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anometer resolution thermometry

is critical for probing and under-

standing energy dissipation in a
variety of electronic and photonic devices.'?
It also plays an important role in funda-
mental studies of transport in nanoscale
devices.> 8 The wide applicability and im-
portance of nanoscale thermometry has
spurred the development of various experi-
mental techniques that can be used to
obtain information regarding temperature
fields with nanometer to micrometer spatial
resolution.” %2 Among these techniques,
scanning thermal microscopy (SThM), an
atomic force microscope (AFM) based tech-
nique, has succeeded in achieving high
spatial resolutions (~50 nm) on dielectric
and metal surfaces.

Although impressive progress has been
achieved in scanning thermal microscopy,
obtaining quantitative information regard-
ing thermal fields using SThM has remained
elusive. Further, achieving high spatial re-
solutions of ~10 nm or lower has also not
been possible despite the need for such
resolution in detailed thermal studies on
nanoscale devices. These apparent limita-
tions of SThM arise due to operation in
ambient conditions where local measure-
ment of temperature fields is impeded by
parasitic heat transfer between the tip and
the sample via conduction through both air
and the liquid meniscus that exists at the
tip—sample interface. Further, the spatial
resolution of SThM in the ambient is limited
to ~50 nm due to the large tip—sample
contact size (~50 nm) that arises from the
liquid film existing at the tip—sample inter-
face.” For example, Shi et al® reported that
the liquid meniscus imited temperature
resolution of ambient SThM, in measure-
ments of heat dissipation in carbon nano-
tubes, is ~50 nm. Recently, one of us in
collaboration with others'” reported a sig-
nificant advance in the SThM technique
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ABSTRACT
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&~10 nm contact

Understanding energy dissipation at the nanoscale requires the ability to probe temperature
fields with nanometer resolution. Here, we describe an ultra-high vacuum (UHV)-based
scanning thermal microscope (SThM) technique that is capable of quantitatively mapping
temperature fields with ~15 mK temperature resolution and ~10 nm spatial resolution. In
this technique, a custom fabricated atomic force microscope (AFM) cantilever, with a nanoscale
Au—Cr thermocouple integrated into the tip of the probe, is used to measure temperature
fields of surfaces. Operation in an UHV environment eliminates parasitic heat transport
between the tip and the sample enabling quantitative measurement of temperature fields on
metal and dielectric surfaces with nanoscale resolution. We demonstrate the capabilities of
this technique by directly imaging thermal fields in the vicinity of a 200 nm wide, self-heated,
Pt line. Our measurements are in excellent agreement with computational results—
unambiguously demonstrating the quantitative capabilities of the technique. UHV-SThM
techniques will play an important role in the study of energy dissipation in nanometer-sized
electronic and photonic devices and the study of phonon and electron transport at the
nanoscale.

KEYWORDS: scanning thermal microscopy - ultrahigh vacuum - quantitative
temperature profiling - nanoscale thermal contact - thermocouple probe

where the effect of parasitic thermal trans-
port through air was deconvoluted by
performing additional scans and using a
mathematical model. This improvement
partially overcomes the challenge of obtain-
ing quantitative measurement of thermal
fields and enables thermometry with a
temperature resolution of ~55 mK and a
liquid meniscus limited spatial resolution
of ~50 nm.
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Figure 1. (a) Schematic illustrating the scanning thermal
microscopy (SThM) technique described in this work. The
Au—Cr nano thermocouple junction is at the end of the tip.
Heat transfer between the tip and the sample is dominated
by solid tip—sample contact whose diameter is ~10 nm. The
thermoelectric voltage generated from the Au—Cr junction
is directly proportional to the local temperature of the
sample at the point contact and enables quantitative tem-
perature measurements. (b) Scanning electron microscope
images of the SThM probe with an integrated Au—Cr
thermocouple. The Au—Cr thermocouple junction is at the
end of the tip and the diameter of the tip end is ~100 nm.

In this paper, we overcome some of the major limita-
tions of traditional SThAM and unambiguously demon-
strate the feasibility of performing quantitative nanoscale
thermometry using UHV-SThM. Specifically, we demon-
strate that it is possible to quantitatively measure tem-
perature fields with excellent thermal (~15 mK) and
spatial (~10 nm) resolutions. The improvement in spatial
resolution is possible due to the absence of the liquid film
at the tip—sample interface.'” Further, quantitative local
temperature measurements can be accomplished be-
cause heat transfer is dominated by the solid—solid
contact (diameter of ~10 nm) between the probe and
the sample. We note that recently Menges et al.>* have
also demonstrated a high vacuum scanning thermal
imaging technique, that uses resistive thermal probes,
to achieve quantitative thermal imaging with a spatial
resolution® of ~25 nm and a temperature resolution of
~10 K. Although, UHV based techniques for thermal
imaging of metallic surfaces?® exist, we do not discuss
them here as they are not applicable to dielectric
surfaces. Next, we provide a detailed description of the
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Figure 2. Measured thermoelectric voltage (Vg) of the
Au—Cr junction as a function of temperature difference
(Ts — Tc) between the Au—Cr junction and the cantilevered
probe body. The temperature of the tip (Tp) and the sample
(Ts) are assumed to be the same due to the excellent thermal
contact between the tip and the sample. The inset shows
the measurement setup used in the experiments.

UHV-SThM technique developed by us and describe its
capabilities and limitations.

RESULTS AND DISCUSSION

A detailed schematic of the custom-fabricated SThM
probe used in this study is shown in Figure 1 along with
a scanning electron microscope (SEM) image of the
fabricated probe. The SThM cantilever is ~0.5 um thick
and ~140 um long and is created from low pressure
chemical vapor deposition (LPCVD) silicon nitride (SiN,).
A groove is incorporated into the cantilever to achieve
an effective stiffness constant of 4.0 = 0.2 N/m (details
in Supporting Information (SI)). The tip of the cantilever
is created from low temperature silicon dioxide (LTO)
and is approximately 8 um tall. The gold (Au) and
chrome (Cr) layers are ~100 nm thick and are isolated
from each other at all regions except the tip end by
~70 nm of plasma-enhanced chemical vapor deposition
(PECVD) SiN, (Figure 1). The SEM pictures of the fabri-
cated devices (Figure 1) show that the diameter of the tip
of the fabricated SThM probe is ~100 nm and the Au—Cr
thermocouple is ~200 nm in spatial extent and located at
the very end of the tip. More details on the fabrication of
SThM probes are provided in the Supporting Information.

Measurement of the Effective Seebeck Coefficient of the
Au—Cr Junction. To characterize the effective Seebeck
coefficient (Sjunction) Of the Au—Cr thermocouple inte-
grated into the SThM probe, we pursued an approach
similar to that adapted by others previously.'** The
SThM probe was mounted onto a substrate that has an
electrical heater attached to it as shown in Figure 2
inset. Good thermal contact between the substrate and
the tip was achieved by attaching the tip to the
substrate via a thermally conducting epoxy. Further,
two thermocouples were attached to the substrate and
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the cantilever as shown in Figure 2. The temperature
of the substrate was then increased in steps using the
electrical heater, while temperatures of the substrate
(Ts) and the cantilever (T¢) were recorded from the
thermocouples attached to the substrate and the
cantilever. The thermoelectric voltage across the Au—Cr
junctions (V1) was also recorded as the temperature was
increased and is reported in Figure 2. Given the excellent
thermal contact between the tip and the substrate, the
tip temperature (Ty;,) can be assumed to be the same as
the substrate temperature (Ts = Ty). Therefore, the
measured thermoelectric voltage (V4g) can be directly
related to the Seebeck coefficient of the junction by Vi =
Sjunction X (Ts — T¢). From the data shown in Figure 2, the
Seebeck coefficient (Sjunction) Of the Au—Cr junction is
estimated to be 16.28 £+ 0.15 uV/K. This measured
Seebeck coefficient is in good agreement with that of
similar probes fabricated in previous studies.'”?®

Characterizing the Sensitivity of the SThM Probes in UHV.
We define the sensitivity of the SThM probe as the
rise in the temperature of the tip, as measured by the
Au—Cr thermocouple, per unit temperature rise in the
sample. In general, the temperature rise of the probe is
not the same as that of the sample with which it is in
contact. This difference in the tip and sample tempera-
tures is due to the large thermal contact resistance
between the tip and the sample. Further, it is to be
expected that the sensitivity of the SThM probe would
depend on various factors including the materials of
the tip and the substrate, and the force applied on the
cantilever which determines the contact diameter.

In past work by Shi et al,?® it was shown that the
sensitivity of the SThM probe, operating in ambient
conditions, depends on the size of the region that is
being heated. Specifically, it was shown that when an
SThM probe was placed in contact with a 5 um wide
platinum (Pt) line, which was heated electrically, the
measured sensitivity was ~0.5 K/K. Whereas, when the
same tip was placed in contact with a heated 350 nm
wide Pt line the sensitivity reduced dramatically to
~0.05 K/K. This large variation in the sensitivity arises
due to the parasitic heat conduction between the tip
and the sample and makes it impossible to directly
perform quantitative thermal measurements using
SThM probes under ambient conditions.

To measure the sensitivity of SThM probe and
unambiguously demonstrate the invariance of its sen-
sitivity in an UHV environment we employed three
different Pt lines that were all 50 nm thick and 200 nm,
1 um, and 5 um wide, respectively. All the Pt lines were
deposited on a 600 nm thick SiO, layer that was thermally
grown on a silicon wafer (more details in the SI). Further,
an ~10 nm thick layer of aluminum oxide (Al,Os) was
conformally deposited using atomic layer deposition
(ALD) on all the platinum lines. This thin layer of Al,O3
serves two important purposes: (1) it prevents accidental
electrical shorts between the chrome layer of the tip and
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the Pt on the heater line even if the native chrome oxide
on the Cr layer is abraded during the experiment; (2) it
enables the creation of identical tip—sample contact
conditions on the entire sample. We note that the
Al,O3 layer deposited by ALD is very thin and amor-
phous,”” and has a very small thermal conductivity?®~3°
(~1 W/(m-K)). Therefore, the Al,O5 layer does not cause
any appreciable perturbation in the temperature fields
on the surface of the sample (more details in the SI).

All the platinum lines used in the experiment were
patterned in a four probe configuration as shown in
Figure 3a. To heat the Pt lines, an alternating current at
a known frequency (f = 5 Hz) and amplitude (/,) was
supplied through the Pt line (the specific choice of the
oscillation frequency, f = 5 Hz, is discussed in detail
later). Because of Joule heating, the temperature of the
line oscillates at 2f, leading to an oscillation of the line
resistance at 2f. The voltage across the line oscillating
at 3f (see Figure 3a) is related to the temperature
oscillation of the line by AT(2f) = 2(dT/dR)V3¢/lo, where
AT is the amplitude of temperature oscillation at 2f, Ris
the resistance of the line, and V5¢is the amplitude of the
voltage oscillation across the line at 3f (details of the
measurement of temperature coefficient of resistance
dT/dR are provided in the SI).

Before measuring the sensitivity of the SThM
probes it is necessary to choose the contact force at
which the sensitivity of the probe is characterized. This
is important because the measured sensitivity de-
pends on the applied contact force. To determine the
appropriate contact force, the SThM probe which was
initially separated from a Pt line whose temperature
was modulated at 2f = 10 Hz was slowly displaced
toward the Pt line. During this process, the deflection
of the SThM probe was recorded using an optical
scheme.?' The measured deflection was used to esti-
mate the force on the cantilever from the known spring
constant of the cantilever. Further, the temperature
oscillations of the SThM tip at 2f (10 Hz) were also
simultaneously recorded using a lock in amplifier
(SR 830) in a bandwidth 0.26 Hz. Data obtained in
one such experiment are shown in Figure 3b where it s
clear that the force on the SThM probe is negligible
when the probe is away from the sample. When the
probe is in close proximity to the sample it suddenly
jumps into contact due to the van der Waals forces
between the tip and the sample. As soon as mechanical
contact is established, the temperature oscillations of
the tip (at 2f = 10 Hz) become detectable. After initial
contact, the amplitude of the measured temperature
signal increases monotonically as the contact force is
increased until the signal saturates. This behavior can
be understood by noting that as the tip-sample contact
force increases, the tip and sample deform elastically
resulting in a gradual increase in the contact diameter.
However, after transition to plastic deformation the
contact diameter no longer increases significantly thus
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Figure 3. (a) A schematic of the experimental setup used in determining the sensitivity of the probe. The experiment is
performed under UHV conditions (<10° Torr). A sinusoidal electrical current oscillating at f (5 Hz) is supplied through the
platinum (Pt) line and causes temperature oscillations of the line at 2f (10 Hz). The temperature oscillation of the Pt line is
measured by monitoring the oscillations in the resistance of the line. After the SThM pobe is placed in mechanical contact with
the metal line the thermocouple voltage at 2fis recorded using a lock-in amplifier, and related to the local temperature using
the measured effective Seebeck coefficient of the Au—Cr junction. (b) The measured force on the SThM probe and the
measured temperature response of the probe are shown as a function of the piezo position in an experiment where the SThM
probe was gradually displaced toward a 1 um wide heated Pt line. A sudden jump in the temperature of the Au—Cr
thermocouple is observed when the probe makes mechanical contact with the sample. The temperature of the thermocouple
increases steadily when the tip is displaced further toward the sample due to an increase in the contact area between the tip

and the sample.

resulting in saturation of the measured temperature
oscillations. We note that it is clear from Figure 3b that
a larger contact force results in a larger temperature
sensitivity. However, a large contact force also in-
creases the contact diameter, which results in a de-
crease in the spatial resolution. As a compromise, we
apply a contact force of 150 + 15 nN for all further
characterizations as it corresponds to the smallest
force where the measured thermal signal has almost
saturated. The uncertainty of £15 nN in the applied
contact force arises from both the uncertainty in the
spring constant of the cantilever and from the uncon-
trolled deflections of the cantilever due to bimaterial
effects (details in the SI).

Given the contact force of 150 & 15 nN, the contact
diameter can be estimated using classical Hertzian

theory:’
6rP\ '/
QHertz = <?) (1

where aper is the diameter of contact, r the tip radius
(~50 — 100 nm for SThM probes: see Sl for details), P
the applied load (150 nN), and E* = [(1 — v,2)/E; +
(1 — v,2)/E,]7", the effective elastic modulus obtained
from Young's moduli E; and E, and Poisson's ratios v,
and v, of the tip and substrate surface materials. From
eq 1, the contact diameter for a chromium-coated tip
in contact with an Al,O3 surface is estimated to be
~7 nm. Further, assuming elastic deformation the
resulting pressure at the point contact can be esti-
mated to be ~6.8 GPa. However, if plastic deforma-
tion occurs, the contact diameter can be larger and
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can be estimated using'

4p\ "2
Aplastic — % (2)

where H is the hardness of the softer material (Cr) and
is at least 1.0 GPa.>*3** From this, the diameter for
the applied contact force (150 nN) is estimated to be
~13 nm. This discussion suggests that the tip-contact
diameter is ~10 nm for the applied contact force of
150 + 15 nN. We note that one potential concern of
imaging at such large forces is the possible damage to
the tip due to shear forces. We investigated this effect
in detail, and found that the deterioration was negli-
gible even after continuous imaging for hours (details
in the SI).

The sensitivity of the SThM probe was determined
by performing experiments using three Pt lines which
were 50 nm thick and 200 nm, 1T um, and 5 um wide,
respectively. In each of the experiments, the amplitude
of temperature oscillations of the tip (at 2f= 10 Hz) was
recorded as a function of the amplitude of the tem-
perature oscillations of the Pt line. The data obtained in
each of these experiments is shown in Figure 4b from
which the sensitivity of the SThM probe is estimated to
be 0.034 + 0.006 K/K and is independent of the line-
width. This invariance of sensitivity with line-width is in
strong contrast to past SThM work performed under
ambient conditions where large variations in sensitivity
were observed® when the line-width was changed.
This invariance can be easily understood by noting
that heat transport from the Pt line to the tip is primarily
dominated by the ~10 nm diameter tip—sample
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Figure 4. (a) A resistance network to model the thermal resistances at the tip—sample contact and the cantilever. (b) The
measured temperature rise of the Au—Cr thermocouple junction as a function of temperature rise in the 5 um, 1 um, and
200 nm wide lines. The tip is in mechanical contact with Pt line with a contact force of ~150 nN. (c) The measured and modeled
frequency responses of the SThM probe when the probe is in contact with a heated Pt line with a contact force of ~150 nN. (d)
The measured power spectral density of thermal noise in the Au—Cr thermocouple junction of the SThM probe. The inset

shows the signal-to-noise ratio (S/N) at different frequencies.

contact while all other mechanisms for heat transfer
between the tip and the sample such as conduction
through air molecules and near field radiation are
negligible.

The measured sensitivity of the UHV-SThM probe is
smaller than what was observed in the past for similar
probes operating in ambient conditions. The reduced
sensitivity is primarily due to the larger tip—sample
contact thermal resistance that exists in UHV condi-
tions as parasitic heat transport pathways between the
tip and the sample are eliminated. A simple resistance
network picture provided in the inset of Figure 4a can
be used to estimate the expected sensitivity for a UHV-
SThM probe. From the resistance network the sensi-
tivity can be expressed as

Rc

e 3
Rc + Rrs @)

sensitivity =

where Rc = Ry + Rean is the sum of the thermal resis-
tances of the cantilever (R.,n) and the tip (Ryp), whereas
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R1sis the thermal resistance of the contact between the
tip and the sample. The thermal resistance of the
cantilever and the tip can be estimated from a knowl-
edge of the geometry of the SThM probe and thermal
conductivities of the various materials from which the
probe is made and is found to be ~5 x 10° K/W (S). The
thermal contact resistance (Rss) at a solid—solid point
contact between a conical shaped object and a semi-
infinite solid can be approximately obtained using the
following expression:'

-1

Ksmkiip tano > @

Res = _Hmfap taNT_
5 ra <2kSm + kyip tand

where ki, and kr, are the thermal conductivities of the
conical tip and semi-infinite solid respectively, a is the
diameter of the point contact (~10 nm) and 0 (~21°) is
the half angle of the conical tip. The tip—sample
contact resistance can be obtained approximately
using the above formula by approximating the sample
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as a semi-infinite solid with a thermal conductivity ki,
of ~1 W/(m -K) as it comprises a thin film of amorphous
Al,0O5 and ~600 nm of SiO,. Further, we approximate
the tip to be equivalent to one made completely of
SiO,, therefore, kyp is ~1 W/(m-K). Under these as-
sumptions, the thermal resistance of the tip—sample
contact (Rys) can be estimated to be ~2 x 10% K/W. This
estimate is in good agreement with a more detailed
model (see SI) that predicts a contact resistance of
~10% K/W. Further, the estimated resistance is in
good agreement with past estimates of thermal resis-
tance by Shi et al.Z* (~1.5 x 10% K/W) and Luo et al.*°
(~4 x 10® K/W). Using eq 3, and the estimated thermal
resistances, the sensitivity can be estimated to be
~0.02 K/K. This value is in reasonable agreement with
the measured sensitivity.

Thermal Time Constant. The frequency of operation
(2f = 10 Hz) was determined by measuring the thermal
time constant of the SThM probe and noise spectral
density of the Au—Cr thermocouple. The thermal time
constant of the SThM probe was obtained by measur-
ing the temperature rise of the tip at various heating
frequencies while the amplitude of the heating current
was held constant. A normalized temperature re-
sponse obtained in such an experiment is shown in
Figure 4c. The measured temperature response is
found to be constant until ~10 Hz and decreases
monotonically afterward. The thermal time constant
(zy) Of the tip is defined as Ty, =(27tfz) ', where fy is the
roll-off frequency which is defined as the frequency
at which the normalized temperature is 1/v/2 K/K.
Because the roll-off frequency is ~40 Hz (Figure 4c),
the thermal time constant of the probe (zy,) is ~4 ms.
To confirm that the measured frequency response is
consistent with the device geometry and the esti-
mated tip—sample contact resistance, we analyzed
the experimental results using a time-dependent finite
difference model (see SI). The modeled result is shown
along with the experimentally measured frequency
response in Figure 4c and is seen to agree well with
the experimentally obtained frequency response.

To obtain the signal-to-noise (S/N) ratio, we mea-
sured the noise in thermoelectric (Vy) voltage of the
Au—Cr junction in a configuration where the tip is in
contact with an unheated Pt line. The measured ther-
moelectric noise voltage is converted into an equiva-
lent temperature noise (ATy) using the known effective
Seebeck coefficient of the Au—Cr junction (ATy =
V/Sjunction). The power spectral density (PSD) of the
temperature noise signal is reported in Figure 4d and
shows that the measured noise increases with decreas-
ing frequencies. The signal-to-noise (S/N) ratio at var-
ious frequencies was obtained by first fitting poly-
nomial curves to the signal and PSD curves and sub-
sequently dividing the signal (Figure 4c) with the noise
obtained from the PSD in a bandwidth of ~0.26 Hz
(the same bandwidth used in obtaining the signal
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shown in Figure 4c). The obtained S/N ratio is shown
in the inset of Figure 4d and features a peak in the S/N
ratio at ~10 Hz suggesting that, for the probes used in
this work, the optimal temperature modulation fre-
quency for thermal imaging is ~10 Hz.

Demonstration of Quantitative Temperature Measurement.
A predetermined sinusoidal electrical current was sup-
plied through a 1 um wide Pt line, fabricated on top of
a 600 nm thick SiO, film which was located on a Si
substrate, to create sinusoidal temperature oscillations
at 10 Hz with an amplitude of 3 K. To demonstrate the
quantitative measurement capabilities of UHV-SThM
we directly measured the temperature profile of the
surface in a direction perpendicular to the Pt line by
performing a line-scan as shown in Figure 5a and
compared it with a profile obtained from Finite Ele-
ment Modeling (modeling details in SI). Figure 5b
shows the topographical profile of the Pt line along
with the measured and modeled temperature profiles
which are in excellent agreement with each other
suggesting that UHV-SThM can quantitatively measure
temperature fields. This result is particularly significant
because it is in strong contrast to SThM performed
under ambient conditions®* where large deviations
between the measured and modeled temperature
profiles were observed.

In addition to measuring the temperature profile of
the 1 um wide Pt line, we also studied the temperature
profile of a 200 nm wide line whose temperature was
oscillating at 10 Hz with an amplitude of 6 K. Specifi-
cally, we performed line-scans perpendicular to the
200 nm line at two different scan rates: one scan was
performed slowly (at a speed of ~50 nm/second),
whereas the second scan was performed at a faster
rate (at a speed of ~200 nm/second) which was
comparable to the scan rate of the 1 um wide Pt line
discussed earlier. The temperature profiles obtained in
the slow and fast scans are shown in Figure 5 panels c
and d, respectively, along with the topographical
profile of the Pt line and the modeled temperature
profiles. The measured data shown in Figure 5d (fast
scan) are found to be in excellent agreement with the
computed profile. However, the data obtained in the
slow scan show features that deviate significantly from
the computed temperature profiles near the line edge.
This deviation from the modeled temperature profile
can be understood by noting that sudden changes in
contact area between the tip and the sample occurs
when the tip moves spatially from the top of the Pt line
located near the edge of the Pt line to a neighboring
point on the sample or vice versa (see Figure 5c inset).
This change in the contact area results in a correspond-
ing change in the thermal resistance between the tip
and the sample resulting in a spurious measurement.
However, these features are not visible in a fast scan
due to spatial averaging of data that occurs because of
the fast scan rate. We note that such edge effects have
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Figure 5. (a) A schematic diagram of the setup used to demonstrate quantitative thermal measurements. The temperature
and topography around a heated Pt line are simultaneously obtained by scanning in a direction perpendicular to the Pt line.
(b) The topographical profile of the Pt line along with the measured and modeled temperature profiles are shown. The inset of
the figure depicts a three-dimensional map of the temperature field measured on a section of the 1 um wide Pt line. (cand d)
The temperature profiles obtained in the slow and fast scans are shown in Figures ¢ and d, respectively, along with the
modeled temperature profiles and the topographical profile of the Pt line. The inset of Figure 5c¢ depicts the contact
conditions between the probe and the Pt line while scanning. Whereas, the inset of Figure 5d depicts a three-dimensional map
of the temperature field measured on a section of the 200 nm wide Pt line.

also been observed in past SThM work in the ambient.>>>

The results shown in Figure 5 unambiguously show
that UHV-SThM is capable of performing quantitative
thermal imaging; however, deviations from the true
temperature can occur when there are steps in the
topography. We believe that even this limitation could
potentially be overcome by deconvoluting the edge
effects from a knowledge of the topography of the
sample, this is the focus of our future work.
Demonstration of Thermal Imaging. Since the thermo-
couple is integrated into the tip of the SThM probe it is
possible to easily obtain both the topographical and
thermal images. To demonstrate these capabilities we
imaged a 2-dimensional temperature field. Specifically,
we thermally imaged a region where the 200 nm wide
Pt line (through which an electrical current is flowing) is
connected to a 1 um wide Pt line (probe lead through
which no electrical current is passing, see Figure 6a).
Figure 6b shows the topography of the region of inter-
est, whereas Figure 6¢ shows the measured thermal
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field. As can be seen from the figure, the temperature
rise of the 200 nm line is lower in the region where it
intersects the 1T um wide line because the 1 um wide Pt
line acts as a fin. In addition to this we also imaged the
thermal fields in sections of the 200 nm and 1 um wide
lines (inset of Figure 5b,d). The obtained thermal images
show a one-dimensional temperature field where the
amplitude of temperature oscillations decays rapidly
away from the line (detailed topographical and tempera-
ture images are provide in the Sl).

Temperature Resolution of UHV-SThM. The temperature
resolution of the UHV-SThM probes can be estimated
from a knowledge of the PSD of the voltage noise
(Figure 4d), and the measured sensitivity of the ther-
mocouple (0.034 K/K). From the measured PSD the
noise at the measurement frequency (2f = 10 Hz) was
found to be ~1 mK/(Hz)"? (Figure 4d). This implies that
in the measurement bandwidth (0.26 Hz) the root-
mean-square noise voltage (AT, pise) is ~0.5 mK. The
noise limited temperature resolution can be estimated
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Figure 6. (a) Scanning electron microscope image of a 200 nm wide Pt line; (b) 3D topographic of a 2.5 um x 2.5 um region
where the 200 nm wide Pt line lies on top of a 1 um wide Pt line; (c) thermal image of the same region shown in panel b. The
temperature rise of the 200 nm line is seen to be lower in the region where it intersects the 1 um wide line because the 1 um

wide Pt line acts as a fin.

to be (AT iesolution = AThoise/sensitivity) ~15 mK. The
sensitivity of the measurement could be improved
further by choosing a smaller bandwidth. However,
such a reduction greatly increases the scanning time
making it infeasible to dramatically reduce the bandwidth.

Spatial Resolution of UHV-SThM. The spatial resolution
of thermal imaging techniques is related to the largest
temperature gradient |V_'T|max that can be measured.
Specifically, the spatial resolution (Ar) is usually de-
fined as (Ar = ATreso|ution/|€ﬂmax). It can be seen from
Figure 5c that temperature gradients as large as 2 x
107 K/m can be measured while scanning the probe
from the center to the edge of the heated 200 nm wide
Pt line. From this measured thermal gradient, the
spatial resolution of the technique can be estimated
to be ~1 nm. However, this estimate needs to be
interpreted with caution because the contact diameter
of the point contact is ~10 nm, resulting in a reduction
of resolution due to spatial averaging. Therefore, we
estimate the real spatial resolution of UHV-SThM to be
~10 nm—this represents the highest spatial resolution
among all the nanoscale thermal imaging techniques
reported until now.

We also note that the claimed spatial resolution is
supported by the data in Figure 5¢, where the mea-
sured and computed temperature profiles are shown
in the vicinity of a 200 nm wide line. The computed and
measured temperature profiles agree well with each
other everywhere except at the line edge where the
edge contact effects result in artifacts. In the region
where we have excellent agreement, the data shows
that the temperature difference between two neigh-
boring points separated by ~10 nm is ~50 mK (see SI,
Figure S13 for a detailed plot), and is easily detected by
the probe that has a temperature resolution of ~15 mK.

METHODS

Finite Difference Modeling. To analyze the time constant of the
probe and the tip—sample thermal contact resistance, it was
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This unambiguously shows that the resolution of our
probe is ~10 nm.

Limitations of the Technique. The UHV-SThM technique
described in this work suffers from edge effects that
complicate the measurement of temperature fields in
regions where there is a sudden change in the topo-
graphy of the sample: for example, the edge of a line
(Figure 5¢). This could potentially make it difficult to
use this technique on rough surfaces. Further, due to
variations in the tip geometry from probe to probe, it
is necessary to perform the thermal signal versus
applied force calibration shown in Figure 3b for each
probe to determine the appropriate contact force
at which to perform the scanning. This could be
time-consuming and represents a limitation of the
technique.

CONCLUSION

To summarize, we have demonstrated a scanning
thermal microscopy technique capable of a spatial
resolution of ~10 nm and a temperature resolution
of ~15 mK. This high resolution is obtained by using a
customized AFM probe, with an integrated nanoscale
thermocouple, in an ultra-high vacuum environment.
We demonstrated the quantitative capabilities of this
technique by directly imaging thermal fields in the
vicinity of a 200 nm wide, self-heated Pt line. Our
measurements are found to be in excellent agreement
with computational results—unambiguously demon-
strating the quantitative capabilities of the technique.
UHV-SThM is well suited for the study of nanoscale
thermal transport and will play an important role in
understanding energy dissipation, phonon transport,
and electron—phonon interactions in nanoscale elec-
tronic and photonic devices.

necessary to compute the temperature fields in the SThM
probe. To accomplish this, we used one of MATLAB's solvers,
bvp4c, which can solve boundary value problems for ordinary
differential equations (more details in the SI).
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Finite Element Modeling. To obtain the temperature profile
around heated Pt lines, we used COMSOL (general heat transfer
module). By taking advantage of the symmetry of the tempera-
ture profile, only half of the actual geometry was used in the
calculation, enabling the use of a finer mesh. A different
COMSOL module (solid, stress-stain, smsld) was used in the
calculation of cantilever stiffness and force uncertainty resulting
from the bimaterial effect (more details in the SI).

SThM Measurements. We performed the thermal imaginginan
ultra-high vacuum atomic force microscope (UHV 7500 VT
System, RHK Technology). The vacuum level was below 10°°
Torr during the experiment. A constant force (~150 nN) was
maintained during scanning to obtain the topographic and
thermal maps. While obtaining the topographic map using RHK
SPM 100 controller, the temperature oscillations of the SThM tip
were simultaneously recorded using a lock-in amplifier (SR 830).
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