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ABSTRACT

Temperature measurement using Scanning Thermal Microscopy (SThM) usually involves heat transfer across the mechanical contact and
liquid meniscus between the thermometer probe and the sample. Variations in contact conditions due to capillary effects at sample-probe
contact and wear and tear of the probe and sample interfere with the accurate determination of the sample surface temperature. This paper
presents a method for quantitative temperature sensing using SThM in noncontact mode. In this technique, the thermal probe is scanned
above the sample at a distance comparable with the mean free path of ambient gas molecules. A Three-Dimensional Finite Element Model
(3DFEM) that includes the details of the heat transfer between the sample and the probe in the diffusive and transition heat conduction
regimes was found to accurately simulate the temperature profiles measured using a Wollaston thermal probe setup. In order to simplify the
data reduction for the local sample temperature, analytical models were developed for noncontact measurements using Wollaston probes.
Two calibration strategies (active calibration and passive calibration) for the sample-probe thermal exchange parameters are presented. Both
calibration methods use sample-probe thermal exchange resistance correlations developed using the 3DFEM to accurately capture effects
due to sample-probe gap geometry and the thermal exchange radii in the diffusive and transition regimes. The analytical data reduction
methods were validated by experiments and 3DFEM simulations using microscale heaters deposited on glass and on dielectric films on silicon
substrates. Experimental and predicted temperature profiles were independent of the probe-sample clearance in the range of 100=200"nm,
where the sample-probe thermal exchange resistance is practically constant. The difference between the SThM determined and actual average
microheater temperature rise was between 0.1% and 0.5% when using active calibration on samples with known thermal properties and
between ~1.6% and 3.5% when using passive calibration, which yields robust sample-probe thermal exchange parameters that can be used
also on samples with unknown thermal properties.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5099981

I. INTRODUCTION

Local temperature determination is one of the critical needs for
thermal management of miniaturized electronic devices." Scanning
thermal microscopy (SThM) techniques employ probes with supe-
rior spatial resolution when compared to micro-Raman thermom-
etry,”” optical thermometry,”” and infrared thermal microscopy.”’
SThM is based on Atomic Force Microscopy (AFM) with a special
tip functioning as a temperature sensor and/or heat source, which
helps to measure local sample temperature or thermal properties’

and can scan with nanoscale spatial resolution.” SThM can oper-
ate in active or passive modes depending on whether the probe
is self-heated or not. Noncontact mode indicates the absence of
mechanical contact due to nonzero tip-sample clearance and has
been reported for sample thermal conductivity measurements.'’ "
To quantitatively measure sample temperature by SThM, various
methods including double scan,"” null-point method," """ and two
scan method'® "’ were developed and are briefly discussed below.
The double scan technique’ used the difference between
SThM thermocouple probe temperatures collected in contact and
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noncontact mode in order to eliminate the influence of air conduc-
tion on the temperature measurement. The null-point method'*"”
implemented double scan procedures for thermocouple probes
instrumented with heaters to induce low to high probe tempera-
tures and to interpolate a point where the heat exchange between
the probe and the sample was equal to zero, signifying that the
temperature of the probe and sample were equal. The two scan
method'” was developed for a resistive thermal probe operating in
vacuum conditions and considered the variations with the sam-
ple location of the thermal contact resistance, which is the ther-
mal resistance between the tip region of the probe that comes in
contact with the sample and the sample surface. This method mea-
sured the thermal contact resistance when the sample heating was
turned on and off. The temperature rise of the sample for the heat-
ing on state was assumed to be small enough compared to the
temperature rise of the probe, and thus, thermal contact resistance
remained constant for the heating on and heating off states. An
analytical model was used to determine the local sample temper-
ature while considering a position dependent tip-sample thermal
resistance.

The SThM based sample temperature sensing methods dis-
cussed above involve measurements done in mechanical contact
between the probe and sample. However, tip-sample contact ther-
mal resistance does vary with the topography of the sample'*”’
and with wear and tear of the probe/sample contact region due
to mechanical contact changes or when the temperature rise of
the sample becomes significant.”>”’ This requires additional mod-
eling or related experimental characterizations to more accurately
determine the tip-sample thermal resistance and its variation.”"
In addition to the solid-solid contact, the liquid meniscus between
the probe and sample plays a major role in the heat transfer at
the tip-sample contact. That could also affect the temperature mea-
surement accuracy in contact mode.”’ While SThM under ultra-
high vacuum could eliminate the heat conduction through the
water meniscus, control of the heat transfer through the mechan-
ical contact remains a challenge.”’ Moreover, near-field ther-
mal radiation transfer across the contact region could become
a dominant heat transfer mechanism,’’ but it is not thoroughly
understood.”*

This paper presents a method for quantitative temperature
sensing using scanning thermal microscopy in noncontact mode
under ambient conditions, which eliminates uncertainties due to
liquid meniscus and wear, tear, and control of the solid-solid con-
tact. In this noncontact technique,'""* the thermal probe is scanned
above the sample at a distance comparable with the mean free path of
ambient gas molecules. A Three-Dimensional Finite Element Model
(3DFEM) that includes the details of the heat transfer between the
sample and the probe in diffusive and transition heat conduction
regimes was developed and was found to accurately simulate the
temperatures measured using a Wollaston thermal probe setup. In
order to simplify the data reduction procedure for the local sam-
ple temperature, analytical models were employed for noncontact
measurements using Wollaston probes. Two calibration strategies
are presented (active calibration and passive calibration) for the
sample-probe thermal exchange parameters required by the ana-
lytical models. Both calibration methods use one set of experi-
ments in conjunction with a newly developed sample-probe thermal
exchange resistance correlation. This correlation was developed for

ARTICLE scitation.orgljournal/rsi

Wollaston probes using the 3DFEM and accurately captures effects
due to sample-probe gap geometry and the thermal exchange radii in
both the diffusive and transition regimes. The analytical data reduc-
tion methods were validated by experiments and 3DFEM simula-
tions using metallic microscale heaters patterned on glass and silicon
substrates.

Il. EXPERIMENTAL SETUP
A. Experimental setup

The samples used for the SThM temperature measurement
experiments are gold microheaters/thermistors of 10-40 ym widths,
microfabricated in a cleanroom on glass and silicon substrates. As all
the aforementioned work'' " used the line heater to validate their
techniques, the microheater samples with similar geometry are used
in the following experiments and are shown on the left side of Fig. 1.
A DC power supply is connected to the inner pair of the electrical
pads of the microheater and provides a constant current through
the microheater region shown in red in Fig. 1. The Joule heating
yields a temperature profile in the sample confined near the heater.
In a typical SThM temperature measurement experiment, the SThM
probe is scanned above the middle section of the microheater along
a direction perpendicular to its length, as shown. To experimentally
validate the SThM sample temperature measurements performed in
this work, the outer pair of the electrical pads is connected to a data
acquisition system to measure the voltage across the middle section
of the microheater in order to determine its temperature rise from its
temperature coefficient of resistance (TCR;) and electrical resistance
change.

Figure 1 shows on the right the schematic of the auto-
matic noncontact SThM temperature sensing system. The sample is
mounted on an XYZ nanopositioning system which enables three-
dimensional scanning. A laser beam reflected by a small mirror on
the probe cantilever is detected by a photodiode detector. The probe
is a commercial Veeco® Wollaston thermal probe consisting of a
Pt/Rh core of 5-ym diameter and a 75-ym diameter silver shell. In

Horizontal I
scanning
irection

/ XYZ Stage

FIG. 1. Left: Top view of a microheater. Right: Schematic of the noncontact temper-
ature scanning system. Vs, Vs, Vonotodetector, Vprobe, @nd Vg are the voltage signals
across the microheater, the series resistor of microheater circuit, the photodetec-
tor, the thermal probe, and the series resistor of the thermal probe, respectively.
Another parallel circuit consisting of a reference probe and a series resistor is
used to monitor changes in the heat transfer of the probe with the laboratory ambi-
ent, where Vione er @nd Vi e are voltage signal across the reference probe and
reference series resistor, respectively.
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the active mode, an AC current with a frequency of 6 kHz and a
current range of 10-19 mA is applied to the probe, while the micro-
heater is not energized. In the passive mode, the microheater is
energized, while a smaller AC current range of 0.1-1 mA is applied
through the probe to minimize self-heating effects during the probe
temperature measurement experiments. A parallel circuit consisting
of a reference probe and a series resistor is used to monitor changes
in the heat transfer of the probe with the laboratory ambient. A data
acquisition system collects simultaneously voltage signals from the
SThM probe setup and the microheater setup.

B. Probe average temperature measurement

Figure 2 shows the electrical resistance of a Wollaston SThM
probe measured as a function of the square of the probe current, for
a tip-sample clearance of 300 nm on top of a 40 ym microheater
on a glass substrate. The change in the probe electrical resistance
indicates a change in the average temperature of the probe, which
is affected by Joule heating due to the probe current and also by
the sample surface temperature. For a fixed sample temperature,
the electrical resistance changes linearly with the current squared,
with the slope of the curve being proportional to the thermal resis-
tance of the probe. The probe electrical resistance value for zero
current is represented by the intersection of the curve with the y-
axis and changes with the sample temperature, as shown by the set
of curves collected for sample temperature rises between 0 K and
80 K above ambient. The no heating resistance Ryo when the sample
is not heated and the probe has zero current can be located on the
graph. Therefore, the average probe temperature rise T,y can be cal-
culated by Eq. (1) due to the proportionality of sample temperature
rise and probe electrical resistance,

The = (1)
ave — Rp() x TCRP)
2.305 -
! . ®
2.300 | L an " g mmnnn "
m 22 '.-.-l“" Sample temperature rise
£ 2 95-— v = 0K 4 =12K
8 2.290 | e =45K = =80K
[}] I o © °
O 2285} e o0 ® ®
§ [ g000°°® eoe?
0 2.280 fece®
- [ .
S 2275} R
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FIG. 2. SThM probe electrical resistance vs SThM probe current squared for
different sample temperature rises, as measured at a tip-sample clearance of
300 nm.
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FIG. 3. The photodetector signal and the average temperature rise of the SThM
probe during a vertical scanning in active mode with nonheated sample.

where the Ryo = 2.2665 Q, TCR, = 0.001 65 K™ ! % isthe temperature
coefficient of resistance of the probe, and R is the probe electrical
resistance measured at every step of scanning, respectively.

C. Scanning procedures

To locate the contact point and then set the tip-sample clear-
ance, a vertical scanning with a 50-nm step size was performed first
by gradually raising the sample. The contact point was determined
for several locations on the sample using experimental data simi-
lar to the one shown in Fig. 3 collected using the probe in active
mode. Before the sample-probe contact, the laser detector signal was
constant, and heat transfer through air was the only heat transfer
mechanism between the sample and the probe. The average probe
temperature rise Ty, decreased linearly with the decreasing of the
tip-sample distance. When the probe contacted the sample surface,
there was a voltage change of the laser detector and a sudden tem-
perature drop of the probe due to additional solid-solid and water
meniscus heat conductions. After the contact, the signal from the
laser sensor kept increasing linearly as the probe cantilever was
deflected further, while the probe temperature rise reached a con-
stant value with some small fluctuations. The probe temperature and
the distance from the sample surface of each point were recorded,
and the force feedback system was used to monitor the tip-sample
clearance.

Horizontal scanning typically with 1-10 ym step size and at
a constant tip-sample clearance was performed across the heater
width as indicated in Fig. 1. The probe tip-sample clearance was set
to values in the range of 100 nm-300 nm.

In order to obtain the temperature of the sample, analytical and
finite element models for the heat transfer between the probe and
the sample have been developed and are described in Secs. [Tl and I'V.

I1l. ANALYTICAL MODELING
A. Active mode

The active mode is typically employed for measuring the ther-
mal conductivity of the sample.”’ In this work, it is used to help
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calibrate the thermal exchange parameters between the apex of
the probe and the sample. The governing equation of the one-
dimensional fin model for the Joule heated Wollaston probe was
developed in Ref. 11, as shown at steady state in the following
equation:

=0, 2

dzT* _ 2heff _ IzpoTCRp * Izpo
dx? kpr kpm?r kpm?r

where for a point x on the probe, T* represents the local temper-
ature rise above the ambient temperature, po and k;, are the probe’s
electrical resistivity and thermal conductivity at the ambient temper-
ature, heg is the effective heat transfer coefficient, TCR;, is the probe’s
temperature coefficient of resistance, I is probe’s current, and
r = d/2 is the radius of the Wollaston wire probe. The schematic of
this analytical model is shown in Fig. 4.
The general formula of the analytical solution of Eq. (2) is

T* = Clelx + Czeikx + ﬁ’ (3)
where
1= Zheff _ IzpoTCRP 02 (4)
kpr kpm2rt ’
Izpo
- kpm2rt’ )

Assuming the silver clad and the probe cantilever are ideal heat
sinks that yield no temperature rise at that probe ends,

T"|ieg = T |y = 0. (6)

For the tip region of the probe, the heat transfer rate Qs between
the probe tip and sample surface can be found from the energy
balance, which due to symmetry can be written as

oT* I
~kpAp Ox lx=1-p +

b "
PO% (1 + TCRy x T*|xerp)
P

= heggbrr T |y = % (7)

A

740) = 0

\\ /
: Heat\égnduction

FIG. 4. Analytical model of the probe and probe tip heat transfer.
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where Aj, is the cross-sectional area of the probe. In Eq. (7), hef acts

on the upper surface of the 2b tip region shown in Fig. 4, while the

bottom tip region exchanges heat directly with the sample surface.
Then, the heat transfer rate in the sample can be written as

*
_ T |x:L—b
~ pth th >
RS + R{

Qs ®)
where RY is the tip-sample thermal exchange resistance and L is the
half-length of the probe. The temperature rise for the tip region is
Tp* = T"|=1-p- Assuming that the tip-sample heat transfer rate Qs
occurs through a disk-shaped area with radius b of uniform temper-
ature distribution on the sample surface, the thermal resistance for a
bulk sample is expressed by

R
4kb’

where ks is the thermal conductivity of the sample.
Finally, the averaged probe temperature can be calculated from

th
RS =

&)

* 1 L *
The =~ f T* dx. (10)
L Jo

B. Passive mode

For temperature sensing applications, the SThM probe runs in
the passive mode. The Joule heating effect for the probe under a
small current is neglected, and Eq. (2) can be simplified to

T 2her,
- T =0. 11
dx?  kpr (11)
The boundary conditions [Egs. (6) and (7)] become
T* |x:0 = T* |X:2L = 0, (12)
8T* * QS
= kpAp = —lce1p = hebmr T |y = > (13)

The analytical solution of Eq. (11) is written as a function of Q,

T* (x) = Qu(Cre¥™ + Cre™V™), (14)
where
Cy = —[bhegnr sinh(\/X(L -b))+ \/XApkp cosh(\/Z(L - b))]fl,
(15)
C=-C, (16)
_ 2het
A= Tor 17)

Then, the average temperature rise of the probe Ty, can be cal-
culated by averaging T* (x) over the length of the probe, as shown in
Eq. (10).

Next, the sample temperature rise can be calculated as

T = Tj +RE x Q,, (18)

where Ty and T; are the temperature rise of the probe tip and sam-

ple, respectively. Two parameters R and b are required by the ana-
lytical models described in this section in order to obtain numerical
results. The calibration of these parameters is discussed in Sec. V.
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FIG. 5. (a) 3DFEM modeling of the sample-probe-ambient heat transfer. The tip-
sample air gap was decomposed into tubes with identical wall thickness which
were assigned thermal conductivity values based on the local tip-sample clear-
ance according to Eq. (23) for the transition regime; (b) Comparison between
experimental and 3DFEM predictions of the average probe temperature rise mea-
sured across a 40-um microheater on glass substrate and with apex probe-sample

clearances in the transition (100-200 nm) and diffusive (300 nm) heat transfer
regimes.
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IV. 3DFEM FOR SAMPLE-PROBE-AMBIENT HEAT
TRANSFER

A. FEM model

A 3-Dimensional Finite Element Model (3DFEM) was imple-
mented in COMSOL Multiphysics®** to simulate the heat transfer
between the probe, the sample, and the surrounding air. The geo-
metrical model of the SThM probe and sample used by the 3DFEM
simulations are shown in Fig. 5(a) and are similar to those used in
experiments. Probe and modeling parameters used by 3DFEM and
analytical models are listed in Table I. The computational domain
consists of four parts: the probe, the sample, the air gap between the
probe and the sample, and the surrounding air. The heat transfer
mechanism between the probe and air was shown to be heat con-
duction for the Wollaston probe geometry.'”'" Two key physical
processes are involved, one is Joule heating in the thermal probe
and the other is heat conduction among the computational domains.
Therefore, the energy equation in each part of the computational
domain can be expressed as

-V-(kVvT) =Q (19)

where Q is the volumetric heat source, and k is the thermal conduc-
tivity of each part of the domain. The bulk thermal conductivity of
the microheaters’ glass substrate, probe, and air are 1.1, 38, and 0.026
W m™ K™% respectively.

In the passive mode, a volumetric heat source Q is applied to
the metallic heater sample and set to be zero in other domains.

In active mode, the probe has Q according to Eq. (20), and Q in
other domains is set to be zero,

where
] =0E, (21)
! (22)

o= N
po(1+ TCRy(T - Trer))

where E is electric field strength (V m™), J is the current density
(A m™2), and o is the electrical conductivity (S m), respectively.

TABLE 1. Probe and 3DFEM and analytical modeling parameters.

Attribute Symbol Unit Value in model
Probe half length L pm 100
Probe radius r pm 2.5
Probe tip radius of curvature Reurve pm 12

Probe half-angle ©] deg 18
Thermal conductivity of probe kp Wm 'K 38

Probe electrical resistivity (19.9 °C) Po Qm 2.06 x 107
Temperature coefficient of resistance TCR, K 0.001 65
Thermal conductivity of air in free space ko Wm 'K! 0.0262"°
Effective heat transfer coefficient hege Wm 2K ! 1700
Tip-sample clearance at tip apex D nm Varies (50-300)
Heat generation of 40-ym microheater on glass substrate P w 0.016
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Since the tip-sample clearance (100-300 nm) is comparable
to the mean free path of ambient air, the interactions between gas
molecules and boundaries become more pronounced, which reduces
the gas thermal conductivity compared to its bulk value. Accord-
ing to Refs. 37-39, the thermal conductivity of an air layer in the
transition regime can be estimated by

ko

2-or 2y A/D;’

ke =
1+2 or y+l Pr

(23)

where A and ky are the mean free path and the thermal conductiv-
ity of air in free space. o is the thermal accommodation coefficient
(o7 = 1:’8), y is the ratio of the specific heats, Pr denotes the Prandtl
number, and D; is the local clearance from sample to probe. The ratio
AD; is equivalent to the Knudsen number (Kn). The 3DFEM of the
air gap between the probe and the sample in the transition regime
was forced to account for Eq. (23) by decomposing the gap in an
array of coaxial tube sections with constant wall thickness starting
from the apex of the probe. The decomposition process is shown in
Fig. 5(a). Each tube was set to the corresponding effective thermal
conductivity from Eq. (23), based on the tube’s height, which is the
local tip-sample clearance D;. If the local clearance is >300 nm, the
decomposition process is stopped and the air thermal conductivity
assumes the bulk value.

The initial value of the temperature was set to Trer = 299.05 K
for all the computational domain as well as the external boundaries
of the air box (far from the thermal probe). Solution convergence
studies were conducted with 587 414, 634 234, 745 386, 941 173, and
1055557 triangular meshes, respectively. Since the difference of
computation results (temperature) from 745 386 meshes to 1 055 557
meshes was only in the order of 1 x 107°, 941173 meshes were
chosen.

B. 3DFEM validation for noncontact SThM with
air-gap heat transfer in the transition and the
diffusive regimes

Figure 5(b) shows a comparison between 3DFEM predictions
for Ty, profiles and experimental results for a Wollaston SThM
probe scanned in passive mode at tip-sample clearances of 100 nm,
150 nm, 200 nm, and 300 nm above a 40-ym width microheater
deposited on a glass substrate. The difference between the average
heater temperature rise calculated from the TCRs of microheater and
the 3DFEM simulation was under 0.12% when inputting the same
power from the experiments to the microheater model. The exper-
imental uncertainty for the thermistor based measurement of the
average heater temperature is 0.07%. The experimental uncertainties
for Ty, profiles reported in Fig. 5(b) are <0.34%, the corresponding
error bars being smaller than the size of the experimental dots. The
3DFEM simulations of Ty, are in good agreement with the exper-
iments for both the diffusive and transition heat transfer regimes
of heat conduction in the tip-sample air gap. Moreover, Ty, pro-
files for probe tip-sample clearances of 100 nm, 150 nm, and 200 nm
were observed to overlap in both experiments and the 3DFEM sim-
ulations performed in the transition regime. However, 3DFEM sim-
ulations that employ the bulk thermal conductivity of the air in the
entire domain do not yield good agreement with experiments, unless
the gaps are 300 nm or larger. This indicates that the implemen-
tation of transition regime heat conduction was critical to predict
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accurately the temperature profiles measured by the SThM probe for
gaps <200 nm.

C. Development of sample-probe thermal exchange
resistance correlation

An analytical model, a correlation, or experimental values for
the sample-probe thermal exchange resistance RY are needed for
implementing the analytical models developed in Sec. III in order
to determine the sample surface temperature from the measured
probe temperature. While the sample-probe thermal exchange resis-
tance was measured experimentally in both diffusive and transition
regimes,' "'’ there are few references that considered analytical
models for conduction in the air gap.”* Majumdar et al.’ intro-
duced a model to estimate thermal exchange resistance by taking
tip-sample clearance as the new MFP in the kinetic theory for the
transitional regime. Analytical R models that account for both dif-
fusive and transition regime for a spherical probe are presented in
Refs. 40 and 41. However, these models do not describe Wollas-
ton probe heat transfer accurately when the heat transfer radius is
comparable with the wire diameter. Gomes et al.” further suggested
to use simulations to study thermal interaction in the transition
regime.

This work employs 3DFEM for the apex section of the probe
in order to develop a correlation for R of a Wollaston probe apex
geometry. The correlation accounts for the tip-sample clearance D,
the heat transfer radius b, and the probe wire diameter d. As shown
in Fig. 6, the region between the sample surface and the apex of
the probe was cut into cylindrical sections with diameters 2b rang-
ing from 1 ym to 10 um, representing different diameters of the
heat transfer regions between the probe and the sample. The rest of
the system was removed from this simulation. A gap-dependent air
thermal conductivity calculated using Eq. (23) was assigned to cylin-
drical subsections within the 2b region using the process already
discussed in Sec. I'V B and shown in Fig. 5(a). For a given 2b region,
the lateral and top surfaces were set to be adiabatic. The sample
portion included in this region (the bottom surface) was fixed at
the room temperature, while the probe segment included in this
region was heated until its steady state temperature reached 310 K.
The required power was recorded and R was calculated using
Eq. (18).

Figure 7(a) shows examples of R calculated as a function of
b for a probe of d = 5 ym diameter set in either the diffusive (D
= 300 nm) or transition regime (D = 100 nm). Examples of sim-
ulation results for RY' as a function of tip-sample clearance with
d =5 uyum and b = 2 ym are shown in Fig. 7(b). In the transi-
tion regime, the modeled R is found to be nearly independent
of the tip-sample clearance D. This result explains the clearance
independent experimental probe temperature profiles from Fig. 5(b)
obtained for 100-200 nm probe-sample clearances. On the contrary,
for Kn < 0.01, RY varies significantly with D in the diffusive regime.
Figure 7(c) shows simulation results for RY' with b = 1 ym as a func-
tion of probe diameter in the diffusive (D = 300 nm) and transition
(D =100 nm) regimes.

Correlations were developed by fitting the 3DFEM simulation
results for R%‘ (in Kelvin per Watts) using D (in nanometer), b (in
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Probe diameter

micrometer), and d (in micrometer) as variables and yielding

RY = 1.871 11572788 47090792114 602.3 — 178.698D + 0.801 08D?)

RE = 3203770193 47000 (147 248.8 - 618.202D + 1.359 61D°)

The correlation fits very well the 3SDFEM numerical solutions,
as shown in Fig. 7. The correlation coefficient for the fit was R

Heat exchange

diameter Transition

Air gap thermal conductivity

0 < D < 300 nm,

300 nm < D < 350 nm.

=0.9915.
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FIG. 6. Left: Schematic of probes
with different diameters. Cylindrical sec-
tions of the probe and air gap (dis-
played upside down) depict heat trans-
fer regions with different diameters for
each probe. The right side of the image
depicts the decomposition of the air gap
for a given probe and heat transfer diam-
eter in cylinders with thermal conductiv-
ities based on the local gap clearance
and Eq. (23).

V. EXPERIMENTAL RESULTS AND DISCUSSION

A. Calibration of heat exchange parameters

The analytical model described in Sec. III B can be used to
determine the sample temperature based on the measured average
probe temperature; however, it needs the calibrated values for the

(29)

thermal exchange parameters R and b. The strategy described in
this work for determining b and RY requires one experimental cali-

bration and the use of the sample-probe thermal exchange resistance

below.
L (b)
- = 3DFEM
Eq. (24)

0 50 100 150 200 250 300 350 400
Probe tip-sample clearance (nm)

2.8
= Diffusive regime (3DFEM)
261l (C) e Transition regime (3DFEM)
A R R R Diffusive regime (Eq. (24))
s s — - - Transition regime (Eq. (24))
24 } LA
S22t
£ 0
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18 |
1.6 . L L L L
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Probe diameter (um)

correlation developed in Sec. IV C. The experimental calibration can
be performed in the active and passive operation modes as described

FIG. 7. (a) 3DFEM results (dots) com-
pared with predictions of the developed
correlation Eq. (24) for R‘é‘ as a function
of: (a) heat transfer radius b for d = 5 um
in the diffusive (D = 300 nm) and the tran-
sition regime (D = 100 nm), (b) D with
b=2umandd=>5um,and (c) d with
heat transfer radius b = 1 ym in the dif-
fusive (D = 300 nm) and the transition
(D =100 nm) regime.
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In the active mode, the thermal resistance of the probe is mea-
sured above a bulk sample of known thermal conductivity. Similar
to the procedure described in Ref. 11, for each heat transfer radius
b selected in a range between 0.5 and 5 ym, the analytical model
described in Sec. III A is used to fit the average probe temperature
rise Ty to its experimentally measured value and determine Rg‘
from the relationship

T>(‘
Rh=-_L
Qs

In the passive mode the SThM probe is scanned across the
width of a microheater of known average temperature. The values
of the averaged SThM probe temperature measured at several points
across the width of the microheater line in the center of the micro-
heater are averaged yielding an averaged SThM profile temperature.

th

-Ry. (25)
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FIG. 8. Finding the values of the thermal exchange parameters R‘S and b using
active and passive mode calibrations in (a) diffusive regime with D = 300 nm and
(b) transition regime with D = 100 nm. The intersections of the experimental cali-
bration curves with the thermal exchange resistance correlation [Eq. (24)] yield the
results specified in each figure.
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Then, for a heat transfer radius b selected in a range between 0.5 and
5 ym the analytical model described in Sec. I11 B is used to fit Tpy, to
the averaged SThM profile temperature and determine RY from the
relationship

RE = (T¢ - T})/Qs. (26)

Figure 8 shows with blue dot lines the active mode exper-
imental calibration curves collected for tip-sample clearances in
the diffusive [Fig. 8(a)] and transition [Fig. 8(b)] heat transfer
regimes using a glass substrate with known thermal conductivity
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FIG. 9. Comparison between SThM experimental results (dots) and predictions
(lines) of the temperature rise profiles around a 40-um microheater deposited on
a glass substrate and for scanning tip-sample clearances of (a) 300 nm and (b)
100 nm. The experimental data reduction employed thermal exchange parame-
ters calibrated in either active mode (squares) or passive mode (triangle) regimes.
The physical extent of the metallic heater is indicated in each figure. The uncer-
tainties of sample temperature rises were primarily from measured average probe
temperature with a maximum of 0.04 K.
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(ks = 1.1 Wm™ K™, Similarly, the passive mode experimental cal-
ibration curves for each heat transfer regime are shown with pink
dash lines. The passive mode sample was a 40 ym microheater on a
glass substrate with an average temperature rise of 8.1 K. The final
step in the calibration procedure is to intersect the experimental cal-
ibration curves with the curves described by Eq. (24). This process
is shown graphically in Figs. 8(a) and 8(b), where the sample-probe
thermal exchange resistance correlation is shown with red line.

The solutions for R and b resulting from these intersections
are used to obtain the sample temperature rise when employing
the analytical models from Sec. III B. The active mode and passive
mode calibration procedures yield significantly different solutions
for the probe-sample thermal exchange parameters, with the passive
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FIG. 10. Comparison between SThM experimental results (dots) and predictions
(lines) of the temperature rise profiles around a 10-m microheater deposited on
a glass substrate and for scanning tip-sample clearances of (a) 300 nm and (b)
100 nm. The experimental data reduction employed thermal exchange parame-
ters calibrated in either active mode (squares) or passive mode (triangle) regimes.
The physical extent of the metallic heater is indicated in each figure. The uncer-
tainties of sample temperature rises were primarily from measured average probe
temperature with a maximum of 0.02 K.

calibration yielding consistently smaller b and higher RY than active
mode calibration. Kim’s group suggested a correlation between
the thermal contact radius and spatial resolution,”® and therefore,
the ~0.7 ym thermal exchange radius is referred to as the spatial
resolution of the passive mode temperature sensing experiment.

The effects of the calibration method on the measured sample
temperature are discussed in Sec. V B.

B. Experimental results for SThM based noncontact
temperature measurements

Figure 9 shows the comparison between 3DFEM simulated
and experimentally determined microheater temperature rise pro-
files around a 40-ym microheater deposited on a glass substrate.
The experimental profiles are determined from the measured aver-
age SThM probe temperature rise shown in Fig. 5(b), by using the
passive mode analytical model developed in Sec. III B and sample-
probe thermal exchange parameters from both active and passive
mode calibration methods shown in Fig. 8. Results are shown for
tip-sample clearances of 300 nm (diffusive regime) in Fig. 9(a) and
100 nm (transition regime) in Fig. 9(b). Using the active calibra-
tion thermal exchange parameters in the data reduction provided
results closer to the 3DFEM simulations, with a maximum differ-
ence from the predicted heater temperature rise profiles of 1.09% for
experiments performed at 300 nm tip-sample clearance and 0.81%
for the 100 nm tip-sample clearance. The passive calibration method
yielded a slightly higher maximum difference of 0.86% and 1.54%
for the 100 nm and 300 nm tip-sample clearances, respectively. The
results using passive calibration parameters are consistently below
the predicted temperature rise, while the results using the active
calibration parameters are consistently above predictions.

5.5
_50F Passive calibration
X - e 40 pm Si
o 451 A 20 pm Si
2 I
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FIG. 11. Experimental temperature rise profiles measured around 40-um and
20-um microheaters deposited on a dielectric film on silicon substrate and mea-
sured by SThM at a 300 nm tip-sample clearance. The SThM temperature rise
averaged over the physical extent of each heater (as indicated) is in agreement
(between 2.9% and 3.5%) with the thermistor based average heater tempera-
ture rise reported in Table |I. The uncertainties of sample temperature rises were
primarily from measured average probe temperature with a maximum of 0.04 K.
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TABLE II. Comparison between thermistor measured average heater temperature rise and SThM experiments using active and passive calibration methods and tip-sample
clearances in the diffusive and transition regimes.

40 ym-glass 7.57 10 ym-glass 5.22 40 ym-Silicon 4.16 20 ym-Silicon 2.56

Experimental average temperature

rise (K) from TCR; Diffusive Transition Diffusive Transition Diffusive Diffusive
Active calibration 7.53 7.58 5.21 5.24 3.46 2.11
Discrepancy (%) 0.5 0.1 0.2 0.4 16.8 17.6
Passive calibration 7.38 7.45 5.07 5.08 4.04 2.47
Discrepancy (%) 2.5 1.6 2.9 2.7 2.9 3.5

In order to investigate the accuracy of the temperature pro-
file determination using the SThM technique when the size of the
heater is reduced, the experiments and analysis procedures were
repeated for a 10 ym width microheater deposited on glass sub-
strate. The experimental temperature rise profile around the micro-
heater was determined by employing the same analytical model
developed in Sec. I1I B and the same active and passive mode probe-
sample thermal exchange parameters determined from Fig. 8. The
comparison between experimental results based on the two cali-
bration methods and the sample temperature rise profile simulated
by 3DFEM is shown in Fig. 10 for tip-sample scan clearances of
300 nm [Fig. 10(a)] and 100 nm [Fig. 10(b)]. The active calibration
thermal exchange parameters yielded a more accurate experimen-
tal determination of the temperature profile as compared with using
the passive mode calibration results. The maximum deviation from
the predicted heater temperature rise profiles is 0.82% for experi-
ments performed at 300 nm tip-sample clearance and 0.85% for the
100 nm tip-sample clearance, which are close to the temperature
measurement accuracies obtained on the wider heater. The passive
calibration method had a slightly higher deviation of 2.19%-2.69%
for the 100 nm and 300 nm tip-sample clearances, respectively. Nev-
ertheless, both calibration methods provided a good accuracy for
the temperature profile measurements for both microheater widths.
If the calibration-heater edge effects are taken into consideration
during the passive mode calibration procedure, the new thermal
exchange parameters yield experimental temperature profiles with
smaller deviations from expectations and similar to those based on
active mode calibration, as shown in Fig. S10 in the supplementary
material.

There are situations when the active mode calibration method
is more challenging to implement due to unknown substrates or
the presence of additional films on the substrate which may also
have unknown thermal properties or thicknesses. In these cases,
the passive calibration method is more robust, as shown below. To
exemplify these situations, SThM experiments were performed using
20-pm and 40-ym width heaters deposited on a 340-nm thin dielec-
tric SiO, film on a silicon substrate. The tip-sample clearance was
300 nm. The experimental temperature profiles were determined
using the measured average probe temperature rise for each loca-
tion, the analytical model, and the passive mode thermal exchange
parameters determined from Fig. 8(a). While all calibrations were
performed on glass samples, the temperature profiles of test sam-
ples matched the theoretical predictions even when their substrate
thermal conductivities varied by more than 100 times, as shown for
heaters of different widths on silicon substrates in Fig. 11. Since

silicon has a much larger thermal conductivity than glass,” the
measured temperature rise profiles on silicon substrate are flatter
than on glass substrate. The temperature rise profiles from Fig. 11
averaged over the physical extent of each heater are in good agree-
ment (within between 2.9% and 3.5%) with the thermistor based
average heater temperature rise reported in Table II.

Table IT shows a comparison between average microheater tem-
peratures, determined using thermistor based measurements, and
averages calculated from SThM experimental temperature profiles
from Figs. 9 to 11. Employing thermal exchange parameters from
active calibration method gave the most accurate results, with micro-
heater average temperature discrepancies smaller than 0.5%, except
for situations when active calibration cannot be performed directly
on the sample of interest. The passive calibration method yielded
microheater average temperature discrepancies between 1.6% and
3.5% and was successfully employed even when sample thermal
properties were unknown and active calibration cannot be per-
formed. An example of using the passive calibration without the
need for recalibration of the sample-probe thermal exchange param-
eters is given for microheaters deposited on a dielectric film on
silicon substrate, when temperature measurement discrepancies are
between 2.9% and 3.5%. However, forcing the thermal exchange
parameters calibrated by the active method on glass substrates would
give much large errors in this case, between 16.8% and 17.6%
for 40-um and 20-ym width heaters, respectively. This is because
the probe-sample thermal exchange parameters determined by the
active calibration method are dependent on the sample thermal
conductivity."’

As 3DFEM results demonstrate (shown in the supplementary
material), temperature profiles from similar heaters situated very
close (2 ym) or away (40 ym) from each other can be accurately
measured using the noncontact SThM technique and the analytical
model developed in this work.

VI. SUMMARY AND CONCLUSIONS

A quantitative method to measure sample temperature pro-
files by SThM in noncontact mode was developed. In this tech-
nique, the thermal probe is scanned above the sample at a distance
comparable with the mean free path of ambient gas molecules. A
Three-Dimensional Finite Element Model (3DFEM) that includes
the details of the heat transfer between the sample and the probe
in the diffusive and transition heat conduction regimes was found
to accurately simulate the temperature profiles measured using
a Wollaston thermal probe setup. In order to simplify the data
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reduction for the local sample temperature, analytical models were
developed for noncontact measurements using Wollaston probes.
Two calibration strategies (active calibration and passive calibration)
for the sample-probe thermal exchange parameters are presented.
Both calibration methods use sample-probe thermal exchange resis-
tance correlations developed using the 3DFEM to accurately capture
effects due to sample-probe gap geometry and the thermal exchange
radii in the diffusive and transition heat conduction regimes. The
analytical data reduction methods were validated by experiments
and 3DFEM simulations using microscale heaters deposited on glass
and on dielectric films on silicon substrates. The deviation between
the SThM determined and actual average microheater temperature
rise was between 0.1% and 0.5% when using active calibration on
samples with known thermal properties and between ~1.6% and
3.5% when using passive calibration, which is a more robust method
that can be employed on samples with unknown thermal properties
too. Therefore, the technique was validated irrespective of the sam-
ples’ substrates and heater widths tested so far. Since thermal profiles
collected at probe-sample clearances between 100 and 200 nm were
not distinguishable, in this regime, the noncontact SThM method is
insensitive to uncertainties due to the probe-sample clearance. This
is due to a sample-probe thermal exchange resistance which is clear-
ance independent in the transition regime. In conclusion, a robust
noncontact SThM technique was developed which demonstrated
accurate sample temperature measurements for probe-sample clear-
ances in both transition and diffusive heat conduction regimes. The
technique’s principles demonstrated here with Wollaston probes
and microscale heaters could be perhaps adapted to smaller diam-
eter probes and demonstrated on samples with complex heating
patterns.

SUPPLEMENTARY MATERIAL

See the supplementary material for microscopy images of the
microheaters and SThM probe, a comparison between 3DFEM
and analytical simulations of the thermal profiles of the SThM
probe, an example of surface thermal profile around a micro-
heater obtained from 3DFEM, the recalibration of the passive
mode thermal exchange parameters and the beneficial effect on
measured thermal profile accuracy after considering calibration-
heater edge effects, 3DFEM based simulations showing accu-
rate SThM near adjacent heaters with small and large distances
between them, and discussions of the effects induced by varia-
tions in ambient heat transfer coefficient and ambient thermal
conductivity.

NOMENCLATURE

Ap cross-sectional area of the probe (m?)
b thermal exchange radius (m)

d diameter of the probe (m)

D tip-sample clearance at tip apex (m)
D; local tip-sample clearance (m)

E electric field strength (V m™)

Ref effective heat transfer coefficient (W m™ K1)
I probe’s current (A)
] current density of the probe (A m™)

ARTICLE scitation.orgljournal/rsi

K thermal conductivity of computational domains (W
m k™

ko thermal conductivity of air in free space (W m™ K™')

ky thermal conductivity of the air layer (W m™ K™)

Kn Knudsen number

kp thermal conductivity of the probe (W m™ K™*)

ks sample thermal conductivity (W m K

L half length of the probe (m)

Pr Prandtl number

Q volumetric heat source (W m™>)

Qs heat transfer rate between probe tip and sample (W)

R probe electrical resistance (Q)

r radius of the Wollaston wire probe (m)

R%‘ thermal exchange resistance (K wh

Rpo no heating resistance (Q)

RM sample thermal resistance (K W™")

T* probe local temperature rise above the ambient tem-
perature (K)

Trve average probe temperature rise (K)

TCR, temperature coefficient of resistance of the probe
(K™

Tp" probe tip temperature rise (K)

Tref ambient temperature value in simulation (K)

Ts* sample temperature rise (K)

Vihotodetector ~ VOltage signal across the photodetector (V)

Vorobe voltage signal across the probe (V)

Vr voltage signal across series resistor of probe circuit
V)

Vs voltage signal across series resistor of microheater
circuit (V)

Vs voltage signal across microheaters (V)

Greek letters

o electrical conductivity (S m™)

y  ratio of the specific heats

A mean free path of air in free space (m)
po  electrical resistivity of the probe (Q m)
or thermal accommodation coefficient

Abbreviation

3DFEM
AFM
SThM

three-dimensional finite element model
atomic force microscopy
scanning thermal microscopy
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