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a b s t r a c t 

The goal of this work is to establish the heat flux sharing among different heat exchange channels in 

scanning thermal microscopy (SThM), basing on experimental data. To this end, dc or modulated ex- 

citation with 3-omega detection at the third harmonic is applied to two types of resistive (Wollaston- 

, WThP and nanofabricated-, NThP) thermal probes. The main difference between the WThP and the 

NThP is the absence of a thermal coupling zone between the active zone and the heat sink in the 

WThP. Probe responsivities in dc or ac regime are defined, which depend only on total thermal con- 

ductance of probe-sample system. It is shown that in SThM it is not possible to discriminate between 

heat fluxes leaking across the air to the ambient and to the sample. Because of their interdepen- 

dence, only their sum can be determined with the ThP alone. Replacing the sample by a pyroelectric 

heat flux sensor (PES), its 2-omega signal yields the ratio of the flux received through the contact to 

that received through the air. Eventually, the complete heat flux sharing among different channels is 

determined, for the studied high conductivity sample. For both probes, about 60 % of the dissipated 

power leaks through the cantilever to the probe holder. The heat flux through the contact represents 

19.5 % for the WThP and 11.4 % for the NThP. The remaining heat flux is lost to the ambient or to 

the sample via the air. The corresponding thermal conductance values are determined in successive 

steps in vacuum (V), in air (A), out of contact (N) and in contact (C) using thermal quadrupole rep- 

resentations. The procedure requires only the calibration of the ThP and not that of the PES. For ther- 

mal conductivity measurements, the reference configuration (N) offers superior dynamic range to (A) 

one. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Among many measuring techniques for thermal characteriza-

ion on the nanoscale the scanning thermal microscopy (SThM)

as become a mature investigation method [ 1 , 2 ]. Various applica-

ions relying on temperature-dependent phenomena benefit from

 spatial resolution that is determined by the probe size and is

ot restricted by optical diffraction [3] . It reaches sub-100 nm in

acuum, while the temperature resolution is sub-0.1 K. Techniques

ombining SThM with micro-thermography, IR radiometry, scan-

ing near field optical microscopy (SNOM) and thermoelastic de-

ection have been reported in the past [4] . Early variants of SThM

ere based on a variety of thermal sensing effects [5] . The most
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ften used thermal probes (ThPs) are the Wollaston wire probes

WThP) [6] having μm spatial resolution, batch fabricated nano-

ithographic thin film probes (NThP) using thermocouple [ 7 , 8 ] or

esistive [ 9,10 ] elements that have ≈100 nm spatial resolution, and

oped silicon V-shape resistive probes offering 10 nm spatial reso-

ution [ 11 , 12 ]. 

The first calibration procedures were based on differential sig-

al measurements with the tip in air (far from the sample) and in

ontact with the sample [ 6 , 13 ]. It was assumed that the temper-

ture distribution in and around the ThP remains unchanged, and

hat the heat flux to the sample is proportional to its thermal con-

uctivity k . Subsequent studies demonstrated that these assump-

ions are not valid and proposed as reference for static measure-

ents the position of the tip just before contact [1] . Later this

rocedure called the double scan technique [14] was applied to

he correction of SThM thermal maps. It was improved as the null-

oint technique [15] that cancels the heat flux across the contact

https://doi.org/10.1016/j.ijheatmasstransfer.2020.119860
http://www.ScienceDirect.com
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Nomenclature 

a thermal diffusivity, m 

2 s −1 

Bi Biot number 

C electrical capacitance, F 

d width, m 

F form factor of temperature distribution 

f temperature oscillation frequency, Hz 

g reduced thermal conductance 

G thermal conductance, μW K 

−1 

h heat exchange coefficient, W m 

−2 K 

−1 

I excitation current, A 

k thermal conductivity, W m 

−1 K 

−1 

l length, m 

m fin parameter, m 

−1 

P electrical power or heat flux, W 

Q heat quantity, J 

R electrical resistance, �

R 1 ... R 5 thermal resistance, K μW 

−1 

r radius, m 

r el temperature coefficient of R , K 

−1 

S n normalized responsivity of thermal probe, W 

−1 

S PE responsivity of pyroelectric sensor, V W 

−1 

s wire cross section, m 

2 

t thickness, m 

V voltage signal, V 

x spatial coordinate, m 

Greek symbols 

θ temperature increase, K 

ω , 2 ω , 3 ω angular frequency harmonics, s −1 

τ time constant, s 

Subscripts 

0 reference quantity 

a air 

h probe holder 

p probe body 

PE pyroelectric sensor 

sa probe - sample interaction through air 

sc tip - sample contact 

w wire 

Superscripts 

V in vacuum 

A in air, far from sample 

N just before contact, in air 

C in contact, in air 

Abbreviations 

NThP nanofabricated thin film thermal probe 

PES pyroelectric sensor 

SThM scanning thermal microscopy 

ThP thermal probe 

WThP Wollaston thermal probe 

and thus removes the uncertainty related to the interfacial ther-

mal resistance. Recently, more elaborate calibration strategies have

emerged [16] . 

In view of quantitative active SThM equipped with resistive

ThPs, we approached the transfer functions of the instrument at

three levels, corresponding respectively to the nano-scale, micro-

scale and mesoscale: 

(i) Thermophysical modeling of the relation between sample

conductivity and total contact conductance, within the con-

tact zone of the ThP [ 18 , 19 ]. 
(ii) Average transducer temperature as function of heat flux

sharing among different conductance channels, in the active

zone and coupling zone of the ThP [ 4 , 20 , 21 ]. The link with

level (i) is through the contact conductance. 

(iii) Relation between the electrical resistance of the active ele-

ment and the (dc, ac, 2 ω , 3 ω , transient) signal processed by

the SThM instrument [ 4 , 22–24 ]. The resistance-temperature

calibration of the ThP allows the link with level (ii). The

overall calibration curve is the product of the three transfer

functions. 

To address the level (ii) above, the heat flux distribution in the

robe-sample system must be correctly known. While the con-

uctance of the probe body can be easily determined in vacuum,

ther conductances of similar heat exchange channels are hard

o separate [1] . In particular, we show that it is not possible to

iscriminate between the heat flux leaking across the air from

he ThP to the ambient and the one transferred across the tens

f μm thick air gap between ThP and sample. The latter is dif-

erent from the ballistic conductance in air at the contact zone

nd is neglected in most cases [ 1 , 2 ]. However, the share of this

hannel to the global ThP-sample heat exchange can be significant

 25 , 26 ]. This contributes among other geometrical factors to large

eviations between the experimental heat exchange coefficient h

nd the much lower theoretical values that are based on macro-

copic correlations [1] . In order to complete such missing informa-

ion for a realistic heat flux balance in different ThPs, this work

roposes a combined calibration methodology using a pyroelec-

ric heat flux sensor (PES) instead of the sample. The comparative

tudy focuses on the same commercially available resistive WThP

nd NThP as in Ref. [27] . First, current-voltage characteristics with

c excitation were performed with the ThPs in vacuum, in argon

nd in air, for calibration purposes. Second, classical 3 ω experi-

ents were performed with the ThPs in air, far from the sample,

lose to contact and in contact. The results of the two types of ex-

eriments were combined using the known fact that the dc and ac

egimes are equivalent below a specified cut-off modulation fre-

uency. Section 2 presents the principle of the association of a ThP

ith a PES. Section 3 contains the procedure for the deconvolu-

ion of conductances corresponding to various heat exchange chan-

els. The experimental setup and the dc calibration of ThPs are de-

cribed in Section 4 . The conductance results, the heat flux sharing

nd a comparative discussion of WThP and NThP are presented in

ection 5 . 

. Principle of thermal probe - pyroelectric sensor association 

In a typical calibration experiment of passive SThM the heat

ux flows from the heated nanofabricated calibration device into

he ThP [25] . In active SThM the ThP is the excitation source and

he sensor in the same time. Due to small sample volume seen by

he ThP, the relevant thermophysical property that is being mea-

ured is the thermal conductivity k [27] . In dc regime, the electri-

al power P dissipated by the heating element is converted into a

eat flux that increases the ThP temperature by an amount θ and

eaves the ThP through its total thermal conductance G given by: 

= P/G (1)

This relation still holds for amplitude values of quantities in

c regime below a cut-off frequency. In this case, the tempera-

ure follows the power variation and heat transfer phenomena can

e treated as quasi-static processes. Above the cut-off frequency

he temperature amplitude decreases as 1/ f and has a π /2 phase

ag [ 21 , 24 ]. The 3 ω method is a powerful electro-thermal method

hat uses the same (wire or metallic strip) transducer for simul-

aneous thermal excitation and temperature detection [29] and it
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as been extended to SThM operation [ 22 , 28 ]. Keeping only the

eriodic terms, the excitation current I sin( ωt ) generates a peri-

dic power -P cos(2 ωt ) which causes a temperature oscillation -

cos(2 ωt ). Thus the temperature-dependent electrical resistance

 ( θ ) = R 0 [1- r el θcos(2 ωt )] will be also modulated at 2 ω. In the end,

he voltage across the heater contains a term V 3 ω sin(3 ωt ) propor-

ional to the temperature of the resistive element averaged over its

ength [ 29 , 30 ]: 

 3 ω = − r el I R 0 θ

2 

= − r el I R 0 P 

2 G 

= − r el I 
3 R 

2 
0 

4 G 

(2) 

ince P = I 2 R 0 /2. Here r el is the temperature coefficient of electri-

al resistivity of the heating element material. Eq. (2) shows that

he 3 ω signal measures the total ThP thermal conductance if the

eat flux source is constant. It has opposite phase relative to the

xcitation current. 

A pyroelectric sensor (PES) generates a current that is propor-

ional to the rate of temperature change d θPE /d t integrated over

ts volume [31] . The temperature increment θPE ( t ) is generated by

 time-varying heat quantity Q ( t ) that reaches the sensor. Its rate

epresents a heat flux P PE . With the 3 ω method, Q ( t ) oscillates at

 ω, and so does the PE current. The input resistance R of the lock-

n amplifier in parallel with the capacitance C of the PES forms

 low-pass filter with a time constant τ = RC . Depending on fre-

uency, the PES works in current mode (2 ω< 1/ τ ), or in voltage

ode (2 ω> 1/ τ ), having different frequency dependences [32] . In

oth cases, the PE voltage V 2 ω measured by the lock-in is propor-

ional to the PE current at a given frequency, and then: 

 2 ω ∝ 

d θPE 

dt 
∝ 

dQ 

dt 
= P PE (3) 

Due to the volume integration of θPE , the response of the PES

ensor is fast and depends only on the thermal transfer time across

he top Au electrode. Eq. (3) proves that the PES can be used as a

ensitive heat flux sensor in modulated active SThM. In a first ex-

eriment associating a WThP with a PES, the sample was a poly-

er layer deposited on sensor’s electrode. The PES measured the

ttenuation and the phase lag of the thermal wave in a trans-

ission configuration. Thus the cross-plane thermal diffusivity has

een mapped [33] . 

The Fig. 1 illustrates the principle of combined SThM-PES setup

sed in this work. The goal is to determine all conductance chan-

els using V 3 ω and V 2 ω signals and eventually to establish the

omplete heat flux balance of the ThP. In Fig. 1 , a flux P PE flows

rom the ThP to the PES not only through the contact thermal con-

uctance G sc , but also through air conductance G sa . Several authors

ave observed that the ThP signal changes in the presence of the

ample long before the contact is reached [ 2 , 17 ]. This suggests that

 fraction of the flux is transferred across the ThP-sample air gap

ver a longer distance range than the size of the contact [ 1 , 25 , 26 ].
ig. 1. Association of a SThM thermal probe (WThP or NThP) with a pyroelectric 

eat flux sensor (PES) used as a sample. Arrows indicate heat loss channels from 

he heated zone through the cantilever to the probe base - G p , to the ambient air - 

 a , through the air to the PES - G sa , and across the contact zone to the PES - G sc . 

t

F

w  

t  

l  

w  

c  

a  

θ  

p  
he corresponding conductance G sa cannot be distinguished from

he conductance G a to the ambient by using the information from

he ThP. Only their sum is experimentally accessible, while G a is

ot constant in different configurations. It is one of the goals of

his work to measure G sa , which is comparable with or even larger

han G sc , as will be shown further below. The analysis of the struc-

ure of G sc pertains to level (i) mentioned in Section 1 . It contains

ossible contributions from solid contact, water meniscus, radiative

ransfer and short-range ballistic conductance through air [1] . 

Crucial for the calibration of resistive ThPs with distributed sen-

or is the fact that the signal is proportional to the average tem-

erature of the heating element, while the sample is excited by the

pex temperature. Depending on ThP architecture, the temperature

eld in the active zone can be approached analytically by the fin

heory [28] , by finite element numerical computation [ 13 , 21 ], or by

 simplifying isothermal assumption. 

. Stepwise procedure for the determination of thermal 

onductances 

The total thermal conductances in different configurations (in

acuum, in air, no contact and in contact) are determined experi-

entally from ThPs dc signals according to Eq. (33) of Section 4 ,

s: 

 

V,A,N,C = r el P/ (�R/ R 0 ) (4) 

Similarly, the conductances can be determined from V 3 ω signals

ith Eq. (2) . The deconvolution of different conductances of heat

xchanges in the two probe-sample systems is detailed in the next

ections. 

.1. Wollaston probe - pyroelectric sensor (WThP/PES) system 

.1.1. Temperature profile of the heating element 

Resistive ThPs have mirror symmetry in the longitudinal direc-

ion. For the WThP, the half-length l /2 of the heating element is

quivalent to a cylindrical fin attached to a wall [ 29 , 30 ] ( Fig. 2 ).

he temperature profile θ ( x,f ) along the suspended wire excited

y ac current is described by a form factor F ( x,f ) = θ ( x,f )/ θ0 where

0 = ( P /2)/ G p0 . The normalizing quantity G p0 = k w 

s /( l /2) is the dc

hermal conductance in the axial direction of one arm of the

hP, with k w 

the thermal conductivity and s = π r w 

2 the cross sec-

ion of the wire. With the following parameters of the Pt 90 Rh 10 

ire: l /2 = 100 μm, 2 r w 

= 5 μm, k w 

= 38 Wm 

−1 K 

−1 , one obtains

 p0 = 7.46 μW/K ±20 %. G p0 would be the internal conductance

f the power source P /2 was concentrated at the apex of the ThP

at x = 0) ( Fig. 2 ). It is reasonably assumed that the holders of

he wire (at x = l /2) are nearly-ideal heat sinks with G h → ∞ , since

( x = l /2)/ θ ( x = 0) ≈0.005 [34] . With this simplifying assumption,

he form factor has the expression [4] : 

 (x, f ) = 

1 

( ml/ 2 ) 
2 { 

1 −
[
(ml/ 2) + g sc 

(
1 −e −ml/ 2 

)]
e mx + 

[
(ml/ 2) −g sc 

(
1 −e ml/ 2 

)]
e −mx 

ml cosh (ml/ 2) + 2 g sc sinh (ml/ 2) 

} 

(5) 

ith m 

2 = g a /( l /2) 2 + j2 π f / a w 

the fin parameter and a w 

the wire

hermal diffusivity. The parameter g a = ( G a /2)/ G p0 is the reduced

ateral thermal conductance through the air, distributed along the

ire length and g sc = ( G sc /2)/ G p0 is the reduced contact thermal

onductance between the ThP and the sample, localized at the

pex. For WThP, Eq. (5) predicts a parabolic temperature profile

( x,f ), which has been experimentally validated by IR thermogra-

hy and micro-thermocouple profiling [ 13 , 22 , 35 ]. In the radial di-
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Fig. 2. (left) Thermal quadrupole representation of the normalizing conductance G p0 for the half-length ( l /2) Wollaston probe. The virtual power source is localized at the 

apex at x = 0. The real distribution of the power source is depicted in Fig. 3 . (right) micrograph of the heating element supported by silver prongs (see also [36] ). 
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l  
rection, the wire is thermally thin ( Bi ≈3 �10 −4 ), implying a uniform

temperature profile. 

The thermal frequency f corresponds to 2 ω, with ω the elec-

trical angular frequency of the excitation current. The frequency

dependence of F ( x,f ) has been studied before [ 22 , 23 , 28 ]. The resis-

tive thermal probes (ThPs) for SThM are sensitive to sample ther-

mal conductivity k only in the quasi-static regime below a cut-off

frequency f 0 , with f < f 0 , (about 100 Hz for WThP and 1 kHz for

NThP). In this case and for low excitation level, m = ( g a ) 
1/2 /( l /2) and

is independent of frequency and of thermal diffusivity of the wire.

From Eq. (5) , the form factor averaged over length l /2 is obtained

as [20] : 

〈 F ( g a , g sc ) 〉 = 

1 

g a 

(
1 − M 

1 + g sc M 1 / 2 

1 + g sc M 

)
(6)

In particular, at the two ends F x = l /2 = 0, while at the apex: 

F x =0 ( g a , g sc ) = 

M M 1 / 2 

2 ( 1 + g sc M ) 
(7)

In Eqn 7 , M = [tanh( g a 
1/2 )]/( g a 

1/2 ) and

M 1/2 = [tanh( g a 
1/2 /2)]/( g a 

1/2 /2). In the presence of the sample,

the lateral heat flux is split in two parts corresponding to a

smaller conductance G a /2 to the ambient air and a conductance

G sa /2 to the sample through the air gap (see also Section 2 ).

Their relative weight depends on measurement configuration. In

vacuum, g a = 0 and from Eq. (6) , < F > varies between 1/3 (no

contact) and 1/12 (perfect contact). It results that the maximum
Fig. 3. Thermal quadrupole model of half-length Wollaston ThP. The sample is a pyroe

element between the apex at x = 0 and the wire prongs at x = l /2. 
ynamic range of resistive wire ThP is DR = < F max > / < F min > =
 [ 4 , 20 ]. 

.1.2. Thermal quadrupole model 

The V 3 ω signal from the ThP is proportional to the average tem-

erature profile θ and hence to < F ( g a , g sc ) > . In the present work

he ThP was driven by low level ac current with constant ampli-

ude, such that the variation of heater resistance due to dc tem-

erature increase can be neglected. Therefore, the heat flux source

s considered as a constant power source P . Then from Eq. (2) , the

umped thermal conductance G of the ThP (for full length l ) is re-

ated to its signal or to its temperature as: 

 = 

2 G p0 

< F > 

∝ 

1 

V 3 ω 
∝ 

1 

θ
(8)

The total conductance G incorporates all heat exchange chan-

els between the ThP and its surroundings, but it is not a simple

um of different conductances. These are intricately combined in

he average form factor < F > according to Eq. (6) . One cannot de-

ne a true, intrinsic conductance of the ThP because the power

ources and heat flow channels are distributed according to the

hP design. Nevertheless, in all experimental configurations one

ay determine an effective conductance G p of the ThP body by

ubtracting all other conductances from G : 

 p = G −
∑ 

G i (9)

The resulting G p of Eqn 9 satisfies the heat flux conservation

aw. The thermal quadrupole model of the WThP is shown in Fig. 3 .
lectric sensor (PES). The power source is uniformly distributed along the heating 
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.1.3. Wollaston probe (WThP) heat flux balance 

Total conductances G 

V,A,N,C are determined with Eq. (4) . Three

xperimental steps are necessary to establish the sharing of heat

uxes through G p , G a + G sa , and G sc conductances: in vacuum (V),

o contact (N) and in contact (C). An optional step (A) with the

hP in air or in another gas, far from the sample, can be performed

n order to study the variations of G p and G a with the experimental

onditions. The following discussion pertains to the full length l of

he heating element and is based on the theoretical value of G p0 .

he < F > factor in each step is proportional to respective dc or ac

ignals ( Eq. 8 ). It is determined relative to the value < F V > = 1/3 in

acuum, which results from Eq. (6) for g a → 0 and g sc = 0. 

Step (V). The ThP is suspended in vacuum. In Fig. 3 only con-

uctance G p is present which represents the total conductance G 

V 

f heat diffusion from the ThP. Then with Eq. (8) one obtains: 

 

V = G 

V 
p = 2 G p0 / < F V > = 6 G p0 (10)

Step (A). The ThP is suspended in air. In Fig. 3 only conduc-

ances G p and G a are present which form the total conductance

 

A of heat diffusion from the ThP. Then with Eq. (8) one obtains:

 

A = G 

A 
p + G 

A 
a = 2 G p0 / < F A > (11)

nd: 

 

A 
a = 2 G p0 g 

A 
a , G 

A 
p = G 

A − G 

A 
a (12)

The g A a parameter is determined by numerical inversion of

q. (6) where g sc = 0. 

Step (N). The ThP is brought closely to the sample surface,

ust before contact. The configuration is analogous to that in step

A), the only change being an additional conductance G sa through

he air gap between the ThP and the sample surface (see Fig. 3 ).

qs. (11) and (12) become Eqn 13 and Eqn 14 : 

 

N = G 

N 
p + G 

N,C 
a + G 

N,C 
sa = 2 G p0 / < F N > (13)

nd: 

 

N,C 
a + G 

N,C 
sa = 2 G p0 g 

N,C 
a ; G 

N 
p = G 

N −
(
G 

N,C 
a + G 

N,C 
sa 

)
(14)

As in step (A), the g N,C 
a parameter is determined by numerical

nversion of Eq. (6) where g sc = 0. The total conductance through

he air G 

N,C 
a + G 

N,C 
sa is larger than G 

A 
a . Also, G 

N,C 
a 	 = G 

A 
a because now

art of the free space around the ThP is occupied by the sample.

he superscripts N, C indicate that the respective quantities remain

nchanged in the next step (C) below because the tip-sample rel-

tive distance is almost the same. 

Step (C). The ThP is put in contact with the sample. In Fig. 3 all

onductances are present. Since G sc is not connected to the same

emperature as the other conductances, the following expression

ncludes a correction by the ratio of apex temperature to average

emperature: 

 

C = G 

C 
p + G 

N,C 
a + G 

N,C 
sa + 

(
θC 

x =0 / θ
C 
)
G sc = 2 G p0 / < F C > (15)

here: 

 sc = 2 G p0 g sc (16) 

Using the g N,C 
a value from step (N), the parameter g sc is found

y numerical inversion of Eq. (6) . The sum G 

N,C 
a + G 

N,C 
sa being the

ame as in step (N), it follows that: 

 

C 
p = G 

C −
(
G 

N,C 
a + G 

N,C 
sa 

)
−

(
θC 

x =0 / θ
C 
)
G sc (17) 

In this step, G sc is determined basing on quantities found in the

revious steps. Note that only the total heat flux through the air

ia G 

N,C 
a + G 

N,C 
sa can be determined using the signal from the ThP.

his indetermination will be raised in the next Section using addi-

ional information from the PES. 
.1.4. Pyroelectric sensor (PES) heat flux balance 

Two experimental steps are necessary to establish the sharing

f heat fluxes to the sample through G sa and G sc conductances. 

Step (N). The ThP is just before contact. In Fig. 3 only conduc-

ances G p , G a and G sa are present. The PES signal V N 
2 ω is propor-

ional to the heat flux P N sa flowing through conductance G sa : 

 

N 
2 ω ∝ P N sa = θN G 

N,C 
sa = 

P G 

N,C 
sa 

G 

N 
(18)

Step (C). The ThP is in contact with the sample, i.e., with the PE

ensor surface. In Fig. 3 all conductances are present. Note that G sc 

s connected to a higher temperature than G sa , that is to the apex

emperature θC 
x =0 

. The PE signal V C 
2 ω is proportional to the heat flux

 

C 
sa + P C sc flowing through conductances G sa and G sc : 

 

C 
2 ω ∝ P C sa + P C sc = θC G 

N,C 
sa + θC 

x =0 G sc = 

P G 

N,C 
sa 

G 

C 

(
1 + 

θC 
x =0 

θC 

G sc 

G 

N,C 
sa 

)
(19)

Writing the ratio of Eqs. (19) and (18) , one obtains: 

V 

C 
2 ω 

V 

N 
2 ω 

= 

P C sa + P C sc 

P N sa 

= 

G 

N 

G 

C 

(
1 + 

θC 
x =0 

θC 

G sc 

G 

N,C 
sa 

)
(20) 

From Eq. (20) , the ratio of conductances through the contact

nd through the air, which link the ThP to the PES, is given by: 

G sc 

G 

N,C 
sa 

= 

θC 

θC 
x =0 

(
V 

C 
2 ω 

V 

N 
2 ω 

G 

C 

G 

N 
− 1 

)
= 

< F C > 

F C 
x =0 

(
V 

C 
2 ω 

V 

N 
2 ω 

V 

N 
3 ω 

V 

C 
3 ω 

− 1 

)
(21) 

In the last part of Eq. (21) use was made of Eq. (8) . It clearly

hows that the sharing of heat fluxes to the sample can be ob-

ained by combining the signals V 3 ω from the ThP with the ones

rom the PE sensor, V 2 ω . The result is independent of the measure-

ent in air far from the sample (step A). The conductance G 

N,C 
sa is

etermined basing on Eqs. (16) and (21) . Finally, G 

N,C 
a is derived by

ubtraction of G 

N,C 
sa from their sum determined in Eq. (14) . Thus

he PES allows differentiating the heat flux lost from the ThP to

he ambient through G 

N,C 
a , from the one transferred to the sample

hrough the air gap via G 

N,C 
sa . 

.2. Nanofabricated probe - pyroelectric sensor (NThP/PES) system 

.2.1. Thermal quadrupole model 

The NThP has a more intricate architecture than the WThP.

tarting from the apex to the holder, the heat transfer to air

hanges from ballistic to slip and diffusive regime [25] , and the

xchange coefficient h varies continuously by orders of magni-

ude (see estimations in Section 5.2 ). Therefore, a form factor ana-

ogue to Eq. (5) is difficult to establish. The model proposed in

ef. [37] assumes an unrealistic heat sink condition at the ends of

he heating element. Contrary to the WThP, in the NThP the active

one is separated from the coupling zone, and one can reasonably

ssume that the conductance G p of the latter is less affected by the

edistribution of the temperature field in the heater under different

perating conditions. In a first approximation it will be assumed

hat the active zone is isothermal, in particular that θ x = 0 = <θ> . A

orrection will be applied in Section 5.2 to the obtained G sc value. 

The quadrupole model of the NThP consisting of several ther-

al RC cells was developed in Ref. [21] . The analytical transfer

unction formulated in terms of time constants and dimensionless

hermal resistance ratios describes its frequency characteristics. At

ow frequency (quasi-static regime), capacitive thermal impedances

an be neglected. This allows grouping several conductances to the

mbient air from different zones of the ThP into a single one, G a .

he resulting model of the NThP reduces to that of Fig. 4 a con-

aining discrete circuit elements. Here G p is the conductance of the

antilever (characteristic length ≈100 μm) and is constant. It acts

s a coupling zone between the active zone (characteristic length
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Fig. 4. (a) Thermal quadrupole model of full-size nanofabricated probe (NThP). The sample is a pyroelectric sensor (PES). (b) Micrograph of KNT-SThM-1an NThP [38] . The 

two strips on the probe base are balance resistors. (c) SEM image of probe apex. (d) Geometry of regions (in μm) having thermal resistances R 1 ... R 5 . Yellow strips are gold 

pads (color on-line). The power source P is localized in the V-shaped Pd strips of the active zone. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 
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≈10 μm) containing the Pd heating element and the probe holder

equivalent to a heat sink ( Fig. 4 b-d). 

The ThP consists of a t = 400 nm thick Si 3 N 4 substrate slab hav-

ing l p = 165 μm in length and d = 120 μm width. The light strips

( Fig. 4 b) are t = 140 nm thick gold connection pads to the 40 nm

thick V-shaped Pd strip ( Fig. 4 c) that is the heating element. Con-

ductance G p can be calculated basing on the full-size geometry

of Fig. 4 d in a similar way as in Ref [21] and by considering the

conduction through the gold pads as well. The thermal resistances

of trapezoidal and rectangular substrate regions in the direction

of the heat flow are respectively R 1...3 = [ l /( kt )]ln( d 2 / d 1 )/( d 2 - d 1 ) and

R 4,5 = l /( ktd ) with l, d 1 , d 2 , and d the length and widths of each re-

gion. The resistances of gold layers were evaluated by multiplying
hese expressions by a coverage factor. For each region, the resis-

ance of substrate and gold layer in parallel was calculated, and

nally these resistances were summed up yielding 0.090 K/ μW for

he trapezoidal region and 0.045 K/ μW for the rectangular one. To

hat, the average resistance of the active region ( = 0.125 K/ μW ac-

ording to a model mentioned in Section 5.2 ) was added. The re-

ulting conductance of the whole ThP is G p = 3.85 μW/K ±20 %,

ith k = 10 Wm 

−1 K 

−1 for Si 3 N 4 and 200 Wm 

−1 K 

−1 for Au. The

atter value is 30 % less than 315 Wm 

−1 K 

−1 for bulk Au, due to

honon confinement effect in the thin gold layer and was calcu-

ated according to the model in Ref. [18] . The substrate conductiv-

ty can be off by several Wm 

−1 K 

−1 but as we shall see, it does not

mpact strongly the results because most of the flux flows in the
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etal. The obtained ThP conductance is consistent with the the-

retical estimation G p = 4.42 μW/K [25] and it is of the same or-

er as the experimental value of 1.92 μW/K [27] . Due to high con-

uctivity of gold, the contact pads channel three times more heat

ux than the substrate. Therefore, the effect of the uncertainty in

he conductivity of the substrate is reduced in the same propor-

ion. The heat flux through the pads is controlled by Au resistance

 1 which represents 40 % of total resistance of the Au thermal

ath. The heat management in this NThP might be optimized by

ecreasing the resistance of the active zone and increasing resis-

ances R 1 ... R 5 of the coupling zone. 

.2.2. Nanofabricated probe (NThP) heat flux balance 

The procedure is analogous to the one for WThP and contains

he (V), (A), (N) and (C) steps, with the difference that G p is un-

hanged in different ambient or sample contact conditions. 

Step (V). The ThP is suspended in vacuum. In Fig. 4 a only con-

uctance G p is present. Then the total thermal conductance G 

V of

he ThP is simply: 

 

V = G p (22) 

Step (A). The ThP is suspended in air. In Fig. 4 a only conduc-

ances G p and G a are present which form the total thermal con-

uctance G 

A : 

 

A = G p + G 

A 
a (23) 

hence: 

 

A 
a = G 

A − G p (24) 

Step (N). The ThP is brought closely to the sample surface, just

efore contact. The configuration is analogous to that in step (A),

ith an additional conductance G sa through the air gap between

he ThP and the sample surface (see Fig. 4 a). Eqs. (23) and (24) be-

ome Eqn 25 and Eqn 26 : 

 

N = G p + G 

N,C 
a + G 

N,C 
sa (25)

nd the total conductance through air is obtained as: 

 

N,C 
a + G 

N,C 
sa = G 

N − G p , (26)

hich is larger than G 

A 
a . 

Step (C). The ThP is put in contact with the sample. In Fig. 4 a

ll conductances are present: 

 

C = G p + G 

N,C 
a + G 

N,C 
sa + G sc (27)

The sum G 

N,C 
a + G 

N,C 
sa of Eqn 27 being the same as in step (N), it

ollows that: 

 sc = G 

C − G 

N (28) 

As in the case of the WThP, the discrimination between G 

N,C 
a 

nd G 

N,C 
sa requires additional information available from the PE sen-

or. 

.2.3. Pyroelectric sensor (PES) heat flux balance 

As in Section 3.1.4 ., two experimental steps are necessary to es-

ablish the sharing of heat fluxes to the sample through G sa and

 sc conductances. 

Step (N) is identical to step (N) of Section 3.1.4 . but Eq. (18) now

efers to Fig. 4 a. 

Step (C) is more straightforward than step (C) of

ection 3.1.4 because in Fig. 4 a all conductances are connected to

he same temperature. Then Eqs. (19 - 21 ) reduce to following Eqs.

29 ), Eqn 30 and ( 31 ): 

 

C 
2 ω ∝ P C sa + P C sc = θC 

(
G 

N,C 
sa + G sc 

)
= 

P G 

N,C 
sa 

G 

C 

(
1 + 

G sc 

G 

N,C 
sa 

)
(29)
V 

C 
2 ω 

V 

N 
2 ω 

= 

P C sa + P C sc 

P N sa 

= 

G 

N 

G 

C 

(
1 + 

G sc 

G 

N,C 
sa 

)
(30) 

G sc 

G 

N,C 
sa 

= 

V 

C 
2 ω 

V 

N 
2 ω 

G 

C 

G 

N 
− 1 = 

V 

C 
2 ω 

V 

N 
2 ω 

V 

N 
3 ω 

V 

C 
3 ω 

− 1 (31) 

The conductance G 

N,C 
sa is determined basing on Eqs. (28) and

31) . Finally, G 

N,C 
a is derived as in Section 3.1.4 . 

In conclusion, the outlined stepwise procedure allows deter-

ining G p , G a + G sa and G sc from ThP signals, and the ratio G sc / G sa 

rom PES signals. Eventually, all individual conductances can be de-

ived by combining the two sets of results. 

. Experimental setup and thermal probe calibration 

The ThP can be excited by dc or ac current, or by a combination

f the two [24] . In this study dc and ac measurements are equiv-

lent because the thermal diffusion length is larger than l /2 (low

requency, quasi-static regime). With dc excitation, the resistance

s expressed as: 

 (θ ) = R 0 (1 + r el θ ) (32)

nd with Eq. (1) , the relative resistance change is: 

�R 

R 0 

= 

r el P 

G 

(33) 

From Eq. (33) , the plot �R / R 0 vs. P has a slope r el / G which al-

ows determining the absolute value of total thermal conductance

 . 

The dc measurements were carried out with Keithley 6221 cur-

ent source and Agilent 34405A multimeter, with currents varied

rom 2 mA to 40 mA for WThP and from 0.1 mA to 2.0 mA for

ThP. The measured resistance ( ≥ 3.5 �) of the WThP includes

he resistance of leads to ThP base and that of Ag prongs. There-

ore, the nominal value R 0 = 2.1 � of the heating element was used

or data processing. The measured resistance of the NThP extrap-

lated to zero current (424 �) includes two ballast resistors of

00 � each and thus R 0 = 224 �. For Pt 90 Rh 10 alloy of the WThP

ire, r el = 1.66 •10 −3 K 

−1 is the nominal value [13] while for the

d strip of the NThP, r el = 1.2 •10 −3 K 

−1 was measured [37] . The

robes were mounted in a small air-tight chamber allowing mea-

urements in vacuum ( ≈ 5 •10 −2 Pa) and in controlled atmospheres

argon, air). Using Eq. (32) , the maximum temperature increase in

acuum was θ = 112 K for WThP and 225 K for NThP. Only the

ower P dissipated by the heating element is considered. The pro-

essed results are shown in Fig. 5 . The respective slope values

 �R / R 0 )/ P are gathered in Tables 2 and 3 . The linear fits in Fig. 5 a

o not pass exactly through the origin because of errors in measur-

ng small resistance variations �R (close to the origin) of a resistor

 0 having a few Ohms. Another cause might be the deviation from

ominal value of R 0 . If the intercepts of the linear fits for WThP

re set to 0, their slopes increase by 7 %, which is within the spec-

fied uncertainty. The results in Fig. 5 are possibly subject to large

ariability from one ThP to another, which limits the modeling to

he studied probes. Detailed description of the ThPs can be found

lsewhere [ 25 , 34 ]. 

The ac measurements in air were carried out in two configura-

ions. The WThP was placed in series with a 47 � resistor, in one

eg of a Wheatstone bridge. Since R 0 has a much smaller value,

onstant current operation can be assumed ( I = 5.0 mA effective).

he ac excitation at 10 Hz was provided by the internal reference

scillator of a SR865 lock-in amplifier which was tuned to the 3 rd 

armonic and measured the V 3 ω signal across the bridge. Prior to

he measurements, the bridge was balanced at the fundamental

requency. The NThP was connected directly to the output of the
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Fig. 5. Relative changes of ThP electrical resistance vs dissipated power measured for (a) WThP and (b) NThP in vacuum (V), in argon (Ar) and in air (A). Straight lines are 

fits having slope values ( �R / R 0 )/ P = 44.7 W 

−1 , 36.2 W 

−1 , 34.4 W 

−1 for WThP, and 234 W 

−1 , 188 W 

−1 , 174 W 

−1 for NThP ( ±10 %). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

i  

k  

1

h  

n  

n  

 

w  

p  

u  

p  

t

 

t  

r

S  

a

S  
Keithley 6221 current source ( I = 1.5 mA effective) that was sinu-

soidally modulated at 80 Hz. The V 3 ω probe voltage was measured

by a SR830 lock-in amplifier synchronized with the current source,

and tuned to the 3 rd harmonic. In the quasi-static regime, the av-

erage temperature increase at the contact equals the amplitude of

the temperature modulation. It can be calculated with Eq. (1) , with

the G sc values of Tables 2 and 3 , and with the heat flux sharing of

Fig. 7 . The result is 0.42 K ±20 % for WThP and 28.4 K ±20 % for

NThP. The higher excitation level for the NThP was necessary due

to very low V 2 ω signal from the PES, which decreases with increas-

ing frequency. 

The ThPs were mounted into a XE-70 scanning microscope

(Park Inc.). Its z -stage allows for precise control of the probe posi-

tion relative to the sample. In both cases a 200 μm thick pyroelec-

tric PZT ceramic slab ( k = 1.1 Wm 

−1 K 

−1 ) coated with ≈1 μm thick

gold electrodes ( k = 260 Wm 

−1 K 

−1 ) was used as a high thermal

conductivity sample ( Fig. 1 ). The latter value is 18 % less than that

for bulk gold due to phonon confinement effect and was calculated

according to Ref. [18] . The effective conductivity of this multilayer

sample measured by the WThP and NThP depends on the respec-

tive effective contact radius i.e., 1 μm and 100 nm. Using the ap-

proach of Ref. [18] for the calculation of the constriction thermal

resistance of layered samples, one estimates the sample conductiv-
ties seen by the WThP and NThP as k = 63 Wm 

−1 K 

−1 ±10 % and

 = 195 Wm 

−1 K 

−1 ±5 %, respectively. The V 2 ω signal was fed to the

0 M � input impedance of the lock-in amplifier tuned to the 2 nd 

armonic. This resistance in parallel to the PES capacitance C = 1

F yields an electrical time constant τ = 10 ms. The PES does not

eed to be calibrated since only relative signal values are required.

The V 3 ω and V 2 ω signals in air (configuration A) were measured

ith the ThPs more than 3 mm apart from the sample. Upon ap-

roaching the sample, the signals in contact (C) correspond to val-

es just after the snap to contact. The signals (N) correspond to a

osition just before contact and were obtained by extrapolation of

he approach curve to position (C). 

A normalized responsivity S n [W 

−1 ] which is independent of

he excitation conditions can be determined from Eq. (2) for ac

egime as: 

 n (ac) = 

2 V 3 ω 

V 0 

/P = 

4 V 3 ω 

I 3 R 

2 
0 

= 

r el 

G 

(34)

nd from Eq. (33) for the dc regime as: 

 n (dc) = 

�(R ) 

R 0 

/P = 

r el 

G 

(35)
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Table 1 

Experimental responsivities S n ( ac ) and S n ( dc ) and theoreti- 

cal one S n ( th ) of WThP and NThP in vacuum (V) ( ±20 %) 

calculated with parameters values specified in Sections 3.1.1 , 

3.2.1 and 4 . Conductance G V is obtained from Eqs. (10) and 

(22) . V V 3 ω values were scaled following the ( �R / R 0 )/ P levels in 

Tables 2 and 3 . 

ThP type S n ( ac ) / W 

−1 S n ( dc ) / W 

−1 S n ( th ) / W 

−1 

WThP 32.2 44.7 37.1 

NThP 156 234 264 
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Both experimental responsivities are equal to the theoretical re-

ponsivity S n ( th ) (last equalities), which is a direct measure of total

hermal resistance (1/ G ) in a given tip-sample configuration. There-

ore it can serve for intercomparison of quantitative SThM data

btained in different experimental conditions and for the link be-

ween levels (ii) and (iii) mentioned in Section 1 . 

For the same ThP type, the responsivities in Table 1 agree quite

ell, except S n ( ac ) of NThP. This might be due to the fact that the

onductance G in ac and dc regimes is not really the same due

o additional heating by the ballast resistors. Also, the tempera-

ure coefficient r el of metals decreases with increasing tempera-

ure. In ac experiments, a high excitation current was necessary for

he NThP because the PES signal was low, hence the average tem-

erature of the NThP was high. In contrast, the slopes of Fig. 5 b

ere determined at medium dc excitation current and the average

emperature of the NThP was lower. As a result, the real r el value

n Eq. (34) is lower than that in Eq. (35) , which may also explain

hy S n ( ac ) < S n ( dc ). 

The responsivity of the PES as a fluxmeter is a fixed parame-

er, S PE = V 2 ω /( P sa + P sc ) (amplitude values). With the P s fraction of

ig. 7 and from total power amplitude P = I 2 R 0 /2, one obtains for

ThP-PES in contact, S PE = 1.73 V/W (in voltage mode on 10 M �

oad resistor, at 2 f = 20 Hz). 

. Results and discussion 

.1. Wollaston probe (WThP) 

The calculation of quantities in Table 2 starts with the determi-

ation of < F > values in configurations (A), (N) and (C) using its

heoretical value of 1/3 in vacuum (V), scaled by the ratios of re-

pective dc or ac signals measured from the WThP ( Eq. 8 ). Total

onductances G are obtained from Eq. (4) . Other conductances are

xpressed as function of normalizing conductance G p0 . The experi-

ental value G p0 = 6.19 μW/K ±10 % obtained with Eq. (10) com-

ares well with the theoretical value mentioned in Section 3.1.1 .

he difference can be explained by the variability of wire length

nd radius, since the WThPs are manufactured manually. The

onductances G p are obtained with Eqs. (12 ), ( 14 ), (17) and G sc 

ith Eq. (16) , using only the WThP data. G sa is determined with

q. (21) and G a with Eqs. (12 ), ( 14 ), using also the PES data. As

ne can see, conductance G p is not the same in different configu-

ations because the temperature profile along the wire changes as
Table 2 

Experimental values of dc slopes ( ±10 %), V 3 ω and V 2 ω signals (effective values ±
temperature profile < F > ( ±3 %) and thermal conductance results ( ±15 % absolute 

configurations. 

Experimental configuration ( �R / R 0 )/ P /W 

−1 V 3 ω / μV V 2 ω / μV < F > /(-)

(V) In vacuum 44.7 - - 0.333 

In Argon 36.2 - - 0.270 

(A) In air 34.4 6.79 0 0.257 

(N) No contact - 6.234 11.9 0.235 

(C) In contact - 4.438 21.0 0.168 
ell, according to < F > factor (which is directly related to V 3 ω sig-

al, Eq. 8 ). For measurements in air, G p varies between 39.0 and

6.5 μW/K ( + 22 %), depending on sample properties. Using a non-

ontact SThM mode [39] , a similar variation between 47 and 62

W/K ( + 32 %) could be derived for similar conditions. The fact

hat G a and G sa remain unchanged in (N) and (C) configurations is

onsistent with the principle of the double scan technique [14] . 

The value of G a in air divided by the lateral area 2 π r w 

l of the

ire yields the equivalent exchange coefficient h = 2960 Wm 

−2 K 

−1 

30 %, in excellent agreement with h = 30 0 0 [40] . These are con-

istent with a value of 2300 Wm 

−2 K 

−1 determined experimentally

 34 , 41 ], which is still three times higher than that predicted by

sual correlations for long (macroscopic) cylinders. In the presence

f the sample, the increased G a + G sa yields even larger h values

hus confirming the assumption of Section 4.4 in Ref. [1] . The to-

al contact conductance G sc = 12.1 μW/K is comparable with the

alue of 10 μW/K measured on copper using a 2 ω technique and a

hermocouple ThP made of different Wollaston wires [41] . It is also

ompatible (through Eq. 3 ) with typical tip-sample interfacial con-

uctance of G i = 10-35 μW/K and contact radius of 10 0-20 0 nm,

elow 100 °C [42] . 

.2. Nanofabricated probe (NThP) 

The procedure for the derivation of various conductances of

he NThP reported in Table 3 is described in Sections 3.2.2 and

.2.3 . Total conductances G are obtained with Eq. (4) , G p with

q. (22) and G sc with Eq. (28) , using only the NThP data. G sa is

etermined with Eq. (31) , and G a with Eq. (24) and by using also

he PES data (see Section 3.2.3 ). 

Absolute conductance values depend on the first one that is

eing determined from Eq. (22) , G p = 5.12 μW/K, which is in the

ange of values mentioned in Section 3.2.1 . Contrary to the WThP,

 p is the same in different configurations because in the NThP the

ower source is concentrated in its active zone. Concerning G sc ,

he value is obtained with the assumption of an isothermal ac-

ive zone, θ x = 0 / <θ> = 1. The maximum temperature gradients in

his zone are expected for the ThP suspended in vacuum. A rough

stimation of θ ( x ) in this situation basing on the integration of in-

nitesimal ( P / l ) dx heat sources yielded θ x = 0 / <θ> = 1.52. If we take

n intermediate value 1.25 for the NThP in contact in ambient air, a

orrected value G sc = 0.807 μW/K is obtained instead of 1.01 μW/K

n Table 3 . This correction does not affect the heat flux balance. For

omparison, values between 0.24 μW/K [37] , 0.35 μW/K [43] and

.2 μW/K [25] were reported. 

Globally, the quantities of Table 3 are complementary to the ex-

erimental results obtained in the frequency domain in Ref. [21] .

he two experimental data sets agree better with the theoreti-

al parameter estimations therein, if they are recalculated with

 = 635 Wm 

−2 K 

−1 for the coupling zone (the cantilever), h = 9040

m 

−2 K 

−1 for the active zone, and if the effective active zone ex-

ends two times more into the coupling zone. The latter condition

hows that the quasi-isothermal hot part of the probe is larger

han strictly the area containing the Pd strip in Fig. 4 d. For compar-
5 %) from the Wollaston ThP and PE sensor, the average form factor of the 

error and ±5 % relative error) of various heat exchange channels in different 

 G /( μW/K) G p /( μW/K) G a /( μW/K) G sa /( μW/K) G sc /( μW/K) 

37.1 37.1 0 0 0 

45.9 38.6 7.29 0 0 

48.3 39.0 9.30 0 0 

52.6 39.6 3.16 9.75 0 

73.8 46.5 3.16 9.75 12.1 
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Table 3 

Experimental values of dc slopes ( ±10 %), V 3 ω and V 2 ω signals (effective values ±5 %) from the Nanofabricated ThP and PE sensor, and thermal 

conductance results ( ±20 % absolute error and ±5 % relative error) of various heat exchange channels in different configurations. 

Experimental configuration ( �R / R 0 )/ P /W 

−1 V 3 ω /mV V 2 ω / μV G /( μW/K) G p /( μW/K) G a /( μW/K) G sa /( μW/K) G sc /( μW/K) 

(V) In vacuum 234 - - 5.12 5.12 0 0 0 

In Argon 188 - - 6.40 5.12 1.28 0 0 

(A) In air 174 9.81 0 6.89 5.12 1.77 0 0 

(N) No contact - 8.61 1.49 7.85 5.12 0.802 1.93 0 

(C) In contact - 7.63 2.01 8.86 5.12 0.802 1.93 1.01 

Fig 6. a,b. Histogram of total thermal conductance G and its components, in different tip-sample configurations: in vacuum (V), in Argon (Ar), in air (A), no contact (N) and 

in contact (C) with the sample. 
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ison, a value h = 6100 Wm 

−2 K 

−1 was determined experimentally

[37] . 

5.3. Comparative discussion of WThP and NThP heat flux balance 

The cumulative thermal conductance G of different heat flux ex-

change channels in ThP-PES systems are plotted in the histograms

of Fig. 6 a,b, for different configurations. The shares between G p , G a ,

G sa and G sc are also shown, basing on the data from Tables 2 and

3 . To make them comparable, G sc has been corrected as in Eq. (15) .

Conductance G p of the WThP cantilever is almost constant. G p of

the NThP is assumed constant. Its real variation is expected to be

even smaller than the one of the WThP, for the reasons explained
t the beginning of Section 3.2.1 . Conductance G a to the ambient

ir has maximum value in absence of the sample (A), while the

onductance G sa through the air to the sample (N, C) is larger than

 a in the same configurations. This is the remote effect or "proxim-

ty effect" [26] due to the presence of the sample. The conductance

f interest G sc is relatively larger for WThP than for NThP. 

Fig. 6 a,b show that the effect of the sample is to increase to-

al G by G sa in (A) and (N) configurations, and additionally by G sc 

n (C) configuration. This suggests two normalization procedures

or quantitative SThM measurements, i.e. relative to the tip in air

A), or relative to the tip close to the sample (N). For the studied

ase the V 3 ω signal decrease (cf. Eq. 2 ) is 34.6 % and 22.2 % [signal

C)/(A)], or 28.8 % and 11.4 % [signal (C)/(N)], for WThP and NThP
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Fig. 7. Heat flux sharing ( ±5 % of the displayed value) through various channels for Wollaston probe | Nanofabricated probe in contact with a gold-coated pyroelectric sensor 

(configuration C). 
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espectively. Since the metrological quantity is G sc , the normaliza-

ion with the tip just before contact (N) is preferable because it is

ore sample-specific, despite its lower variation. 

Basing on conductance values from Tables 2 and 3 , the com-

lete picture of heat flux distribution in the two SThM probe types

an be established, in configurations (V, A, N, C). The heat flux con-

ervation law P = �( θ i G i ) is equivalent to G = �G i as long as all

onductances are connected to the same temperature θ , which is

ot the case for G sc of WThP. After multiplying G sc by the correc-

ion factor θ x = 0 / <θ> = 1.194 (see Eq. 15 ), the heat flux sharing di-

gram displayed in Fig. 7 is obtained, for tip-sample contact. The

rror mentioned in the Legend is not affected by the absolute er-

ors of G i components, but rather by their relative errors. 

Literature data susceptible to comparison with those of

ig. 7 are scarce. For the WThP, a heat flux balance computed by

nite volume element [13] reports P p = 66.0 %, P a = 4.1 % (of which

.005 % by radiation transfer) and P sc = 29.8 %. An analytical mod-

ling combined with experimental data [35] obtained P p = 64 %,

 a = 7 % and P sc = 29 %. In these works no distinction is made be-

ween P a and P sa . Using the resistance values of NThP regions cal-

ulated in Section 3.2.1 ., one can derive from the fit of frequency

pectra with the ThP in contact with a YAG crystal [21] the fraction

 sc = 11.6 %. 

The total thermal conductance of WThP in air is 7.0 times that

f NThP. The conductance G p of WThP probe alone is 7.2 times

arger than that of NThP, which is comparable to factor 10 of their

ctive zone sizes (100 μm / 10 μm). This represents more than

alf of the heat loss for both ThP types ( P p in Fig. 7 ). 

In absence of the sample, G a for NThP is roughly propor-

ional to gas thermal conductivity: G a (air)/ G a (Ar) = 1.39 compared

o k (air)/ k (Ar) = 1.49. This dependence is weaker for WThP (factor

.28) because the signal sensitivity to heat loss to air is lower near

he two ends of the wire attached to the silver prongs. 

The presence of the sample increases the total conductance

hrough air G a + G sa by 39 % (for WThP) and by 54 % (for NThP).

or NThP, the sharing between G a and G sa is consistent with the

eometry of the ThP. Contrary to the WThP, the NThP has a rather

at design. When approaching the sample, the half space above

he NThP remains unchanged ( G 

N,C 
a ≈ G 

A 
a / 2 ), while that below the

hP is reduced to an air gap (which is more conductive than air in

ree space, having G sa >>G 

A 
a / 2 ). This reasoning applies less to the

ThP ( G 

N,C 
a < G 

A 
a / 2 ). 

Considering Fig. 1 , one can imagine the heat flux P sa spread-

ng into a conical shape from the ThP to the surface of the PES.

asing on this, a simplified one-dimensional quantitative interpre-
ation of G sa is possible, which offers an estimation of the lateral

xtent of this heat transfer channel between ThP and sample. G sa 

an be considered as the conductance of a cylindrical air gap hav-

ng a thickness d of half the size of ThP active zone and an equiv-

lent lateral radius given by r Gsa = ( G sa d π−1 k air 
−1 ) 1/2 . The results

f 77 μm for WThP and 11 μm for NThP are commensurate with

he sizes of the respective heating elements, thus proving that G sa 

haracterizes the whole ThP active zones. 

For the studied ThPs, G sa is relatively large. Ignoring it results

n assigning this conduction channel either to the one to the am-

ient air, or to the one of the contact with the sample, depending

n the calibration method and on the modeling used. The result-

ng errors correspond to the P sa fractions in Fig. 7 . Since the heat

ux channel through G sa has no spatial resolution, its effect on the

ThM thermal imaging capability is to blur the thermal contrast of

ample structure. 

For both ThPs, the sample extracts from the probe a relatively

mall heat flux fraction P sc (19.5 % for WThP and only 11.4 % for

ThP), which is the heat transfer channel of metrological interest.

he comparison between P sc and P sa is still in favor of the WThP

 P sc > P sa ), as opposed to the NThP ( P sc < P sa ). The fact that G sc of

ThP is 12 times lower than that of WThP is due to much smaller

ontact radius of the former. 

. Conclusions 

This work deals with quantitative analysis of heat transfer

echanisms between two generations of SThM resistive probes

WThP and NThP) and their surroundings basing on experimen-

al data. It is concluded that the heat management in the NThP

ight be optimized by decreasing the thermal resistance of the

ctive zone and increasing that of the coupling zone. To achieve

he latter, the Au coverage of the cantilever substrate should be

educed in a particular region ( R 1 ) close to the heating element. In

ontrast, the WThP has no coupling zone. 

A normalized responsivity S n is defined which depends only on

otal conductance G of tip-sample system and which is valid for

oth dc and ac regimes. S n is specific for the ThP type but it is

ndependent of experimental parameters such as current, voltage

r power excitation. It is suggested that S n is a convenient measure

f sample thermal conductivity in SThM allowing comparisons of

easurements performed under different experimental conditions. 

Absolute thermal conductance values are comparable to lit-

rature data despite broad scatter of reported values which are

odel-dependent. Heat flux sharing is consistent with few re-
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ports on flux balance obtained by simulations. The normalization

of SThM signals to the configuration of the tip just before contact

(N) is more sample-specific than that of the tip in air far from the

sample (A). 

The complete heat flux balance of probe-sample system has

been established by associating the thermal probes with a pyro-

electric heat flux sensor (PES) in place of the sample. The major

heat flux channel for both ThP types is the thermal conductance

G p through the cantilever to the probe holder. The second impor-

tant heat flux channel is that to the air G a . The presence of the

sample modifies the environment, which changes G a and adds a

conductance to the sample across the air gap, G sa . The latter ex-

tends beyond the microscopic contact zone and is different from

the (ballistic) heat transfer in air across the contact. The disam-

biguation between the two long-range heat transfer channels in air

G a and G sa was possible owing to the ThP - PES association. For the

WThP, G sa is inferior to the contact conductance G sc , while for the

NThP, it is twice as large. Finally, the heat flux through the contact

G sc , which is of interest, is relatively small if one considers G a + G sa 

as a single channel, and the presence of the sample influences the

sharing of all heat flux channels. 

The weight of G sc in the heat flux balance favors the WThP, but

the spatial resolution of the NThP is better due to smaller con-

tact radius. The technological advantage of the NThP is the pos-

sibility for batch fabrication, contrary to manual fabrication of the

now obsolete WThP. The association of a SThM ThP with a PES rep-

resents a new calibration method for ThPs, along with an original

data reduction procedure for parameters extraction entirely based

on the experiment. The obtained parameter values correspond to

a high conductivity sample (63 Wm 

−1 K 

−1 with WThP and 195

Wm 

−1 K 

−1 with NThP). The same calibration scheme might yield

parameter values corresponding to a low conductivity sample if us-

ing a commercially available polyvinylidendifluoride (PVDF) poly-

mer PES, coated with tens of nm thick metallic electrodes. 
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