Quantitative Measurement with
Scanning Thermal Microscope by
Preventing the Distortion Due to the

Heat Transfer through the Air

Kyeongtae Kim," Jaehun Chung,” Gwangseok Hwang," Ohmyoung Kwon,™* and Joon Sik Lee*

"Department of Mechanical Engineering, Korea University, 1 Anam-dong-5-ga Sungbuk-gu, Seoul 136-701, Korea, and *School of Mechanical & Aerospace
Engineering, Seoul National University, 599 Gwanak-ro, Gwanak-gu, Seoul 155-744, Korea

he scanning thermal microscope
T(SThM) is a type of scanning probe

microscope (SPM) that maps out the
temperature and/or the thermal property
by scanning a sharp SThM probe with a
temperature sensor at the tip."? Because
of its high spatial resolution, SThM has been
developed quite actively and applied in
such diverse areas as microelectronics,®~®
optoelectronics,” polymers,'®~ "2 and car-
bon nanotubes'®*'* for more than a decade
since the 1990s. However, despite its long
history and diverse areas of application,
surprisingly, no quantitative profiling meth-
od has been established yet. This is mostly
due to the nonlocal nature of measurement
by conventional SThM: the signal measured
by SThM is induced not only from the local
heat flux through the tip—sample thermal
contact but also (and mostly) from the heat
flux through the air gap between the sam-
ple and the SThM probe.'?

Surprisingly, it took a lot of time and effort
to understand and ascertain the nonlocal
nature of measurement by SThM. For ex-
ample, Luo et al. presumed that the heat
flux through the air gap between the SThM
probe and the sample is negligible and that
heat flows from the sample to the SThM
probe only through the tip—sample thermal
contact.'® According to this presumption,
the actual temperature of the sample, T, is
proportional to the temperature measured
by the SThM probe in the contact mode, T;
that is

T(x) = (1+¢)Tcx) M

where ¢ is the ratio of the thermal resistance
of the tip—sample contact to that of the
cantilever, and x is the location of the
tip—sample contact on the sample.
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Because of its high spatial resolution, scanning thermal microscopy (SThM) has been developed

quite actively and applied in such diverse areas as microelectronics, optoelectronics, polymers,

and carbon nanotubes for more than a decade since the 1990s. However, despite its long

history and diverse areas of application, surprisingly, no quantitative profiling method has

been established yet. This is mostly due to the nonlocal nature of measurement by

conventional SThM: the signal measured by SThM is induced not only from the local heat

flux through the tip—sample thermal contact but also (and mostly) from the heat flux through

the air gap between the sample and the SThM probe. In this study, a rigorous but simple and

practical theory for quantitative SThM for local measurement is established and verified

experimentally using high-performance SThM probes. The development of quantitative SThM

will make possible new breakthroughs in diverse fields of nanothermal science and

engineering.
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Later, however, some experimental re-
sults from the same research group unex-
pectedly negated the validity of eq 1. For
example, even if the temperature of the
sample was the same, the temperature rise
measured by SThM, depending on the size
of the sample, varied by more than 10 times.
Furthermore, the temperature profile around
an electrically heated metal line measured
by SThM could not be fitted to that obtained
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from modeling, by just shifting or stretching.® This
means that the measured temperature profile was
distorted due to the nonlocal nature of the measurement.

For quantitative thermal conductivity profiling, how-
ever, the nonlocal nature of the measurement by SThM
does not seem to have been fully ascertained. For
example, Ruiz et al. argued that the local thermal
conductivity can be measured quantitatively from Q;,
which is the heat going into the sample from the
electrically heated SThM probe and that Q; can be
obtained by

Os = Qtotal - Qair (2)

where Q. is the total heat dissipated into the probe
when the tip is placed in contact with the sample, and
Q.iris the heat dissipated into the probe when the tip is
in the air."”

The argument by Ruiz et al. would be correct if the Q
obtained in the above manner were the heat going
into the sample through the tip—sample thermal con-
tact. However, since Q,;; increases rapidly as the probe
approaches the sample, the Q; obtained in the above
manner is much larger than the heat going into the
sample through the tip—sample thermal contact. In
order to obtain Q; which is the heat going into the
sample through the tip—sample thermal contact, Q.
should be measured not when the tip is in the air but
just before the tip makes contact with the sample
surface.

Although a linear relationship between Qs obtained
in the above manner and the thermal conductivity has
been presented for a number of materials as evidence
of quantitative measurement, this observation, unfor-
tunately, was made only on apparently homogeneous
samples. If the possible distortion of the thermal con-
ductivity profile due to the nonlocal nature of mea-
surement had been considered, profiling of a sample
with a known thermal conductivity distribution—and
not point measurement on homogeneous samples—
should have been presented as evidence of quantita-
tive local measurement.

To recapitulate, for quantitative local measurement,
one should completely remove the influence of the
heat flux through the air gap, which prevents local
measurement, and relate the local temperature or
thermal conductivity to the thermal signal due to only
the heat flux through the tip—sample thermal contact,
which is local. This is regardless of whether one uses
the SThM probe in a passive mode (as a thermometer)
to measure the local temperature or in an active mode
(as a heater and thermometer) to measure the local
thermal conductivity. Furthermore, as evidence of
quantitative measurement, due to the possible distor-
tion of the measured profile, instead of measurement
at certain points, profiling of the sample with a known
temperature or thermal conductivity distribution should
be presented.
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In this study, we focus only on the quantitative
measurement of the temperature (specifically, the
steady temperature distribution) either in active or in
passive mode. However, in order to avoid any confu-
sion, we need to explain the quantitative measurement
of the amplitude and the phase lag distributions of
the steady periodic temperature field (which is, con-
fusingly, sometimes referred to as the temperature
measurement).

While the quantitative measurement of the steady
temperature distribution has not previously been re-
ported, as noted above, Kwon et al. developed the
scanning thermal wave microscopy (STWM), a tech-
nique that can map out the amplitude and phase lag
distribution of the steady periodic temperature field
quantitatively with an SThM probe.'® They demon-
strated that if the heating frequency of the steady
periodic temperature field is sufficiently high (>1.6
kHz), then the amplitude and phase lag distribution
of the steady periodic temperature field can be
mapped out quantitatively. They explained that this
is due to the fact that the influence of the thermal wave
transferred through the air gap and the cantilever of
the SThM probe becomes negligible compared to that
of the thermal wave transferred to the sensor directly
through the tip—sample thermal contact because the
penetration depth of the thermal wave decreases with
increasing heating frequency.

Recently, Grosse et al. reported the measurement of
“the temperature distribution” with a spatial resolution
of ~10 nm by scanning Joule expansion microscopy
(SJEM), a technique originally developed by Majumdar
et al."®?° However, it should be noted that it was not
exactly the steady temperature distribution that they
measured, but the amplitude distribution of the steady
periodic temperature field with a heating frequency of
65 kHz. Although SJEM can measure only the ampli-
tude distribution of the steady periodic temperature
field of very high heating frequency (>10 kHz), requir-
ing very elaborate calibration and fitting procedures
and seeming to have relatively large noise (~250 mK),
which can deteriorate its spatial resolution, SJEM has
the advantage that it does not require a specialized
probe such as the one used in this study.

Sadat et al. also reported that they were able to
measure the temperature distribution with a spatial
resolution of ~100 nm if the sample surface is coated
with a ~30 nm thin gold film.?" However, it should
again be pointed out that it was not the steady
temperature distribution that is measured here, but
rather the amplitude distribution of the steady periodic
temperature field with a heating frequency of 70 Hz. In
principle, it might be possible to apply this technique
to the measurement of the steady temperature dis-
tribution. However, in their report, only the measure-
ment of the amplitude distribution of the steady
periodic temperature field was discussed. Although
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Figure 1. Principle of quantitative thermal profiling. The
SThM probe with a nanothermocouple junction integrated
at the end of the tip as shown in the inset is mounted on an
AFM and scans on the same line in both the contact mode
and the nonthermal contact mode. Then, the difference
between the signals obtained in the two modes is due only
to the heat flux through the tip—sample thermal contact.

the amplitude distribution of the steady periodic tem-
perature field can be disturbed by the gold coating,
this technique has a similar advantage to SJEM in that it
does not require a specialized probe such as the one
used in this study.

Since it has already been demonstrated that the
amplitude and phase lag distribution of the steady
periodic temperature field (which is, confusingly, some-
times referred to as the temperature) can be mapped
out quantitatively by using the SThM probe without
the distortion due to the heat transfer through the
air gap,'® in this study, we focus on the quantitative
measurement of the steady temperature and the
thermal conductivity distribution.

THEORY

For quantitative profiling, we suggest a method that
is graphically explained in Figure 1. First, while a SThM
probe scans in the contact mode, T, is obtained from
the temperature sensor integrated at the tip of the
probe. Obviously, T, is due to both the heat flux
through the tip—sample thermal contact, Q.,, and the
heat flux through the air gap, Q,;. Second, while the
SThM probe scans in the nonthermal contact mode,
which is an imaginary scanning mode in which Qs is
zero and Q,;, is the same as that in the contact mode,
Tnc is obtained from the temperature sensor. Then, the
difference between T, and T is due only to Q.. Hence,
one can predict that the difference is proportional
to Qg

Qi = CTnclx) — Tex)) (3)

where Cis a proportionality constant whose dimension
is [W/K], and x is the location of the tip—sample
contact.
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Figure 2. Schematic diagram of the SThM probe in contact
with the sample and various heat transfer paths around the
probe to the thermocouple junction at the end of the tip; &
represents a position in the probe and is set to zero at the
end of the tip, while x means the position at which the
tip—sample contact is made.

However, one might think that physical intuition is
insufficient to guarantee the validity of eq 3 because
both T,,c and T, can be affected by not only Q. but also
several other factors, including heat conduction in the
tip and the cantilever of the probe, heat convection
through the air gap, heat convection to other sur-
roundings, and heat generation in the probe. Hence,
by analyzing the governing equations and the bound-
ary conditions for the temperature distributions in the
probe during the contact mode scan and the non-
thermal contact mode scan, we prove eq 3 rigorously
as follows. The following derivation is an expanded
version of our previous derivation®? so that it can
include the influence of both heat generation in the
probe and heat flux to the surroundings except the
sample. The generalization of this theory allows its
expansion to quantitative thermal conductivity
measurements.

The structure of the thermocouple SThM probe and
the coordinates for theoretical analysis are depicted in
Figure 2. The governing equation for the temperature
distribution during the contact mode scan is

%{ZA;(&)&‘%@} — PE)her(EIT(E) — To(E)]
= Pe(EN(ET(E) — T (®I+9gE) =0 (4)

where & represents a position in the probe, T, is the
local temperature in the probe during the contact
mode, A; is the cross section of the ith composing
layer, k; is the thermal conductivity of the material
composing the ith layer, p is the perimeter of the probe
related to the surface that exchanges heat flux with the
sample, hes is the effective heat transfer coefficient
between the probe and the sample, T is the local
temperature of the sample, p.. is the perimeter of the
probe related to the surface that exchanges heat flux
with the surroundings except the sample, h.. is the
effective heat transfer coefficient between the probe
and the surroundings except the sample, and g is the
heat generation per unit length of the probe.

VOL.5 =

NO.11 = 8700-8709 =

A AN

WWww.acsnano.org

8702



The boundary condition for eq 4 is

S A Ok

i dé = Qs = Gts(Tc(O) - Ts(o))/ TC(L) =Ty

(5)

where Gy is the tip—sample thermal conductance, and
the local temperature in the probe at & = L at which the
cantilever is connected to the probe body is assumed
to be equal to the temperature of the probe body, Ty,
The governing equation for the temperature distri-
bution during the nonthermal contact mode scan is

d dTocl@)
ﬂymm P }—p(g)heﬁ@[rnc@ G

= Pee(E)Nea(ENTic(§) — Toa(E+9g(8) = 0 (6)

where T, is the local temperature in the probe during
the nonthermal contact mode.
The boundary condition for eq 6 is

dTyc(0)
> A0k dE

Now, by subtracting eq 6 from eq 4, following the

measurement principle, one can obtain

d dr(é)
dE [zAi(-f)ki dE

=0 Tal) = Tp (7)

} — [P(E)hest(8) + P (E)N(ENT;(E) = O
(8)

where Tjis Tc — T, which is the temperature jump due
t0 Q.

In a similar manner, by subtracting eq 7 from eq 5,
one can obtain the boundary condition for eq 8 as

dTi(o
ZA,-ki% = Qi = Gy(Tc(0) — T5(0), Ty(L) = 0
9)

The significance about eq 8 and its boundary con-
dition eq 9 is that, unlike eqs 4 and 6, they are
homogeneous. Therefore, the solution T;(§) is linearly
proportional to Q in the entire domain. This linear
relationship also holds at the end of the tip (£ = 0).
Hence, one can obtain

Qi = CO)(T(0) — Thc(0)) (10)

where C(0) is a proportionality constant whose dimen-
sion is [W/K].

Equation 10 holds regardless of the location of the
tip—sample contact; during the derivation leading to
eq 10, we did not make any assumption about the
position of the tip—sample contact on the sample, and
the temperature measured by a SThM probe is practi-
cally the temperature at the end of the tip (§ = 0) since
the thermocouple junction is located very close to the
end of the tip. Therefore, when it is obvious that one
considers only the temperature measured by SThM,
without confusion, one can rewrite eq 10 as eq 3.

Now, we need to relate Q to T,. Obviously, during
the contact mode, Qs is proportional to the difference
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between T. and T

Qi = Gis(Telx) — Ts(x) (11

where Gy is the tip—sample thermal conductance.
Then, the combination of eqs 3 and 11 yields

Tsx) = Telx) + @(Tc(x) — Thc(x)) (12)

where ¢ is a dimensionless constant defined as C/Gys.
Equation 12 indicates that, in order to obtain the real T,
both T, and T, should be measured. A caveat in using
eq 12 to determine the quantitative temperature dis-
tribution is that one should operate the probe in the
passive mode since T, can be disturbed by Qi in the
active mode.

For quantitative conductivity profiling, we expand
this theory further. In general, the following relations
hold for Q, the spreading thermal resistance Ry, and
the local thermal conductivity k:

1
Qts = _(Ts —T.), Rin =

13
Ren (13)

4ak

where T, is the temperature of the surroundings and a
is the radius of the tip—sample thermal contact.*®
Then, the combination of eqgs 3, 12, and 13 yields

1 4a T. —T. C
k= Cl|The —Tc G

(14)

which indicates that, in order to obtain the thermal
conductivity distribution, both T. and T, should be
measured.

RESULTS AND DISCUSSION

The experimental setup for quantitative tempera-
ture profiling is depicted in Figure 3a, and the scanning
electron micrographs of the SThM probe are in
Figure 3b. The theory developed in this study reveals
that, for local measurement, a highly sensitive SThM
probe that can respond to Qy,, which is extremely small,
is required. In order to maximize the sensitivity of the
probe, the tip and the cantilever of the probe are made
of silicon dioxide, whose thermal conductivity is very
low (~1.2 W/m-K), and the tip is increased to 12 um to
minimize the influence of the heat flux through the air
gap (see the Supporting Information).

To determine ¢ in eq 12, as shown in Figure 3c, the
temperature of the tip is monitored, while the tip of the
probe approaches a gold line heater, whose tempera-
ture is measured from its temperature coefficient
of resistance (TCR). Until the tip touches the heater,
the temperature of the tip rises continuously due
to the increasing heat transfer through the air. When
the tip touches the sample, the temperature of
the tip jumps from T,,. to T, due to Q.. The tempera-
ture jumps are measured at several different tem-
peratures of the sample, and the results are summa-
rized in Figure 3d. The ¢ for this particular probe is
10.9 K/K.
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Figure 3. Experimental setup and its calibration for quantitative temperature profiling. (a) Experimental setup. (b) Scanning
electron micrographs of the thermocouple probe. The diameter of the thermocouple junction is about 200 nm, and the radius
of the tip is about 100 nm. (c) As the tip approaches the sample, the temperature of the tip rises gradually due to the heat
transfer through the air. When the tip makes contact with the sample, the temperature of the tip jumps from T,,. to T. due to
the heat flux through the tip—sample contact. (d) Temperature jumps measured at several different temperatures of the
sample. The slope of the graph, which s ¢, is 10.9 K/K for this particular probe. The error bars are calculated from the standard
deviation in the temperature measured by the thermocouple SThM probe.

Although T, at a certain point on the sample can be
obtained from the experiment above, for the effective
use of eq 12, however, continuous profiling of T, is
necessary. Previously,? instead of T,., we used the
temperature measured while the tip scanned at a
certain height above the sample. The temperature
measured in that manner involved considerable error
due to the incomplete removal of the heat transfer
through the air.

In order to eliminate this error, in this study, we
obtain two temperature profiles by scanning the probe
along the same scan line at two different heights above
the sample surface using the topography data ob-
tained in contact mode; then, at each position of the
sample, by linearly extrapolating the two temperature
values at two different heights with respect to the
height, we obtain T,,., which corresponds to the tem-
perature measured at the height of zero without Q.
Since the temperature of the tip varies quite linearly
with the height near the sample surface, as one can see
from Figure 3¢, T, obtained in this manner seems
quite accurate.

For a demonstration of quantitative temperature
profiling, we need a heater whose temperature can
be controlled and monitored accurately, and we should
make this heater as small as possible. The smallest we
have made is a 300 nm wide gold line patterned in a

KIM ET AL.

four-probe configuration, whose temperature can
be monitored through its TCR. The topography of
the heater and the scan line across it are shown in
Figure 4a.

The measured T, and T, and the T, derived from
them through eq 12 are shown in Figure 4b. For
comparison, we obtain the temperature profile around
the heater through finite element modeling from the
power dissipated in the heater; we then shift the profile
until the temperature of the heater itself matches with
the temperature measured by the TCR of the heater
line, Tycg. While T, increases gradually around the
heater, T. fluctuates sharply in an N-shape at the
edge of the heater. This abrupt change of T is due to
the change in G caused by the rapid change in the
tip—sample contact area at the edge of the heater, as
illustrated in the bottom of Figure 4a. Although both
the absolute value and the profile of T, are quite
different from the results of modeling, the T; that is
derived using eq 12 accords very well with the results
of modeling, except for the abrupt N-curve at the edge.

Now that the effectiveness of eq 12 is demonstrated,
we move on to quantitative thermal conductivity
profiling. Traditionally, the thermocouple probe has
been used mostly for temperature measurement and
thermoresistive probes mostly for thermal property
measurement. While the thermocouple probe has
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Figure 4. Demonstration of quantitative temperature profiling. (a) AFM image of a 300 nm wide and 25 nm thick gold line
patterned in a four-probe configuration (top). The tip—sample thermal contact area abruptly changes near the edge of the
heater (bottom). (b) Comparison of the measured T, and T,,, the T, derived from them through eq 5, and the T, modeled from
the power dissipated in the heater and shifted until the temperature of the heater itself becomes the same as Tycg.

been recognized as a passive thermometer, only the
thermoresistive probe has been considered an active
sensor that can generate heat and measure the tem-
perature simultaneously.?

However, for local measurement, the thermocouple
probe has advantages over the thermoresistive probe
in terms of both spatial resolution and sensitivity. First,
if the sensing resistor of the thermoresistive probe,
which detects the local temperature from its resistance
change, is shortened to enhance the spatial resolution,
the sensitivity of the sensor deteriorates since the
signal from the sensing resistor decreases due to the
reduced resistance of the sensing resistor. On the other
hand, even if the size of the sensing thermocouple is
reduced to enhance the spatial resolution, the signal
from the sensor does not decrease because the ther-
mocouple is a point sensor in principle.

Second, to improve the sensitivity of a thermometer,
the sensing part should be thermally insulated as much
as possible. However, the thermoresistive probe re-
quires a much thicker electrical lead than the sensing
resistor since the electrical resistance of the lead
should be much smaller than that of the sensing
resistor. The thick electrical lead prevents proper ther-
mal insulation of the sensing resistor and lowers its
sensitivity. On the other hand, the thermocouple probe
does not require a thick electrical lead; through appro-
priate thermal design, the sensing thermocouple can
be properly insulated.

Since the thermocouple probe, compared with the
thermoresistive probe, is more advantageous in terms
of improving both the sensitivity and the spatial
resolution through the thermal isolation and the size
reduction of the sensing part, we use the thermocou-
ple probe in the active mode for thermal conductivity
profiling.

The active-mode operation of the thermocouple
probe can be achieved in either an ac or dc manner.
Previously, Rho et al. developed the active-mode op-
eration in an ac manner, viz., “the 2w method”, in which
the thermocouple junction of the probe is heated by an
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ac current of angular frequency w through the Joule
effect and the amplitude of periodic temperature
oscillation is monitored by measuring the thermo-
electric voltage at the frequency of 2w that is in-
duced by the periodically oscillating temperature at
the junction.?*?* Though it demonstrated improved
sensitivity and spatial resolution, the 2w method
remains a qualitative measurement technique.

In this study, we use the active-mode operation in a
dc manner, in which the thermocouple junction of the
probe is heated by an ac current of high frequency
through the Joule effect and the temperature of the
junction is monitored by measuring the dc thermo-
electric voltage from the junction. If the frequency of
the ac current is high enough (>100 kHz) with respect
to the thermal time constant of the thermocouple
junction (>1 ms), the periodic component of the
temperature variation of the junction becomes almost
negligible. Even though the driving current is ac, the
thermoelectric voltage generated from the junction is
dc; hence, the temperature of the junction can be
monitored without the interference of the driving ac
bias.

The experimental setup for the active-mode opera-
tion of the thermocouple SThM probe is depicted in
Figure 5. The experimental setup consists of a function
generator, a preamplifier, a notch-filter, a signal access
module (SAM), a Wheatstone bridge circuit, a SThM
probe, and a scanning probe microscope (SPM).

Though very small, an unwanted dc drift voltage
often accompanies the ac driving bias. By using a
Wheatstone bridge circuit, we completely remove
the influence of the unwanted dc drift voltage, which
interferes with the measurement of the dc thermo-
electric voltage generated from the thermocouple
junction. One can check whether the unwanted dc
drift voltage is completely removed by swapping the
thermocouple leads connected to the Wheatstone
bridge. If the absolute value of the thermoelectric
voltage remains the same, it means that the dc drift
voltage has been completely removed. The relationship
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Figure 5. Schematic diagram of the experimental setup for
the active-mode operation of the thermocouple SThM
probe. The signal from the bridge circuit is amplified by
the preamplifier. A noise filter is used to maximize the
signal-to-noise ratio by reducing the 60 Hz harmonic noise.
The filtered signal is fed into the signal access module (SAM)
and becomes simultaneously available with the topography
signal of the atomic force microscope (AFM). A dc power
supply is used to heat the sample.

between the thermoelectric voltage generated from
the thermocouple junction and the voltage extracted
from the bridge circuit can be obtained through simple
node-voltage analysis as

(Va - Vc)(Ra + Rp‘l +Rp2)

R, (15)

Vie =

Then, the signal is amplified, filtered, and fed into the
SAM and becomes simultaneously available with the
topography signal of the AFM.

The heating of the thermocouple junction of the
SThM probe is not exactly point-heating because the
junction of the probe is heated by the Joule effect.
However, the current density increases approaching
the junction and eventually maximizes at the junc-
tion, whose diameter is about 100 nm for the
particular probe used. Since the temperature peaks
sharply at the junction (where the thermoelectric
signal is measured), this technique is very close to a
point-heating and point-sensing scheme, which is
ideal for local measurement.

In order to measure the local thermal conductivity
with eq 14 in the active mode, we need to determine C/
a and a dimensionless constant C/G. To do so, we
rewrite eq 14 as

c\1 C
Tc = |:(E)E+G_ts:| (Tnc _TC)+T00 (16)

and determine these two constants experimentally
from the proportionality of T, with respect to T, — T,
as shown in Figure 6a. Silicon and Pyrex glass were
used as the samples, for their thermal properties are
well-known. Though, in general, G, depends on the
sample properties and can vary from one sample to
another, we assume that, due to its native oxide, the
surface properties of silicon are very similar to those of
Pyrex glass, whose major composition is amorphous
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silicon oxide. For the particular probe and the samples,
C/a and (/G were 79.76 W/m-K and 13.5 K/K,
respectively.

To check the resolution in the depth direction, we
measured the effective thermal conductivity of 25 to
1800 nm thick silicon oxide films grown on a silicon
substrate. Due to the large thermal conductivity of the
silicon substrate (~140 W/m-K), the measured values
for 25 nm thick and 50 nm thick oxide films are larger
than the bulk value of silicon oxide. Nevertheless, the
measured value for 100 nm thick oxide film ap-
proaches the bulk value, as shown in Figure 6b. By
comparing the measured value with the theoretical
curves,?® the thermal contact radius for the particular
probe is estimated to be around 25 nm.

To demonstrate the thermal conductivity profiling in
the lateral direction, we need a sample whose lateral
thermal conductivity distribution is well-known and
suitable for testing the limit regarding the spatial
resolution. A few samples, in which a thin silicon oxide
layer is sandwiched between single-crystal silicon
layers, as depicted in Figure 6, were fabricated and
used. For the sample with a 200 nm wide oxide layer,
the measured T, and T, and the k=" derived from
them through eq 14 are shown in Figure 6c¢; those for
the 100 nm wide oxide layer are displayed in Figure 6d.

For the 200 nm wide sample, the measured effective
thermal conductivity reaches the bulk value of silicon
oxide at the middle of the oxide region. For the 100 nm
wide sample, however, even though the tip—sample
thermal contact is made within the oxide region (the
thermal contact radius for the particular probe is
around 25 nm), the measured thermal conductivity is
rather higher than the bulk value. This is because the
thermal conductivity is estimated from the spreading
thermal resistance, which is influenced by the high
thermal conductivity of the surrounding single-crystal
silicon layers.

Finally, we need to discuss and analyze the mea-
surement accuracy and temporal and spatial resolu-
tion of the method developed in this study. One of
the important questions concerning the quantitative
measurement of the temperature with SThM is
whether the temperature of the sample will be
disturbed by Q;. Whenever the temperature is mea-
sured by SThM, there always exists Qi unless it is
nullified artificially. As long as Qs exists, the tem-
perature of the sample will suffer some disturbance,
however small.

In order to evaluate Qi G; should first be estimated.
In general, Gis depends on the radius of the tip and the
surface properties of the sample. A rigorous estimation
of Gy was done for an SThM probe whose tip radius is
quite close to the one used in this study and a sample
whose constituent materials are the same as those
used in this study.'> According to this previous study,
Gys is ~20 nw/K.
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Figure 6. Demonstration of quantitative thermal conductivity profiling. (a) Calibration of the SThM probe for quantitative
thermal profiling. From the proportionality of T. with respect to T,. — T, for silicon and Pyrex glass, whose thermal
conductivities are well-known, C/a and C/G,; are determined. (b) Effective thermal conductivity of the silicon oxide film grown
on the silicon substrate as a function of the film thickness. (c) Structure of the sample for demonstrating the lateral resolution
(top). The measured T, and T, (center). The effective k' derived from the measured T and T, through eq 7 for the 200 nm
wide sample (bottom). (d) Figure and graphs for the 100 nm wide sample corresponding to those in panel c. The error bars are
calculated from the standard deviation of the measured thermal conductivity.

Once Qy is evaluated with eq 11, the temperature
rise or drop due to Qs can be estimated with eq 13.
Hence, the perturbation of the temperature, AT,,, due
to Qs can be written as

Gl —T)

ATerr ~ Rthots - 4ak (17)

Now, if the maximum values of T. and T in the silicon
oxide region of Figure 4b, a as estimated from
Figure 6b, and k of silicon oxide are substituted into
eq 17, AT, is estimated to be ~—0.85 K. Since the
room temperature during the measurement is 23.5 °C,
the temperature measurement error is ~—8%.

However, AT, would be less than this because T, — T
used in this estimation is not the actual temperature
difference across the thermal contact but the one
between the thermocouple junction and the sample
surface, which should be much larger than the actual
value. This estimation shows that care should be taken
if the local thermal spreading resistance of the sample
surface is large.

The temporal resolution of the method is deter-
mined by the time constant of the SThM probe, which
was estimated to be ~1 ms by Rho et al.?® The time

KIM ET AL.

constant of the probe limits the scan rate, which should
be controlled so that the dwelling time of the probe at
each data point is at least several milliseconds.

The best spatial resolution of the method is bounded
by the diameter of the tip—sample thermal contact
area, which is estimated to be ~50 nm from Figure 6b.
However, the actual spatial resolution is also limited by
the temperature gradient of the sample and the
measurement noise of the SThM probe. The relation
between the spatial resolution, the temperature gra-
dient, and the measurement noise can be shown to be

. (,D‘ATNE o [} %
T dT/dx)  dT/dx) S
T dT/dx) S

where Ax is the spatial resolution, ATyg is the noise
equivalent temperature measured by the thermocou-
ple probe, AV, S, R, and Af are the noise equivalent
voltage, thermopower, electrical resistance, and band-
width of the probe, respectively, and kg is the Boltz-
mann constant. In case of the SThM probe used in this
study, ¢ is ~10, S is 18.58 V/K, R is 500 2, Afis 1 kHz,
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and the resulting AVy is ~0.1 V. Since dT/dx in
Figure 4b is ~10° K/m, the resulting Ax is also ~50 nm.

CONCLUSION

In this study, we identified and amplified on the
nonlocal nature of measurement by conventional
SThM, which prevents quantitative temperature and
thermal conductivity profiling. Then, we established a
rigorous but simple and effective theory for quantita-
tive SThM and verified it with high-performance SThM
probes. Though the spatial resolution of the current
experimental results was limited by the tip—sample
contact diameter, with further reduction of the tip
radius and improvement in the sensitivity of SThM

METHODS

Finite Element Modeling. We used the PDE Toolbox of MATLAB
to model the temperature distribution around the 300 nm wide
gold heater line. The sample in the computational domain was a
300 nm wide and 25 nm thick gold line patterned on a 1.8 um
thick silicon oxide layer grown on a silicon substrate (1 cm wide x
500 um thick). The thermal conductivities of silicon oxide, silicon,
and gold were set to 1.4, 150, and 317 W/m-K, respectively. Heat
convection to the air from the top of the sample was neglected.
The temperature at the boundaries except the top surface was set
to zero. After the temperature profile was obtained, the profile was
shifted until the temperature of the heater itself matched with the
temperature measured by the TCR of the heater line, Trcg. The
temperature shift was 24.5 °C, which was quite close to the
room temperature during the measurement (23.5 °C).

SThM Measurements. Scanning thermal microscopy was per-
formed on an atomic force microscope (MultiMode operated
with a Nanoscope llla controller, Digital Instruments/Veeco). For
the nonthermal contact mode, “Lift mode” among the “Inter-
leave modes” was used in the control program offered from
Veeco. In Lift mode, AFM first gets the topographic data through
scanning in contact, and then the probe scans the sample at a
constant height above the sample using the topographic data
obtained from the first scan. In order to make sure the probe
scans at the right height above the sample, a force calibration
test is performed before and after the scans.
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