also allows to eliminate effect of variability of  on the Fms-norm between 

consecutive experiments. We note that the normalised shear force 𝐹𝑚𝑠−𝑛𝑜𝑟𝑚 would not depend on 

the radius of curvature of the tip, whereas Gjb or Gjd will depend on it via 𝑎(𝑟, 𝐿, 𝐿𝑐). In order to 

compare the experiment with these models, we substitute the contact radius a(r,L, Lc) obtained from 

the Equation 4 to the Equation Equation 7a (diffusive model) or 7b (ballistic model) for the thermal 

conductance, and plot the model and experimentally measured normalised shear force Fms-norm vs 

thermal conductance GJ for varying values of load L and various radii of curvature of the tip r. The 

approach-retract lines in the Fig.1 are discretized and processed into set of data points of varied load 

(from Fig. 1b), absolute thermal conductance using Equation 1 (from Fig 1c,d) and normalised shear 

force Fms-norm (from Fig 1c,d) as explained above. It should be noted the retract data while confirming 

the trend, reveal more variability (red curves in Fig. 1), likely due to the less stability of the contact. 

Here we include experimental responses for both probe approach and retraction for positive loads (L 

> 0nN) to avoid additional instability of the tip-surface contact at negative loads. 

  
Fig. 2. Comparison of experimentally measured values of normalised maximal shear force Fms-norm in the 
junction and junction heat conductance Gj=1/Rj for approach (blue) and retract (red) data with the model 
(green) for of single asperity contacts in the (a) diffusive (Rjd) and (b) ballistic (Rjb) approximations. 
Experimental data is taken from the curves in Fig. 1. A black line is a linear fit to the average of the 
experimental data, green lines show the modelling data for a series of single asperity contacts incremented 
in the range of r = 0.05, 0.1, 0.15 for Rjd derived from the diffusive and r = 5-50 nm for Rjb from the ballistic 
models, respectively. 

 

By assuming the diffusive heat transport approximation as per Equation 7a, (Fig. 2a), the model cannot 

provide a reasonable fit to the experimental data for any single value of the tip radius of curvature r, 

straddling requiring values of r three times different for the loads involved. The absence of the fit for 

the varying load, and, even more significantly, that the model requires physically unrealistic radii of 

curvature below 100 pm, suggests that a diffusive model cannot reliably describe the junction contact 
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in this experiment. At the same time, the ballistic approximation described in the Equation 7b, 

produces high quality fit for a single value of contact radius of r between 15 and 20 nm which matches 

well the manufacturers stated value of r < 30 nm, which is not observed to change appreciably after 

many (~100) measurements, with excellent fit for the measured range of data for shear strength and 

the thermal conductance. This reflects the fact that both Gjb in ballistic regime and Fms are directly 

proportional to the actual contact area A=πa2 between the probe and sample as seen in Equations 5 

and 7b. It can be noted that the interfacial thermal resistance may produce similar dependence, as it 

also scales linearly with the contact area. We believe that this cannot dominate the observed effects 

due to the two identical materials (Si-Si) involved in the contact. In order to rule out the effect of the 

oxide layer that would present additional thermal resistance, we performed control experiments (M) 

by HF etching of the oxide and comparing the resulting thermal conductance with non-etched sample. 

We have found that oxide would produce up to 25% increase of the thermal resistance. Given that 

observed change in the thermal conductance as in Figure 2 was 300%, we conclude that junction 

thermal resistance is principally governed by the mechanisms described above. At the same time, 

while the proposed explanation of ballistic thermal transport in the junction is most likely, such 

consideration may affect other contact pairs, and would need more detailed studies using differing 

materials.  

It should also be noted that JKR model suggests the finite minimal stable contact area, whereas in the 

other often used contact mechanics Derjaguin-Muller-Toporov (DMT) model the minimal contact area 

is zero [46-48]. As we see from Fig. 1c,d, there is a clear “jump” for both thermal conductance and the 

shear force suggesting finite contact area and therefore favouring JKR model. The DMT contact 

mechanics and ballistic thermal transport model (see SM for comparison of DMT model for various r, 

and L [22]) also shows good quality fit at similar radius around 15 - 20 nm indicating that for the 

positive loads used in experiments both JKR and DMT adhesion models are sufficiently close. 

Nevertheless, essentially, for both JKR and DMT models the diffusive thermal transport approximation 

requires unrealistically small contact radii, as stated above. We note that the experimental ratio in Fig. 

2 (black line), whilst generally linear, has some scatter and branching suggesting, that the probe 

contact radius may have varied during the measurement cycle e.g. between measurement of adhesion 

and the thermal and shear response. These details may be further investigated using a more detailed 

contact model using, for example, molecular dynamic simulations [38]. 

This study essentially links two dissimilar physical entities – mechanical forces in the contact and the 

thermal transport, allowing us to relate the thermal conductance Gj with the normalised shear force 

𝐹𝑚𝑠/𝜏 in a nanoscale contact between the same material via the fundamental parameters of group 

velocity and heat capacity 

𝐺𝑗 =
𝐶𝑣𝑔

4
. (

𝐹𝑚𝑠

𝜏
)      (9) 

The link between two experimentally measured physical values can be likened to the Wiedemann–

Franz law [16] describing the relationship between the thermal and electrical conductivity of a metal 

via charge carriers [49], although in our case the linking element is not the charge carriers, but the 

dimensions of the nanoscale contact area through which both force and thermal interactions occur 

via fundamental materials properties such as heat capacity and phonon group velocity. Crucially, as 

the nanoscale junction operates in the ballistic limit of thermal transport, the MFP of phonons need 

not be considered. This equation is valid when average group velocity for phonon modes [50] remains 

a good approximation, and the phonon wavelength is smaller than the contact dimensions that for 

typical solid would mean temperatures above 50 K. In the case of different contacting materials (i=1,2), 

as the force and shear strength are common for each pair, and the resistance of the probe and the 
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sample are connected in series [9,12], one would expect that the parameters of heterogeneous 

contact [51] to be replaced with harmonic average value (𝐶𝑣𝑔)
ℎ𝑒𝑡

=
2𝐶1𝐶2𝑣𝑔1𝑣𝑔2

𝐶1𝑣𝑔1+ 𝐶2𝑣𝑔2
 of contacting 

materials. As we confirmed that it is the total area that governs both heat transport and shear forces, 

this relation becomes valid for a generic multi-asperity contacts with heat transport depending on the 

total area rather than the linear dimension of the elemental contact. 

In conclusion, we elucidate heat transport in nanoscale solid-solid contacts by simultaneous 

monitoring of shear forces and the heat transport in the scanning thermal microscopy approach. We 

observed a clear correlation between the thermal conductance and the maximal shear forces in the 

junction as normal load was varied during establishing and breaking nanoscale contact. The 

dimensional dependence of the measurements suggests that the heat transport in these typical 

nanoscale solid-solid contacts is likely to be ballistic in nature. Furthermore, we were able to propose 

a generalised relationship between a continuum model of shear response and thermal conductance 

for nanoscale contacts which describes practically any nanoscale contact pairs having phonon 

dominated heat transport and may play a significant role in improving the quality and reliability of 

measurements of nanoscale thermophysical properties and development of nanoelectromechanical 

systems. 
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