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Abstract:  

 

Nanoscale thermal properties are becoming of extreme importance in modern 

nanotechnology – for processor chips and RF amplifiers dissipate increasing power on the length 

scale of few tens of nanometers
1-3

, for thermoelectric materials
4
, and for sensors and biosensors 

using nanoscale sized features
5,6

. While Scanning Thermal Microscopy (SThM) using locally 

heated nanoscale probes is known for its ability to map thermal properties of materials and 

devices with micro and nanoscale resolution
7-13

, such probing in the liquid environment was 

perceived impossible up to now due to dominating heat dissipation from the heated probe into 

the surrounding liquid that would deteriorate spatial resolution
9
. Nonetheless, our recent 

theoretical analysis of SThM
14

 applied to liquid environment showed that for some SThM probe 

design with resistive heater located near the tip apex, the thermal signal would be only 

moderately affected, by less than 50 % on immersion in a dodecane environment. More 

significantly, SThM spatial resolution, surprisingly, would remain unaffected, while the thermal 

contact between the tip apex and the studied sample beneficially improved eliminating 

detrimental effects of surface roughness. 

Our experimental realization of such immersion SThM, or iSThM, confirmed analytical 

predictions, and here we report for the first time nanoscale SThM measurements of thermal 

conductivity of Ultra Large Scale Integration (ULSI) polymer-ceramic-metal interconnects
15,16

. 

We show that the full liquid immersion in iSThM provides superior thermal link between a probe 

tip and Al lead, while eliminating spurious presence of surface roughness and voids. iSThM 

studies of 45 nm thick graphite flakes allowed to significantly decrease spurious effects of tip-
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surface contact area variations at the flake edge, ubiquitous in air SThM, allowing to explore the 

anisotropic nature of nanoscale thermal conductivity in graphene layers.
17

 The full width at half 

maximum (FWHM) of the flake edge for in-air SThM was between 78 to 151 nm, while for 

iSThM the edge FWHM was  56 nm, demonstrating its superior lateral resolution not affected by 

the topographical features, in a good qualitative agreement with thermal modeling. We believe 

that iSThM provides a game changing platform for previously unfeasible non-contact nanoscale 

measurements of thermophysical properties of nanomaterials, including direct investigation of 

nanothermal effects in graphene based high power rechargeable batteries and supercapacitors
18

, 

probing liquid phase catalytic phenomena, and exploring metabolism in biological systems
19,20

.  
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Since its invention, scanning probe microscopy (SPM)
21,22

 became an indispensable tool in 

modern nanotechnology, allowing mapping of material surfaces with nanoscale resolution,
19

 

direct exploration of structure of nanoscale devices,
23,24

 imaging of individual protein 

molecules
25

 and atoms, including intramolecular electronic structure.
26

 A significant advantage 

of SPM approaches is their ability to sense diverse physical and chemical properties of such 

structures with nanometer resolution,
27-30

 including operation in various environments,
31-33

 

supporting and initiating novel nanotechnology developments. Among properties explored, 

nanoscale measurements of temperature
34,35

, heat generation and nanoscale heat propagation are 

of increasing importance encouraged by continuous decrease of size of semiconductor devices 

with concurrent increase of processing power.
36

 While SThM
7,8,37-39

 that uses self-heated thermal 

sensors integrated with the sharp tip brought into contact with the studied sample, addresses 

some of these demands, one of major obstacles for SThM advances is the weak thermal coupling 

between sensor and the sample,
9
 that, furthermore, fluctuates due to nanoscale sample geometry, 

that can drastically reduce performance of nanoscale thermal measurements. 

It would be very tempting to use liquid immersion in SThM to improve both the thermal 

contact between the probe tip and the sample and contact uniformity, in an approach somewhat 

similar to one used in ultrasonic imaging where gel is used to achieve better acoustic coupling
40

 

or optical immersion where light reflection, refraction and scattering at the interfaces are 

minimized.
41

 The only reported so far liquid immersion thermal approach is fluorescence 

thermometry
19

, that so far showed only sub-micrometer range spatial resolution
42

 and, being a 

passive method, incapable of measurements of local thermal transport and thermal 

conductivities. Such SThM liquid immersion could provide improved and stable thermal contact 

between the tip and the surface, compared to in-air or vacuum environment. Also, due to 

efficient heat transfer through liquid, it might be possible to perform truly non-contact scanning 

with the tip-surface separated by few nm gap, while retaining both nanoscale resolution and 

thermal sensitivity. Immersion SThM probe measurements, if available, would be also of 

extreme interest for biotechnology, where they will allow handling of delicate biological samples 

such as used in other SPM methods,
43-45

 while mapping on nanoscale the heat of intermolecular 

interactions can help to explore functioning of molecular motors
46

 and energy transfer in 

photosynthesis.
47

  In industrial applications, it may open pathways for exploring nanoscale 

thermal phenomena in power batteries and fuel cells
48

 as well as in chemistry in studies of 

nanoscale catalysts.
48

 

Unfortunately until now such underliquid operation of SThM has been considered all but 

impossible
9
 due to the potentially overwhelming direct heat dissipation from the heated sensor 

into the surrounding liquid, that would lead to degradation of lateral resolution. To our 

knowledge, there is so far no publication reporting such approach and measurements. 

Notwithstanding the rationale described above, in this paper we simulated such immersion 

SThM, or iSThM, based on a widely used design of a SThM probe that is fully immersed in a 

liquid. 
14

 We found, surprisingly, that such measurements would not be qualitatively different 

from the operation in air or vacuum environment reported elsewhere.
13

 Furthermore, we then 
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experimentally build such iSThM and demonstrated its capabilities on the system of polymer-

ceramic-metal Ultra Large Scale Integration (ULSI) interconnects, as well as for 45 nm thick 

graphite flake on Si substrate, showing thermal mapping with 50 nm lateral resolution. The 

experimental results are then compared with the simulations, validating new physical phenomena 

observed in iSThM. 

 

RESULTS AND DISCUSSION 

SThM
7-9,12,49

 is similar in many ways to the atomic force microscope (AFM).
22

 In both, the tip 

is scanned across the sample surface in a raster way following its topography using a feedback 

loop that maintains a constant tip-surface force. The tip is Joule heated by passing a current 

through a resistive element near the tip apex. The probe design can vary from Wollaston wire 

(WW)
50

 to Si3N4 microfabricated thermal probe with a thin Pd track (SP) as the tip heater
51

 

(Kelvin Nanotechnology) to microfabricated doped Si probe (Anasys Instruments) 
38

 (DS) and 

thermocouple junction probe
7,39

. The thermal resolution of the WW probe is about 1 µm whereas 

for microfabricated DS and SP probes it can be well below 100 nm.
13,52,53

 As the tip is brought in 

contact with the surface the heat flows into the sample cooling the tip and, consequently, 

changing resistance of the sensor. Using a Maxwell bridge or similar measurement setup
14

 (see 

Methods) the well-defined power can be applied to the sensor generating Joule heatwith the tip 

temperature measured simultaneously. As the tip is scanned across the sample, monitoring these 

values allows us to create a thermal image of the sample and to evaluate its local thermal 

resistance. 
9,13,54

 

Exploring the feasibility of iSThM. While the role of liquid film between the SThM tip apex 

is known to be essential
9-11,55

 up to now there were no reports on heated SThM probes fully 

immersed in the liquid. So far SThM operation both in air and vacuum was demonstrated, with 

vacuum helping to eliminate heat dissipation through air.
39,53,13

 At first glance, the direct heat 

dissipation from SThM probe to the surrounding liquid might result in the complete loss of 

sensitivity to the local sample thermal properties. Nevertheless, our preliminary simulations of 

SThM response using experimentally verified finite element analysis (FEA) model of the probe
14

 

for a widely used resistive SP probe showed only a moderate decrease in thermal signal (Fig, 1) 

while replacing air with dodecane. It can be seen that the highest temperature of SThM sensor is 

only slightly lower in liquid (35 degrees above ambient environment at 293 K) compared with 

air (54 degrees). More significantly, the spatial distribution of the temperature was strikingly 

similar in air and liquid (Fig. 1a, b) and the heat “plum” was located along the SThM tip rather 

that widely spread in the surrounding liquid (Fig. 1c), leading to lateral resolution of the probe 

not very different from one operating in air or vacuum. At the same time, thermal simulation of 

the Si based DS probe (with heater positioned at the base of the tip) did indicate significant 

deterioration of both thermal spatial resolution and sensitivity. The dodecane was selected as it is 

a low-volatility liquid with intermediate thermal conductivity and was non-corrosive to the 

particular SP sensor design. Additionally, our iSThM simulations showed that tip “hovering” 

above sample surface at 25 nm distance in liquid would still provide reasonable thermal contact 
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to the sample (with sensor temperatures readings close to the tip in direct contact with the sample 

at Dz = 0), whereas in air these reading are much more diverging  (see Table 1 and Methods). 

 

  

 

Figure 1. Finite elements simulations of in-air 

SThM and iSThM in dodecane. (a) In-air and 

(b) iSThM in dodecane in contact with Si 

sample. Tmax – is the maximal temperature of the 

heater with respect to ambient temperature of 

293 K, dotted lines indicate the sample surface. 

(c) Wider view of temperature distribution of 

SThM probe in contact with Si in dodecane.  

 

Table 1. Simulation results of sensor 

temperature change DT while “hovering” 

(Dz = 25 nm) and retracted (Dz = 200 nm) 

tip, with respect to in-contact (Dz = 0) 

temperature; Si sample, air and dodecane 

environments.  

Dz, nm Air/ 

liquid 

ȹT (mK) 

Dz = 0 nm 

(contact) 

Air 0 



 6 

*Dz = 25 nm 

(“hovering” non-

contact) 

Air 45 

Dz = 200 nm 

(retracted) 

Air 99 

Dz = 0 nm 

(contact) 

Liquid 0 

Dz = 25 nm 

(“hovering” non-

contact) 

Liquid 9 

Dz = 200 nm 

(retracted) 

Liquid 51 

*Given that MFP in air of 50 nm, 

correction value for DT for “hovering” in 

air at Dz = 25 nm would further bring it 

closer to “non-contact” value of 99 mK 

 

We then created an analytical model of the SThM probe in order to estimate the influence of 

the heat loss to the environment, using equivalent axisymmetric probe (see Methods and 

Supplementary Fig. S1). Our analysis showed that probe thermal resistance for dodecane due to 

its higher thermal conductivity is approximately only twice lower than for an air environment, 

accounting for approximately 50 % drop of the probe signal, in line with the FEA analysis of the 

probe, and indicating that it would still provide sufficient response in iSThM measurements (see 

Methods). 

Experimental realization of iSThM. Our iSThM was based on an AFM (Bruker Multi-Mode, 

Nanoscope III controller) modified for use with liquids and SThM (see Methods). For working 

under liquid a special PTFE holder was designed to contain the liquid with width sufficient to 

accommodate thermal cantilevers and connecting leads. A cantilever holder was additionally 

modified with glass window to create a flat glass-liquid interface for AFM laser beam 

monitoring cantilever deflection (Fig. 2a).  
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Figure 2. Experimental setup of iSThM and 

the SEM image of the test sample. (a) Diagram 

of AFM holder modified for use for under liquid 

SThM with glass plate to form a flat interface for 

laser beam monitoring the probe deflection, and a 

PTFE holder for the immersion liquid and a 

sample.  (b) SEM image of Al - BCB 

(bensocyclobutene) polymer interconnects
15

; 

inset - higher magnification. Dark areas are the 

BCB polymer with the lighter grey areas the Al 

tracks, small voids at the Al grain boundaries are 

clearly visible. 

 

To study the feasibility and performance of iSThM we used a test structure of chemo-

mechanically polished damascene ultra large scale integration (ULSI) interconnects with Al 

tracks in a benzocyclobutene (BCB) polymer matrix on a Si wafer
15

 (Fig. 2b). Heat transport in 

such nanostructures is of significant concern as these tracks in a real device carry significant 
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amount of current and their overheating would increase the electro-migration and adversely 

affect the stability of the ULSI device. Such structure also has a high (Al) and relatively low 

(BCB) thermal conductivity materials side-by-side with a well-defined boundaries that would 

allow to estimate both thermal sensitivity and resolution of SThM. The same sample was 

scanned first in air and then in dodecane to ensure no dodecane contamination has been left 

behind. SThM images in Fig. 3 were obtained with constant power applied to the sensor and 

resulting temperature recorded via measuring resistance variations of the sensor (see Methods). 

The higher heat transfer to the sample results in the lower sensor temperature and darker areas in 

the image; scan speed of about 0.4 Hz was used to produce clear thermal images. The air SThM 

image (Fig. 3b) clearly shows that the Al interconnects produce better heat dissipation from the 

tip corresponding to the lower thermal resistance. This is consistent with the higher thermal 

conductivity for Al, kAl = 200 W/mK compared to BCB, kBCB = 29 W/mK. The absolute 

topographical height (on the order of 100 nm) seemed to provide no direct influence for in-air 

thermal image, at the same time the edges of Al lead looked brighter (Fig. 3c) partly due to 

reduced area of the thermal contact at the rim. The increase of the heat transport was expected at 

the very edge of the flake (due to increased contact area of the side contact with SThM tip), but 

this was not observed, most likely due to roughness of the edge precluding efficient heat 

transport to the Al lead. The voids in Al filled with air (Fig. 3c) seem to create a barrier to the 

heat transport (increase in thermal resistance) resulting in “hotter” bright areas in SThM image. 

iSThM was able to produce similar thermal contrast, of lower signal-to-noise ratio, with areas 

of Al interconnects revealing better heat dissipation (Fig. 3d). In contrast to in-air SThM, voids 

in Al did not produce significant increase in thermal resistance in iSThM, while a darker edge 

indicating higher heat transport to the side of Al lead was observed. These are clearly consistent 

with the fact that iSThM provided a better thermal contact to the studied sample, avoiding 

detrimental influence of nanoscale roughness, and providing important nanoscale thermal data. 

  

  
Figure 3. In-air SThM and iSThM images of 

DZ: 
80 nm 

voids voids 

voids 

DZ: 
80 nm 

Al lead 
ñrimò 

a b 

c d 

Al lead 
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Al - BCB polymer interconnects sample. (a, b) 

Topographic height and (c, d) thermal signal. 

iSThM scans showing the height (b) and (c) 

thermal signal images of the different area of the 

same sample fully immersed in dodecane. For the 

constant heat generated by the probe, lower 

thermal resistance (higher local thermal 

conductivity) results in the lower temperature of 

the sensor, and therefore darker contrast. The 

height of Al lead DZ is shown in topography 

images. The darker areas in thermal images (c) 

and (d) are the Al tracks reflects the higher 

thermal conductivity of Al. For in-the-air SThM 

image (c) note the brighter contrast of the voids 

and the Al lead rim indicating decreased heat 

transport due to the surface roughness and 

defects, whereas iSThM thermal image (d) 

eliminates such detrimental effects, mainly 

reflecting the heat transport in this nanostructure.  

 

In order to further analyze the performance of iSThM, we captured thermal signal and 

mechanical deflection of SThM sensor (proportional to force between the sample and SThM tip) 

as the tip approached the sample. Approach curves were carried out over Si sample with slow 

0.01 Hz approach-retract rate. As the tip approaches the surface, the thermal signal decreases, as 

the heat is conducted to the sample cooling the probe. Once the solid-solid contact is established, 

the thermal signal remains constant even the force continue increasing, as reported elsewhere.
11

 

 

 
 

  

a b 

d c 
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Figure 4. Experimental SThM approach-

retract curves for Si sample. (a) force and (b) in-

air SThM signal compared with (c) force and (d) 

iSThM signal in dodecane; approach-retract rate 

0.01 Hz. Whereas there is a snap-in of cantilever 

in air (a) that is reflected in the jump in SThM 

response (b), there is neither force (c) nor 

observable SThM signal discontinuity while 

operating in liquid (d). 

 

It is essential to note that in liquid iSThM there is no snap-in of tip to the sample due to 

attractive forces
56

 that generally accompanies any AFM in-air measurements. That would allow 

to easily realize “hovering” of the SThM tip apex in the vicinity of the sample, while maintaining 

thermal contact between them during true non-contact imaging that can be realised, e,g. with 

shear force feedback
57

. From Fig. 4 it is clear that at longer distances both in air and in dodecane 

SThM signal depends on the distance between sample and the apex of the probe tip. 

Once the iSThM approach was established, we have used iSThM to investigate thermal 

conductivity of anisotropic graphite nano-flake (kƐ-Gr-plane = 2000 Wm
-1

K
-1

 k -̂Gr-plane = 2 Wm
-1

K
-

1
) of 42 ° 5 nm thickness on Si substrate (kSi = 130 Wm

-1
K

-1
), comparing in-air and iSThM 

images (Fig. 5).  

  

  

bright 
ñrimò 

flake edge flake edge 

Dz: 45 nm 

Dz: 
40 nm a b 

c d 
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Figure 5. Nanoscale thermal transport in 

graphite flake. In-air topography (a) of 42 ° 5 nm 

nm thick graphite flake and (c) corresponding 

thermal image. (g, h) Schematic illustration of 

different regions in the images with SthM tip 

positioned on: i - the substrate, ii – beside edge of 

the flake (thermal contact area increased),  iii – on 

the “rim” of the flake (contact area decreased), iv - 

on the flake area. (c) In-air SThM image and its 

profile and its 1D profile (e) (along dotted line in 

(c)) show the increased heat transport in the area of 

the flake (iv), and flake edge (ii ) with strong 

decrease of heat transport at the flake rim (iii ). At 

the same time, signal of underliquid iSThM (d) is 

not affected by the spurious “rim” contrast. The 

heat transport for on-the-flake position iv is slightly 

below one of Si (c.f. k -̂Gr-plane of 2 Wm
-1

K
-1

 and kSi 

of 130 Wm
-1

K
-1

), whereas side surface of the flake 

provide a better heat dissipation (tip position ii ) 

due to high in-plane conductivity of graphene 

layers (kƐ-Gr-plane = 2000 Wm
-1

K
-1

) (h). The full 

width of half maximum (FWHM) of the flake edge 

for in-air SThM was 78 nm without the “rim” and 

151 nm with the “rim” (e), and for iSThM the edge 

FWHM was  56 nm (f), demonstrating its superior 

lateral resolution not affected by the topographical 

features. 

 

Fig. 5c,e shows that in-air SThM the heat transport is slightly increased in the area of the flake, 

and flake edge, with decrease of heat transport at the flake rim. At the same time, signal of 

underliquid iSThM (Fig. 5 d) is not affected by the spurious “rim” contrast, due to better thermal 

link between the tip and the sample not affected by the surface roughness. Moreover, the heat 

transport in the area of the flake (iv, as illustrated in the Fig. 5 g,h) is slightly below one of Si, as 

ñrimò, iii 

flake edge, ii 
flake edge, ii 

edge width 

edge width 

iv 
i ii 

iii 

ii 

iii iv 

substrate flake 
flake 

substrate 

e f 

i 

iv 

g h 
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one can expect that higher proportion of the heat flux normal to graphene layers (with relatively 

low thermal conductivity of graphite in direction perpendicular to graphene planes k -̂Gr-plane of 2 

Wm
-1

K
-1

 compared with thermal conductivity of Si - kSi of 130 Wm
-1

K
-1

) contributing to the 

thermal conductivity of iSThM
56,58

. The side surface of the flake provides a better heat 

dissipation (tip position ii ) for both in-air and iSThM due to high in-plane conductivity of 

graphene layers (kƐ-Gr-plane = 2000 Wm
-1

K
-1

). Although solid-solid contact area would increase at 

the flake edge, by comparison with ULSI interconnects, the direct topography influence on our 

probe (topographical variations in ULSI of 80 nm, significantly exceeding ones for graphite at 40 

nm) attributing this phenomenon to mainly resulting from the extreme in-plane thermal 

conductivity of graphene layers contacted by the side of SThM probe, observed with minimal 

artefacts in iSThM.
56

 

It is to be noted that the full width of half maximum (FWHM) of the flake edge for in-air 

SThM was 78 nm without the “rim” and 151 nm with the “rim” (e). At the same time, for iSThM 

the edge FWHM was  only 56 nm (f), demonstrating its superior lateral resolution not affected 

by the topographical features. 

In order to explore the clearly different nature of thermal contrast in ULSI interconnects of Al 

vs BCB, and of graphite flake on Si, we have performed FEA simulations of SThM line scans 

across Al/BCB boundary and graphite/Si edge and compared them with the experimentally 

measured line scans. Given that mean fee path for thermal transfer in liquids is on the order of 10 

nm whereas distances and probe dimensions we are considering are of 50 nm or above, such 

approach was deemed appropriate
59,60

.  

  

 
Figure 6. Simulated and experimentally 

measured in-air SThM and iSThM 

profiles. Sections (line scans) of thermal 

signal across the interface between Al and 

BCB polymer ((a) – simulation, (b) - 

experiment) shows good qualitative 

correspondence with lower temperature 

flake edge 

ñrimò 

substrate flake 

a b 

c 

BCB Al 

Al 
BCB 
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(larger heat flux) for Al, and lateral thermal 

resolution on the order of 50-100 nm. 

Simulated SThM profiles (c) show increased 

heat transport for in-air SThM in the flake 

compared to Si substrate due to larger 

contribution of in-plane thermal conductivity 

for diverging flux. The higher heat transport 

at the flake edge is seen in both in-air and 

iSThM profiles, but is masked by the 

significant reduction of heat transport in the 

“rim” position for in-air SThM, that exceeds 

the differences between substrate and flake 

areas. At the same time, the underliquid 

iSThM profile shows the “rim” effect 

significantly reduced, with differences of 

heat transport in the flake and substrate 

perpendicular graphene planes clearly seen. 

The sign of the heat transport differences 

matches well with the ones experimentally 

observed in Fig. 5e,f. 

 

Results of our simulations show that the SThM signal on the Al – BCB polymer boundary 

(Fig. 6a) does change appreciably over approximately 50 nm lateral distance, in good correlation 

with the experimental results (Fig. 6b) and the difference in thermal conductivities between Al 

and BCB. In dodecane this transition is smaller in amplitude however still provides similar 

lateral resolution of about 50 nm. For graphite nanoflake, the simulation provided additional 

support to our experimental finding, suggesting a drop of the SThM signal at the very edge of the 

flake, and small difference of SThM signal on the top of the flake compared with Si substrate. 

The higher heat transport at the flake edge is seen in both in-air and iSThM profiles, but is 

masked by the significant reduction of heat transport in the “rim” position for in-air SThM, that 

exceeds the differences between substrate and flake areas. At the same time, the underliquid 

iSThM profile shows the “rim” effect significantly reduced, with differences of heat transport in 

the flake and substrate perpendicular graphene planes clearly seen. The sign of the heat transport 

differences matches well with the ones experimentally observed in Fig. 5e,f.. 

 

CONCLUSION 

In conclusion, we have demonstrated for the first time that SThM in fully immersed liquid 

environment is fully viable and can achieve nanoscale thermal resolution in samples with 

spatially inhomogeneous thermal conductivity, significantly reducing the roughness and contact 

area artifacts that often obscure the in-air SThM measuerements. New immersion SThM 
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(iSThM) provides superior thermal contact of the nanoscale probe and studied sample, allowing 

thermal mapping of ultra large scale integration Al - low-k BCB polymer interconnects and 

graphite nanoflakes on Si substrate, showing the anisotropic nature of nanoscale thermal 

conductivity in graphene layers. While the effective lateral resolution of the in-air SThM for 45 

nm thick graphite nanoflake was reduced to 150 nm due to topographical artifacts, lateral 

resolution of iSThM for heat transport was 56 nm. The probe thermal response was shown to be 

in good qualitative agreement with analytical estimates as well as finite elements simulations, 

confirming the nanoscale resolution and sensitivity of iSThM. Future work may involve new 

probe designs tailored for iSThM, non-contact nanoscale measurements of thermal transport, 

optimization of operating parameters of the probe, and development of probes capable of 

working in polar liquids like water or electrolytes for new biomedical and energy storage 

applications.  

 

MATERIALS AND METHODS 

Finite elements (FE) modeling. The FE simulations were based on commercial COMSOL 

Multiphysics software package with two components, an AC/DC module modeling the current 

flow and Joule heating of the probe and a thermal module modeling the heat transport in the 3D 

probe geometry (see Supplementary Note 1). FE models were tested by varying mesh 

dimensions and the size of the cell, with results varying by less than 1 % indicating the adequate 

FE setup. As the MFP in liquid as well as in relevant materials in the models on the order of 10-

25 nm, the diffusive approximation was also appropriate
13

. 

Analytical model of iSThM. We consider that the base of the thin triangular shaped Si3N4 

probe of width wc is effectively thermally anchored to the ambient temperature via thick highly 

thermally conductive Au leads
14

. Secondly, we take into account that the resistive heater, that is 

also a temperature sensing element, is evenly distributed along the length of the probe Lc. 

Finally, the heat transfer to the base of the probe is directed along the Si3N4 sheet of thickness tc, 

whereas heat loss to the environment is predominantly normal to this sheet. The thermal 

resistance of the probe to the base can then be estimated as ( )
1

b C c cR T Q t kw L
-

=D =  where k is 

thermal conductivity of the probe material, DT is probe temperature increase and Q is Joule heat 

generated in the probe. The thermal resistance of the probe to the ambient media (air or liquid) 

can then be estimated ( )1 2 2m c c mR w L k Lp p= - where km is thermal conductivity of the 

media (see Supplementary Note 2). As these thermal resistances act in parallel, the total thermal 

resistance Rt is determined
9,13

 as ( )t b m b mR R R R R= + . Substituting values for our probe (LC = 10 

µm, thermal conductivity for sputtered Si3N4 kSi3N4 º 4 W/mK, kair = 0.025 W/mK, kdodecane = 0.14 

W/mK) we obtain the estimate of the thermal resistance of the tapered end of the SThM probe as 

1.0x10
5
 K/W in the air and in dodecane of 0.56x10

5
 K/W. 

Experimental setup of SThM and calibration of thermal measurements. The SP thermal 

probe was calibrated on a Peltier hot/cold plate (Torrey Pines Scientific, Echo Therm model 

IC20) at several temperatures from room temperature to 80 
0
C and its electrical resistance 
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measured. During measurements and imaging the probe was included either as a part of a voltage 

divider in series with the fixed resistor, or a part of Maxwell electric bridge. The probe AC signal 

response was calibrated using the lock-in amplifier (Stanford Research Systems SRS-830) with a 

small applied voltage 2V AC voltage at 91 kHz for detection but small enough not to heat the tip. 

The voltage excitation for all measurements was provided by the precision function generator 

(Keithley 3390 50 MHz arbitrary waveform generator)
14

. As these calibrations took place outside 

the AFM so there was no heating affects from the laser. All calibrations were done both in air 

and then in dodecane with a period of few minutes for the dodecane to stabilize in temperature 

before each measurement. In the measurement voltage divider mode a multimeter (Agilent 

34401A 6.5 digits precision) allowed measurement of the resistance of the probe as a function of 

the voltage at the probe which in turn allowed us to find temperature (see electronics setup for 

experimental measurements in Supplementary Fig. S3). In the measurements, Maxwell bridge 

configuration, the bridge was balanced at room temperature and absence of AFM laser 

illumination using variable resistor and capacitors before each calibration and before imaging. 

The imaging was done at low set force to minimize the risk of tip damage or breaking. A piece 

cut from a nitrile rubber glove was used underneath the liquid holder to protect the AFM scanner 

from accidental liquid spilling, however this needed to be changed from time to time as the 

dodecane placticises the rubber over the time. During scanning in liquid, a higher heating 

voltage, about 7 VDC and 3Vpp AC had to be applied in order to compensate for higher heat 

dissipation in the liquid. This allowed to reach probe temperature similar to one obtained during 

the operation in air. Force setpoint was kept low and the scanning rate was 0.5 Hz for most 

operations with the lock-in response set to 3 ms. The cantilevers bases were modified so that 

they were tilted at a slightly shallower angle as to reflect the AFM laser back into the 

photodiode. The laser was aligned after the immersion in liquid and deflection zeroed at several 

points during the operation underliquid, including just before tip approach.  

Samples preparation. ULSI interconnects were cleaned by 10 min sonication consecutively in 

acetone, ethanol, and DI water, and finally plasma cleaned in O2/Ar plasma for 5 minutes to 

remove any residual organic contaminants on the surface. The graphene flake was deposited on 

Si wafer with 300 nm of SiO2 thermal oxide that allowed the graphene to be seen in an optical 

microscope for area identification. The wafer was cleaned similar to the ULSU sample. The 

graphene was produced by mechanical exfoliation from graphite flakes using pressure sensitive 

tape.
61

 The final exfoliation was done by cross-linked polymer gel (Gel-Pak, USA) to minimize 

tape residue transfer.  
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Nanoscale resolution immersion scanning thermal 

microscopy 

SUPPLEMENTARY INFORMATION. 

Peter D. Tovee and Oleg V. Kolosov. 

Physics Department, Lancaster University, Lancaster, LA1 3BE, UK. 

Note 1. Finite element modeling of SThM response in air and liquid. Finite element analysis 

(FE) using COMSOL Multiphysics was used for both exploring the feasibility of the immersion 

SThM (iSThM) approach, and, after such feasibility was experimentally confirmed, for 

comparison of SThM response of Al/BCB and graphene/SiO2 for in-air and iSThM images. The 

simulation consisted of two parts; an electrical model responsible for the electric current flow in 

the probe, and a thermal module dealing with the Joule heating and heat propagation through the 

system. A fixed potential of 0.5 V was applied to the terminals of Pd heater with all other 

boundaries set to be electrically insulating. The thermal module used Fourier diffusive heat 

equations for thermal transport in material and Joule heating in the tip. As described elsewhere
1
 

due to minimal dimensions used in the modeling on the order of 50 nm that exceeded or being 

equal to the mean-free-path (MFP) of heat carriers in the most parts of the system, such approach 

was appropriate. In thermal module, all inner boundaries were assigned continuity conditions, 

with outer sides of the air/liquid block, the sample and base of the cantilever legs set to a fixed 

293 K ambient temperature. With this approach the whole 3D system could be modeled and the 

parameters varied as desired
2
. A material of the block encasing the whole cantilever and sample 
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could be changed between air, dodecane and vacuum, the tip-surface distance and tip-sample 

position were also independently changeable.  

Note 2. Simulation of SThM response to tip-surface distance and lateral profiles in SThM. 

Due to the higher thermal conductivity of dodecane compared with air, true materials sensitive 

non-contact scanning with nanoscale resolution – a holy grail of SPM approaches, is expected to 

be possible. With the aid of the simulations a hovering contact of up to 25 nm was compared 

with the full contact and the temperature drop shown in table 1 in the manuscript. Lateral 

resolution is another very important measure for SThM probes that has been explored 

experimentally and using the models in this study. Simulations for samples of Al/BCB and 

graphene flake/Si were created for both air and liquid. Temperatures were taken at intervals up to 

500 nm either side of the boundary with interval spacing closer near the boundary. Due to the 

large difference in thermal conductivities of the two materials there was a clear transition over 

the border with a resolution of approximately 50 nm. For graphite flake simulations we used 100 

nm thick layer of graphite similar to the experiment. Its in-plane thermal conductivity was 

assumed to be 1000 times larger than perpendicular to the plane.
3
 The model consisted of a Si 

sample block with the graphite flake on top and the sample moved with respect to the tip. As the 

tip made contact with the side of the flake it was then raised up and moved across the top of the 

flake. This allowed us to simulate the real tip’s motion and also to observe the effect of side 

contact with the graphite flake, which may reflect higher in-plane thermal conductivity of 

graphite resulting in a drop in temperature observed in figure 6c in the manuscript. It is notable 

that both in the experiment and simulation we observed only minor difference in SThM signal on 

the top of the flake and Si sample that reflects low thermal conductivity of graphite 

perpendicular to the atomic planes. 



 22 

 

Analytical model of the heat transport in iSThM - heat transport via cantilever vs heat 

losses to the ambient environment. 

As mentioned in the paper, a flat 

triangular geometry of the end section of 

the probe, fixed T at its base (close to 

ambient temperature due to Au leads 

acting as a heatsink), and evenly 

distributed resistive heater-sensing 

element along the probe, allowed to 

create equivalent axisymmetric model of 

the probe that can be evaluated 

analytically. These allowed to create 

equivalent axially symmetrical conical 

shell, setting thickness of the cone equal 

to the thickness of Si3N4 probe tc, cone 

half-opening angle a such that the 

circumference of the cone base is equal to 

the width wc of the triangular end section 

of the probe, and the height of the cone LC is equal to the length of the triangular section. That 

gives ( )arcsin 2c cw La p= è øê úwith a in our case of 19.7° making the equivalent geometry 

shaped as a narrow angle cone. 

 

 

Figure S1. Equivalent analytical model of SThM 

sensor. (a) Schematics of the axi-symmetrical 

equivalent of the SP SThM probe. (b) Radial cross-

section of the cantilever, tC cantilever thickness, LC 

length of the cantilever triangular section, pDC – 

length of the base of triangular section, T0 room 

temperature, Ŭ the cone angle and Q the heat flux 

down the cone wall.  
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At first we calculate the thermal resistance to the base of the cantilever in a vacuum where heat 

is transported exclusively through the cantilever. We note that the heater in the original sensor 

has approximately constant width along the sensor height
4
, resulting in constant heating per unit 

height of its equivalent cone. Defining z as position along the cone with 0 at the tip and LC at the 

base of the triangle, the heat generated from z = 0 to z can be written as z CQ zQ L= , where Q  is 

the total Joule heat generated in the probe. This heat flows through the ring-shaped cross-section 

of the cone with the area 2 (tan ) Cz tp a where tC is the cantilever thickness creating heat flux

2 (tan ) 2 (tan )C C C C

Qz Q

zL t L tp a p a
= . This heat generates a temperature gradient

1

2 (sin )c C C

dT Q

dz k L tp a
= , where kc is the thermal conductivity of the cantilever. One can note that 

the temperature gradient does not depend on z and therefore is constant along the cantilever, with 

the temperature difference between cantilever tip and its base
1

2 (sin )c C C

Q
T

k L tp a
D = . This 

conclusion is very similar to the FEA simulations for the original 3D geometry of the SP SThM 

probe we have done in our previous work
2
 showing approximately linear drop of the temperature 

along the triangular section of the SThM cantilever, therefore supporting approximations we 

used in this analytical model. The corresponding thermal resistance of the cantilever flux to the 

base is then 

1

2 sin
b

C c

T
R

Q t kp a

D
= =       (1) 

We can also estimate the heat transport through the ambient environment (air or liquid) by 

considering the cone as a series of sections dissipating the heat to the environment. The flux per 

unit area emitted by the section of the cone at position z with section diameter 2 tan(d z a= ) and 
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height dz can be estimated by assuming that it is similar to the flux from the sphere of same 

diameter. Although such consideration is clearly an approximation, it will allow us to compare 

the various components of heat transport in iSThM. The total heat flux from such a sphere to the 

media per unit area is 
2 z m

m

T k
Q

d
=  where km is the heat conductivity of the media

5
. The section 

of the cone has the area on both sides of the cone 2
cos

dz
dA dp

a
= , producing flux

2 42

cos cos

z m z m
m

T k T kd
dQ dz dz

d

pp

a a
= = . We can see that the heat flux to the media per unit distance 

along the cone (cantilever) is independent on the position z (one can note that the increase of the 

area losing heat was compensated by the lower heat loss efficiency per unit area for the section 

with the larger diameters) and depends solely on the local temperature Tz. Assuming that in each 

section the heat flow through the cantilever to the base dominates, we can assume the linear 

temperature dependence as a function of z. Then ( )z C C
T T L z L=D -  and integrating dQ over z 

from 0 to LC, we obtain that the heat flux 
2

cos

m Ck L
Q T

p

a
=D  and the corresponding thermal 

resistance  

cos

2
m

m C

R
k L

a

p
=        (2) 

It is useful also to find a ratio of thermal resistances to the medium Rm to thermal resistance to 

the base Rb by
2 cos sin

sin cos
2

C c C c
m b

m C C m

t k t k
R R

k L L k

p a a
a a

p
= = . This value is dimensionless and 

indicates that the share of the heat flux to the media (inverse to the corresponding thermal 

resistance) is linearly increased with both the length of the cantilever and the heat conductivity of 
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the media. Combining equations (1) and (2) together we can estimate the total thermal resistance 

Rt to the base using law of parallel resistances
6,7

 as ( )t b m b mR R R R R= + . 

It should be noted that if the heat losses to the ambient environment started to dominate, the 

result will be a sharper drop of temperature with increase of distance from the tip apex. This, in 

turn, would additionally concentrate the heat nearer to the tip apex, that would lead to further 

increase of the iSThM spatial resolution.  

Note 3. Experimental and simulation comparison between performance of dopped Si (DS)
8
 

and Si3N4 with resistive Pd sensor (SP)
4
 probes. Before the Si3N4 SThM probes were selected 

as iSThM probes, two other types of probes were investigated. Initially Wollaston wire (WW) 

probes were used to test the validity of scanning in liquid since WW probes are more robust. 

They were immersed in liquid and used on a sample of few tens of nm exfoliated graphite flakes 

on the glass slide. It was found that WW had no only a poor resolution due to the probe’s large 

tip contact area, but, more essential, thermal response dominated by the overall probe distance to 

the sample surface, rather than sample thermal properties. The microfabricated dopped Si (DS) 

probes (Anasys Instruments, USA) were also tested in a modified Topometrix and in Multimode 

AFM (Bruker, Germany) using an underliquid cell capable of holding the thermal probes. The 

DS probes were used with the multi-mode system to image graphene flake on glass, and an 

image of this can be seen in figure S2.  
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Figure S2. SThM of graphene on glass in liquid using the DS probe showing (a) AFM height 

image and (b) thermal image.  

 

It is clear from Fig. S2 that the DS probe was also not sensitive to the change in thermal 

conductivity between the graphene and glass, but reflecting mainly topographical changes rather 

than thermal properties of the sample. This made us to conclude that the thermal sensor 

positioned at the end of the cantilever and far from the tip apex is detrimental to iSThM 

operation, while its operation in vacuum could be quite successful
9
. The SP probes which have 

their heater much closer to the tip apex and therefore the sample surface turned out to be far 

more sensitive to the changes in surface thermal conductivity in iSThM and therefore are 

preferred way for thermal scanning in liquids. We believe that future designs of optimal SThM 

probes, should have similar design, that may include compatible materials allowing to operate in 

polar liquids such as water or electrolytes. 

Note 4. Electronics setup for experimental iSThM measurements. In the measurements, 

Maxwell bridge (Fig. S3) is balanced at room temperature and absence of AFM laser 
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illumination before imaging. The measurements are performed at 91 KHz AC modulation and 

DC offset that defines the initial temperature of the sensor. 

 

Figure S3. Schematic diagram for SThM 

measurement electronics including the Maxwell 

electrical bridge (box marked with dashed 

outline) used to measure the change in probe 

resistance. The generator applied a DC voltage 

with AC detection signal at 91 kHz.  
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