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ABSTRACT: Quantitative mapping of temperature fields with
nanometric resolution is critical in various areas of scientific
research and emerging technology, such as nanoelectronics,
surface chemistry, plasmonic devices, and quantum systems. A
key challenge in achieving quantitative thermal imaging with
scanning thermal microscopy (SThM) is the lack of knowledge
of the tip−sample thermal resistance (RTS), which varies with
local topography and is critical for quantifying the sample
temperature. Recent advances in SThM have enabled simulta-
neous quantification of RTS and topography in situations where
the temperature field is modulated enabling quantitative
thermometry even when topographical features cause signifi-
cant variations in RTS. However, such an approach is not
applicable to situations where the temperature modulation of the device is not readily possible. Here we show, using custom-
fabricated scanning thermal probes (STPs) with a sharp tip (radius ∼25 nm) and an integrated heater/thermometer, that one
can quantitatively map unmodulated temperature fields, in a single scan, with ∼7 nm spatial resolution and ∼50 mK
temperature resolution in a bandwidth of 1 Hz. This is accomplished by introducing a modulated heat input to the STP and
measuring the AC and DC responses of the probe’s temperature which allow for simultaneous mapping of the tip−sample
thermal resistance and sample surface temperature. The approach presented herecontact resistance resolved scanning
thermal microscopy (CR-SThM)can greatly facilitate temperature mapping of a variety of microdevices under practical
operating conditions.
KEYWORDS: scanning thermal microscopy, nanoscale quantitative temperature mapping, quantifying contact resistance,
platinum resistance thermometer probes, unmodulated temperature fields

In recent years, probing energy transport and dissipation in
nanoscale devices has become critically important. In
order to study all these phenomena, it is necessary to

probe temperature fields with nanometer resolution. Nanoscale
thermometry and thermal microscopy enable such studies and
play an important role in various fields, including nanoscale
transport,1−4 biomedical research,5−7 material synthesis and
fabrication,8−10 electronics,11−15 and quantum devices.16−18

Specifically, scanning thermal microscopy (SThM), which
employs scanning thermal probes (STPs), has enabled
temperature mapping with nanometer spatial resolution.19−21

In performing quantitative studies in a vacuum environment,
STPs are typically used in contact mode, where the heat
transfer between the sample and the STP is dominated by
conduction via the contact between the STP tip and the
sample.20,21

A key challenge for quantitative temperature mapping of a
sample using STPs is that the temperature measured by the
probe depends on both the sample temperature and the tip−
sample thermal contact resistance (RTS). The value of RTS

depends on the exact geometry of the sample at the point of
contact as well as the local thermal conductivity of the sample.
Therefore, it is critical to know the value of RTS when
measuring temperature fields from surfaces with variations in
topology and thermal conductivity or time-dependent
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variations in tip geometry arising from abrasion, plastic
deformation, or contamination of the tip while scanning, all
of which can lead to spurious signals.20,21 Due to these
challenges, temperature maps obtained by scanning a sample
surface using STPs often include artifacts.11,19,22−24 Therefore,
to obtain a quantitative map of the sample temperature, one
needs to also simultaneously measure the spatial variation of
RTS.
Past studies have employed several techniques for

quantitative temperature sensing using SThM, such as the
null-point (NP) measurement technique25,26 that operates by
identifying the probe temperature at which the probe-sample
heat flow is largely nullified ensuring that the probe
temperature equals the local sample temperature. Another
method for quantitative temperature sensing is the double-scan
measurement,27,28 which first determines RTS by comparing the
temperature of the probe when it is out-of-contact to that of
the probe when it is in contact with the sample at ambient
temperature. Subsequently, this map of RTS values is used to
determine the sample temperature under operation (i.e., when
a temperature gradient is established on the sample). These
techniques represent an important step forward, as they
quantify the tip−sample contact resistance by combining
information obtained from multiple scans or multiple
approach−retract cycles. However, they cannot completely

capture the variation of RTS with time for the reasons described
above.
A recent technique29,30 has aimed to overcome these

challenges in quantifying RTS by employing samples whose
temperature is periodically modulated. However, this interest-
ing approach cannot be directly applied to temperature
mapping of samples or devices which operate under steady
state conditions or where modulation of the sample temper-
ature at reasonable frequencies is impractical. Examples include
temperature fields generated in biological systems and by
surface reactions where the heat source cannot be turned on
and off on demand. Other important examples, relevant to this
work, involve microdevices where temperature modulation
leads to periodic thermal expansion that both mechanically
stresses the device and generates additional artifacts during
scanning or devices where the amplitude of the modulated
temperature field is large and invalidates the assumption of
temperature-independence of RTS. Therefore, in many
applications, it is essential to have the device operate under
steady conditions and perform thermal microscopy without
perturbing device operation.
In this work we present an approachcontact resistance

resolved scanning thermal microscopy (CR-SThM)that
leverages scanning probes to quantitatively map unmodulated
temperature fields even on samples with topography and
material variations. Briefly, our approach is based on applying a

Figure 1. (a) Optical microscopy image of the entire probe showing a suspended region (blue dashed box), which acts as a thermal reservoir,
and the suspended scanning thermal probe (red dashed box). (b) Tilted false color SEM micrographs (top left panel) of the scanning
thermal probe (STP), along with a zoomed in image (top right panel) showing the Pt serpentine and T-beams. The bottom panels show
zoomed in images of the probe tip. (c) Schematic of the probe during measurement. A DC current (Isample) is sourced through the Pt line
which generates a steady state temperature field on the sample. A wheatstone bridge driven by an AC voltage is used to read the resistance of
the first PRT for sensing the reservoir temperature (TR). (d) Schematic of the scanning thermal microscope in contact with a heated Pt line.
The second PRT integrated into the STP is connected to a Wheatstone bridge, driven by a specific current waveform (Iprobe) which is used
for temperature sensing and modulated heating of the STP (see the main text and the Methods section).
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modulated heat input to the probe and simultaneously
measuring the amplitude of the temperature oscillations as
well as the mean temperature of the probe, while the probe
scans the sample of interest, in contact mode and in an
ultrahigh vacuum environment. Data from these simultaneous
measurements contain information on both the sample
temperature and RTS, which are extracted using a dynamic,
lumped capacitance thermal model. Our approach suppresses
artifacts generated by topography variations, STP tip abrasion,
and temperature drift, enabling measurements of sample
temperature with a temperature resolution of ∼50 mK (in a
bandwidth of 1 Hz), a long-term temperature stability of <10
mK, and a spatial resolution of ∼7 nm.

RESULTS AND DISCUSSION
In order to quantitatively measure unmodulated temperature
fields, we custom-fabricated STPs (see section S1 of the
Supporting Information for fabrication details). Images of the
fabricated probes, obtained using optical microscopy, are
shown in Figure 1a. The probe consists of two suspended
regions: The first region, identified by a blue box, shows the
suspended thermal reservoir, while the second region,
identified by a red box, indicates the scanning thermal probe.
The suspended thermal reservoir serves to thermally isolate the
suspended scanning probe from the ambient environment and
acts as a thermal reservoir for the suspended probe. This
thermal reservoir features a 17 kOhm Pt serpentine line which
is used as a platinum resistance thermometer (PRT) to sense
the reservoir temperature TR using a Wheatstone bridge and a
lock-in measurement technique (see the Methods section).
The suspended scanning probe is characterized by both high
thermal isolation (quantified below) for the tip and a relatively
high mechanical stiffness (∼7.7 N/m). This large mechanical
stiffness (see section S2 of the Supporting Information for an
estimate of the stiffness) is accomplished by incorporating T-
shaped beams that can be seen in the scanning electron
microscope images shown in Figure 1b. Further, a gold-coated
region (see Figure 1b) that is used as a reflector for an incident
laser beam is also incorporated into the probe and is thermally
isolated from the rest of the probe using thin beams to
minimize detrimental effects arising from laser heating. Finally,
it can be seen that the tip of the probe has a radius of curvature
of ∼25 nm enabling very high spatial resolution imaging as
described later.
The suspended scanning probe also features a ∼9 kΩ PRT

that is located close to the tip and is used for heating the probe
and for sensing temperatures. In our experiments, this PRT is
integrated into a full Wheatstone bridge that is driven by a time
(t)-dependent current (Iprobe(t)) consisting of two super-
imposed sinusoidal waves, Iprobe = I1 sin(2πf1t) + I2 sin(2πf 2t).
The first current component (I1 = 56 μA, f1 = 4 Hz) leads to a
modulated heat input resulting in sinusoidal oscillations of the
temperature of the probe at a frequency of 2f1 and the
amplitude TAC that is recorded during scanning (see the
Methods section). The second AC current component (I2 = 14
μA, f 2 = 212 Hz), which has a smaller amplitude and a higher
frequency (the frequency was chosen to be much higher than
the thermal cutoff frequency of the suspended scanning probe
(∼8.9 Hz, see Figure 2c), is used for sensing the unmodulated
DC temperature of the STP (labeled TDC) via a lock-in
technique (see the Methods section). Our approach for
quantitatively mapping unmodulated temperature fields via the
STP is schematically shown in Figure 1c and d. The figure

depicts a STP near a Pt line sample that is heated by passing a
DC current (Isample) through it. The resulting steady state
surface temperature field TS (x, y) is quantified using CR-
SThM.

THERMAL ANALYSIS FOR QUANTIFICATION OF
SAMPLE TEMPERATURE
The thermal behavior of the STP when placed in contact with
the sample can be modeled using a lumped capacitance
thermal network31−33 shown in Figure 2a. In the network, RP
and RTS represent the thermal resistance to heat flow within
the probe (defined as the thermal resistance from the PRT

Figure 2. (a) Lumped capacitance thermal network of the STP in
contact with a sample. TR, TP, and TS are the thermal reservoir
temperature, probe temperature, and sample surface temperature,
respectively. RP and CP are the thermal resistance and thermal
capacitance of the probe, and RTS represents the probe tip−sample
thermal contact resistance. Further, q̇P is the heat deposition rate
on the probe by the probe heater and the AFM laser. (b)
Schematic demonstration of different contact geometries estab-
lished during thermal scanning in the perpendicular direction to a
heated Pt line sample. (c) Thermal frequency response of the STP
to an AC heat input with a peak amplitude of 8.5 μW that is
deposited on the STP heater at various STP temperatures (TDC).
The inset shows the variation of the thermal resistance and lumped
capacitance of the STP as a function of STP temperature (TDC).
The measurements were performed under out-of-contact con-
ditions at a gap-size of ∼2 μm from the sample surface.
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sensing element on the probe to the suspended thermal
reservoir) and the probe tip-to-sample thermal resistance
(defined as the thermal resistance from the PRT sensing
element on the probe to the sample), and CP is the lumped
thermal capacitance of the STP. The temperature sensed by
the probe PRT (labeled TP) has the components TDC and TAC,
as discussed in the previous section, while TR and TS are the
temperatures of the probe thermal reservoir and sample,
respectively. In addition, q̇P is the rate of heat deposition on
the probe by the integrated probe heater as well as the atomic
force microscopy (AFM) laser, which has both DC (q̇DC) and
AC (q̇AC) components. By analyzing this network, the
temperature of the sample (TS) can be related to other
parameters (see section S6 of the Supporting Information for
the derivation) via:

T
R
R

T T R q T( )S
TS

P
DC R P DC DC= − − ̇ +

(1)

As illustrated in Figure 2b, different contact geometries are
established when a sample with topographical variations (such
as a heated line) is studied, leading to local points of weak or
strong thermal contact. It is clear from eq 1 that knowledge of
RTS, RP, TDC, TR, and q̇DC is necessary for evaluating Ts. As
explained earlier, TDC and TR can be directly measured using
the integrated PRTs (see the Methods section for details). We
determine RP and CP by placing the STP ∼2 μm above the
sample surface and measuring its thermal frequency response
to modulated heat inputs at various frequencies and a peak
amplitude of q̇AC = 8.5 μW. These measurements were
repeated at various STP temperatures (TDC), and the results
from these measurements are shown in Figure 2c. It can be
seen that the measured frequency response is consistent with

Figure 3. (a) SEM micrograph of the Pt line sample employed in this work. The Pt line is 250 nm wide and 50 nm thick. The white arrows
show the path of the unmodulated electrical current (Isample) employed to heat the Pt line via Joule heating, and the dashed squares mark the
regions where thermal scanning was performed for the data shown in Figures 4−7. (b) Measured DC temperature rise of the probe when the
probe is placed in contact with the Pt line at location A shown in panel a as a function of the square of the heating current sourced to the Pt
line sample. The inset shows a stepwise increase of the heating current sourced to the sample during this experiment. (c) The data points
corresponding to the left vertical axis represent the rise in sample temperature (Pt-line) estimated using eq 1. To obtain the sample
temperature, the value of RTS was extracted using eq 2 and plotted in this panel on the right vertical axis. The dashed line represents the Pt
temperature rise as estimated from independent measurements of temperature rise vs heating current described in section 4 of the SI. (d)
Allan deviation plot illustrating the stability of the sensed sample temperature (TS) with and without compensation for laser power
fluctuations. It is clear from this data that accounting for fluctuations in laser power output improves the measurement stability.
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that of a simple first order system with frequency-independent
behavior at low frequencies and a characteristic roll-off
frequency ( fc, the −3 dB point), which is indicated by the
red circles in Figure 2c (here fc ∼8.9 Hz, and corresponds to a
thermal time constant of ∼17.9 ms). Using the thermal
network described earlier, one can show that the cantilever
thermal resistance is given by RP = TAC ( f = 1 Hz)/q̇AC, while
the thermal capacitance of the probe is given by CP =
(2πRP fc)

−1. The inset of Figure 2c shows the measured values
of RP and CP along with their weak dependence on TDC. As can
be seen, Rp and Cp decrease and increase as a function of
temperature, respectively. This can be attributed to the
temperature dependence of the thermal conductivity and the
heat capacity of SiNx films on the probe.34 We note that in this
study the maximum variation in the temperature of the sample
is <10 K, which corresponds to a <1 K variation of the STP
temperature. Therefore, the effect of temperature variation on
RP and CP is small and thus neglected in our subsequent
analysis. However, if the presented technique is employed for
measurements where the sample is heated or cooled
significantly,33 the temperature dependence of RP and CP
must be considered.
Determination of TS using eq 1 also requires knowledge of

the spatiotemporally varying RTS, which can be obtained by
monitoring TAC and using it to calculate RTS via the following
equations (see section S6 of the Supporting Information for a
derivation of eqs 2 and 3):

R
R

r R Cr ( 1)( ) 1
TS

P
2 2

P P
2ω

=
+ − − (2)

r
T
T
AC o

AC
= ‐

(3)

Here, TAC‑o is the AC response of the probe to q̇AC when the
STP is positioned away (∼2 μm) from the sample surface.
Given that the STP is sufficiently far away from the sample, the
effects of near-field heat transfer are negligible1,35 and TAC‑o is
determined primarily by Rp. Finally, we note that q̇DC, which
has contributions from both the Joule heating and optical
power input from the AFM laser, was quantified by measuring
the DC temperature rise of the probe, in response to the power
incident by the laser, when the probe is located far away from
the sample. Further, small variations in the contributions of the
laser power to q̇DC arising from drift in the laser power output
are systematically accounted for by monitoring the power
output of the laser (see section S6 of the Supporting
Information).

CHARACTERIZATION OF THE TEMPERATURE
SENSING RESOLUTION AND STABILITY OF CR-STHM
In order to demonstrate our SThM approach, we employed a
microfabricated sample with a Pt line (Figure 3a). The 250 nm
wide, 50 nm thick, and 18 μm long Pt line was deposited on a
600 nm thick SiO2 layer, which was grown on a Si substrate.23

We first placed the STP on the 250 nm wide Pt line at a
position marked as location A in Figure 3a. Next, we heated this
Pt line by supplying a DC current (Isample) whose magnitude
was increased as a function of time in a stepwise fashion (with
each step lasting Δt = 10 s), resulting in a corresponding
stepwise increase in the heat input (see inset of Figure 3b).
This process was repeated for two other durations (Δt = 20 s
and 80 s). The resulting temperature rise of the STP, ΔTDC,

which represents the time-averaged increase of TDC at each
sample heating power compared to the baseline TDC value at
zero sample heating power, is shown in Figure 3b as a function
of I2sample, which is proportional to the supplied heating power.
Subsequently, the temperature of the STP was converted to TS
using eq 1 and the RTS values extracted from eq 2, which
allowed for quantification of the sample temperature rise as a
function of I2sample (see Figure 3c). In addition, the average
value of RTS corresponding to each TS data point is plotted on
the right vertical axis of Figure 3c. As can be seen, the value of
RTS has small fluctuations (∼10%) during this specific
experiment since the probe is stationary. The dashed line in
Figure 3c shows the sample temperature rise as measured
independently by using the Pt line as a thermometer (see
section S4 of the Supporting Information), which is in good
agreement with the STP measurements. The noise floor for
sensing TS in Figure 3c is 41 mK, 55 mK, 37 mK, and 26 mK
for the 10 s, 20 s, 40 s, and 80 s heating durations, respectively.
To characterize the intrinsic noise and drift in temperature

sensing via CR-SThM, we stabilized the temperature of the
sample shown in Figure 3 to 26 ± 0.0001 °C (as shown in
section S3 of the Supporting Information) and placed the STP
on the SiO2 region of the sample. The experiment was
performed over a duration of 12 h. Since the sample
temperature is stabilized, any fluctuation and drift in TS
(sample temperature measured using STP) that is greater
than 0.1 mK is due to drift or noise in the temperature
measured by the CR-SThM scheme presented here. Figure 3d
shows the Allan deviation of the TS measured by the STP. A
plot of the Allan deviation quantifies the fluctuations of the
time-series TS over a range of time scales and contains
information about the short-term noise and long-term drift in
the measurement.36 The red and black curves demonstrate the
measurement stabilities of TS with and without the effect of
fluctuations in the deposited laser power (i.e., variations in
q̇DC), respectively. To obtain the red curve, the variations of
q̇DC due to laser power fluctuations were measured and
included in eq1 for calculation of TS (see section S6 of the
Supporting Information for details of this calculation). As can
be seen, compensation for laser power fluctuations improves
the measurement stability at all time scales, specifically in the
5−100s range. In addition, as shown in section S7 of the
Supporting Information, compensation for TR drift improves
the stability at time scales >500 s and results in a stability
better than 10 mK for time scales >2 h. The amplitude
spectrum of the measured TS signal (see section S7 of the
Supporting Information) shows similar trends and confirms
the above conclusion regarding the thermal noise and stability
of the STP.

THERMAL IMAGING OF STEADY TEMPERATURE
FIELDS
In order to establish the thermal and spatial resolution of our
approach, when used to quantitatively map the unmodulated
temperature fields of a sample with topographical features, we
scanned across a heated line sample to measure the topology as
well as TDC and TAC using the PRT integrated into the STP.
Subsequently, we applied eqs 1−3 to obtain the sample
temperature at each pixel. Specifically, we scanned our samples
using contact mode AFM at a constant contact normal force of
125 ± 25 nN, stopped at each pixel location for ∼500 ms, and
collected data for TDC, TAC, TR, as well as the instantaneous
laser intensity (I), before moving to the next pixel. In these
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measurements we stabilized the bulk sample temperature to 26
°C by employing feedback control (see section S3 of the
Supporting Information). Next, we passed a DC current of a
chosen magnitude through the Pt line, which resulted in a
spatially varying temperature field T(x, y) around the Pt line.
We began our thermal scans by first studying an area of the

sample with an unheated Pt line (i.e., a line to which no
electrical current is supplied). Specifically, we scanned a 3 μm
× 1.5 μm section (scan area 1 shown in Figure 3a, 90 deg
rotated) and measured the topography, TAC, TDC, and TR,
which are shown in parts a, b, c, and e, respectively, of Figure 4.
The raster scans were done in the horizontal direction (i.e.,
perpendicular to the Pt line), and the image size for Figures 4
and 5 was 512 (horizontal) × 64 (vertical) pixels, and the
scanning rate was ∼12 nm/s. Although the entire sample is in
thermal equilibrium and nominally at a constant, spatially
independent temperature, the temperature map (TDC, Figure
4b) as recorded by the STP probe shows systematic artifacts
from the expected uniform distribution that are as large as
0.5−1 K and are aligned with the scan direction and the
location of the heater line. Given the average thermal contact

and probe thermal resistances, one would expect that TDC

maps as shown in Figure 4b can only arise from local variations
in sample temperature as large as 10 K, which is clearly not
possible. Further, the TAC data shown in Figure 4c also show
features that are very similar to those seen in TDC maps. Next,
by using eq 2 along with the measured data, we obtain a spatial
map of RTS which is shown in Figure 4d. The data feature local
minima at the edges of the Pt line where a two-point contact is
presumably made, i.e., both a contact that occurs between the
apex of the tip and the sample and a second contact between
the edge of the Pt line and the side of the tip (see Figure 2b).
Further, one can observe horizontal line-by-line variations in
RTS, which are likely due to tip abrasion or tip modification by
particle attachment (Figure 4d). In addition, we show in Figure
4e the probe reservoir temperature (TR), which drifts by ∼20
mK over the ∼9.1 h duration of the thermal scan. Finally, using
the measured RTS and TR maps, we construct the sample
temperature TS using eq 1 in a pixel-by-pixel fashion (see
Figure 4f). As can be seen, the measured TS is largely
featureless. Measurement artifacts as revealed in the TDC maps,
including scan lines and the heater topology, are basically

Figure 4. Data obtained from a thermal scan of a Pt line sample at zero heating current. Data shown in all panels were obtained
simultaneously in a single scan. (a) Topography map showing the 250 nm wide Pt line on a SiO2 substrate. (b) DC temperature (TDC)
measured by the probe’s platinum resistance thermometer (PRT). (c) Amplitude of the AC temperature oscillations (TAC) of the probe
measured by the probe’s PRT. (d) Estimated tip−sample thermal resistance RTS obtained from eq 2. (e) Thermal reservoir temperature (TR)
measured using an integrated PRT on the probe thermal reservoir. (f) Extracted surface temperature map (TS) using eq 1, with a pixel-to-
pixel standard deviation of 174 mK. Refer to SI, section S10 for the histogram distribution of the pixel values.
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eliminated. Consequently, the recorded deviations in the TS
map (Figure 4f) from the nominal sample temperature of 26
°C arise mainly from pixel-to-pixel variations and exhibit
comparatively small temperature noise with a standard
deviation of 174 mK. In section S10 of the Supporting
Information, we present the corresponding histogram of the
distribution of temperature from all pixels, which confirms that
the remaining variation in the TS image (Figure 4f) is normally
distributed measurement noise and generally devoid of the
above-discussed artifacts.
Next, we repeated the same measurements with a heated

wire by supplying an electrical current of 0.5 mA to the Pt line
(see Figure 5). As can be seen in Figure 5b, which presents the
measured TDC, the Pt line is at an elevated temperature.
However, there are significant artifacts in the image that
represent unphysical features (as explained earlier). In order to
reduce these artifacts that are caused by variation of RTS during
scanning, we followed the same procedure outlined for the
unheated Pt line (Figure 4) and obtained the data necessary to
compensate for variation of RTS during scanning. Using these
data, we generated a map of RTS (Figure 5d) and used it in

conjunction with the measured TR (Figure 5e) to obtain the
surface temperature shown in Figure 5f. The constructed
surface temperature map (Figure 5f) demonstrates significantly
enhanced image quality with dramatically reduced artifacts. For
a statistical analysis of the pixel-by-pixel temperature data, we
used the pixels inside the dashed box (see Figure 5f) that is
located in a region where the gradient in the sample
temperature caused by heating is small. The standard deviation
of pixel values in this region is 221 mK, which is slightly higher
than the value for the image shown in Figure 4f due to the
small background temperature gradient. See section S10 of the
Supporting Information for the histogram of the distribution of
pixel values in the dashed box of Figure 5f.
In order to confirm that the measured temperature fields are

in quantitative agreement with modeling results, we averaged
the measured temperature maps in Figure 5 along the y
direction and plotted them in Figure 6a−d. As can be seen in
Figure 6b, the TAC profile captures key features of the TDC
profile that are related to a local change in RTS (shown in
Figure 6c). By accounting for these features through the
thermal model (eq 1), an almost artifact-free profile of surface

Figure 5. Data obtained from a thermal scan of a Pt line sample at a heating current of Isample = 0.5 mA. Data shown in all panels were
obtained simultaneously in a single scan. (a) Topography map showing the 250 nm wide Pt line on a SiO2 substrate. (b) DC temperature
(TDC) measured by the probe platinum resistance thermometer (PRT). (c) Amplitude of the AC temperature oscillations (TAC) of the probe
measured by the probe’s PRT. (d) Estimated tip−sample thermal resistance RTS obtained from eq 2. (e) Thermal reservoir temperature (TR)
measured using an integrated PRT on the probe thermal reservoir. (f) Extracted surface temperature map (TS) using eq 1. The pixels in the
dashed box have a standard deviation of 221 mK. Refer to SI section S10 for the histogram distribution of the pixel values.
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temperature can be obtained as shown in Figure 6d. We have
plotted the surface temperature profiles for three sample
currents of 0, 0.5, and 0.707 mA, which are shown in Figure 6e.
The shaded error bars represent the standard deviation of the
measured temperature. The dashed profiles represent the
modeled temperature from a continuum heat transfer model,
which includes the interface thermal resistance between the Pt
line and the SiO2 substrate (see section S9 of the Supporting
Information), thus generating a discontinuous temperature
profile at the edge of the Pt line. The measured TS profiles are
in good agreement with the model. The root-mean-square
errors of the model with respect to the experimental profiles
are 32 mK, 118 mK, and 224 mK for the 0 mA, 0.5 mA, and
0.707 mA cases, respectively. Further, the coefficient of
determination (R2) values of the model are 0.962 and 0.963

for the 0.5 mA and the 0.707 mA cases, respectively. We note
that the experimental profile of the 0.707 mA case
demonstrates a maximum slope of (∂T/∂x) of ∼31 mK/nm
near the edges of the Pt line.
We estimated the spatial resolution of our probes and the

measurement technique as explained below. First, by
combining the maximum experimentally observed temperature
gradient (∂T/∂x) and the temperature sensing resolution
(ΔT), we estimate the spatial resolution (Δx) using Δx = ΔT/
(∂T/∂x), which results in a resolution of Δx = 50 [mK]/31
[mK/nm] = 1.6 nm (see section S8 of the Supporting
Information for details). We note that a temperature resolution
of ∼50 mK was obtained in stationary probe conditions (from
Figure 3c) and is valid for slow scanning rates (such as the 1
nm/s scan rate shown in section S8 of the Supporting

Figure 6. Averaged profiles obtained during thermal scanning of a Pt line such as the scans shown in Figures 4 and 5. To obtain the averaged
profiles, the image was averaged in the y-direction (i.e., the line scans were averaged). (a) Topography profile showing the 250 nm wide Pt
line. (b) DC and AC temperatures measured by the probe’s PRT. (c) Estimated tip−sample thermal resistance RTS obtained from eq 2. (d)
Extracted sample surface temperature profile when a DC electrical current of 0.5 mA was supplied to the Pt line sample. (e) Averaged sample
surface temperature profiles for three sample heating currents of 0 mA, 0.5 mA, and 0.707 mA. Shaded error bars represent the standard
deviation of the measured data.
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Information). However, for faster scan rates (12 nm/s in
Figures 4 and 5) the pixel-to-pixel variation is larger with a
standard deviation of ∼200 mK. Thus, for typical imaging
conditions under faster scan rates we obtain a spatial resolution
of 6.5 nm. Finally, we estimate the contact diameter of the tip
and sample to be ∼6 nm (see section S8 of the Supporting
Information). Considering all these factors, a conservative
estimate of the spatial resolution of our technique is 7 nm.
To evaluate the capabilities of our thermal mapping

approach in a thermally and topographically complex environ-
ment, we imaged the steady state temperature field at the
junction of 250 nm wide and 1 μm wide Pt lines (scan area 2
shown in the dashed box in Figure 3a). The scan (see Figure
7) was performed with a sample heating current of Isample =
0.707 mA, the scan direction was horizontal at a rate of ∼22
nm/s, and the image size was 512 (horizontal) × 128 (vertical)
pixels. The electrical current direction is indicated in the
topography scan of Figure 7a, highlighting that only the
portion of the 250 nm wide line carrying electrical current is
expected to demonstrate significant heating due to a large

current density. The TDC map (Figure 7b) shows a
temperature increase of this portion of the Pt line but also
includes significant topography-related (at the edges of the
line) and line-by-line tip abrasion/modification artifacts.
Similar to previous examples, by applying the thermal model,
these artifacts are mostly removed from both heated and
unheated parts of the scan, generating the surface temperature
map of Figure 7f. This map reveals how portions of the Pt lines
are heated in response to current flow and how the deposited
heat spreads from the lines to the substrate. For example, the
temperature of the narrow Pt line on the SiO2 substrate decays
with a different characteristic length scale (∼120 nm,
corresponding to the length over which the temperature rise
decays by 63%, see section S12 of the Supporting Information)
as compared to the larger length (∼560 nm) along the 1 μm
wide Pt line. The exact profiles of these decays (marked as
prof ile 1 and prof ile 2 in Figure 7f for the SiO2 and Pt
substrates, respectively) are shown in section S12 of the
Supporting Information and relate to the thermal conductiv-
ities of the two substrates. It is also apparent that the upper

Figure 7. Quantitative mapping of temperature fields from a sample consisting of two overlapping 1 μm wide and 250 nm wide Pt lines that
are heated by a DC current of 0.707 mA. Data shown in all panels were obtained simultaneously in a single scan. (a) Topography map
showing the electrical current path by arrows. (b) DC temperature (TDC) measured by the probe’s PRT. (c) Amplitude of the AC
temperature oscillations (TAC) of the probe measured by the probe’s PRT. (d) Estimated tip−sample thermal resistance RTS obtained from
eq 2. (e) Thermal reservoir temperature (TR) measured using an integrated PRT on the probe thermal reservoir. (f) Extracted surface
temperature map TS. The temperature profiles averaged along two lines indicated in the image are shown in section S12 of the Supporting
Information. All images were corrected for distortion arising from piezo scanner saturation (see section S11 of the Supporting Information).
The pixel values in the dashed box have a standard deviation of 238 mK.
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portion of the 1 μm wide Pt line is only slightly heated due to
the lower current density and larger thermal conductance when
compared to the 250 nm line. Lastly, the background noise
(dashed box in Figure 7f, standard deviation equals 238 mK) is
about equally low as compared to the surface temperature
maps in Figures 4f and 5f. The slight increase in noise is due to
the higher scan rate and the presence of a small gradient in the
background temperature. Moreover, we remark that the surface
temperature noise is largely determined by the uncertainty in
the measured RTS values and can be reduced by decreasing the
magnitude of the term (TDC − TR − RPq̇DC) in eq 1 by
adjusting TR or q̇DC prior to scanning.
While we measured steady state temperature fields in this

work, one can in principle also probe transient temperature
changes using this technique, provided such changes occur
sufficiently slowly. Specifically, we note that transient variations
in the sample temperature are reflected as variations in the
unmodulated temperature (TDC) of the probe, and measure-
ment of such time varying thermal fields is limited by the
thermal time constant of the probe (∼17.9 ms as stated
earlier). Therefore, any temperature changes occurring on a
time scale slower than this thermal time constant can be
measured.

CONCLUSION
To summarize, we have presented a techniquecontact
resistance resolved scanning thermal microscopy (CR-
SThM)which enables quantitative mapping of unmodulated
temperature fields by carefully estimating the effects of
variations in the tip−sample thermal resistance. This is
accomplished by employing custom-fabricated STPs featuring
an integrated platinum heater/thermometer and a sharp tip
(radius ∼25 nm). We simultaneously measured tip−sample
thermal resistance during thermal scans by depositing a
modulated heat input into the probe and measuring the DC
and AC temperature responses of the probe. Further, the probe
features a suspended thermal reservoir with temperature
sensing capability, which enables compensation for the
ambient temperature drift and improves the long-term
measurement stability. We established the spatial and temper-
ature resolution of this technique by measuring the steady state
temperature field around a 250 nm wide Joule-heated Pt line.
This technique demonstrated a temperature sensing resolution
of ∼50 mK for sensing surface temperature in a bandwidth of 1
Hz and a spatial resolution of ∼7 nm. We expect that the
advances presented here will enable studies that aim to directly
probe several nanoscale thermal phenomena that arise in active
electronic, photonic, and energy conversion devices that are of
great current interest.

METHODS
Experimental Setup. The experiments were conducted in an

ultrahigh vacuum atomic force microscope (UHV 750, Beetle STM/
AFM, RHK Technology) placed in an ultralow noise chamber. The
chamber temperature was controlled so that the drift over a 24 h
period was <0.1 K. All measurement electronics and instruments were
located in this chamber during the measurement to prevent thermal
drift. A laser (895 nm wavelength) was used for AFM readout. This
relatively long wavelength was used to minimize the absorption of
laser light by the gold reflector of the probe (hence minimizing the
temperature rise of the probe) while maximizing the responsivity of
the AFM photodetector.
Temperature Readout Circuits. Overall, the temperature signals

from three different resistive temperature sensors were recorded

during the measurements. All these sensors were read out using
balanced Wheatstone bridges driven by either AC voltage or AC
current and subsequent measurement of amplitude of bridge output
voltage oscillations at driving frequency using a lock-in amplifier as
described in refs 32 and 37. The frequency of the bridge excitation
was chosen to be different for all three measurements to avoid cross
talk during measurements. The bulk sample temperature was
measured using a 10 kOhm glass encapsulated thermistor and read
out using a Wheatstone bridge driven by a voltage sine wave with a
peak amplitude of 200 mV at the frequency 320 Hz. The probe
thermal reservoir temperature was measured using a 17 kOhm
platinum resistance thermometer (PRT) and read out using a
Wheatstone bridge (R1 = R3 = 40 kOhm shown in Figure 1c) driven
by a voltage sine wave with a peak amplitude of 200 mV at a
frequency of 388 Hz. The probe tip temperature is measured as
explained below.

Scanning Thermal Probe Heating and Temperature
Sensing. A 9 kOhm platinum resistance thermometer (PRT) was
integrated close to the probe tip which acts as a heater and
thermometer. This PRT was connected to a Wheatstone bridge (R′1 =
R′3 = 20 kOhm shown in Figure 1d) driven by a current waveform
which was a superposition of two sinusoidal waves: Iprobe = I1
sin(2πf1t) + I2 sin(2πf 2t). The first sine wave had a low frequency
( f1 = 4 Hz) and high amplitude (I1 = 56 μA), which was used for
modulated Joule heating of the probe at the frequency 2f1 = 8 Hz and
the amplitude TAC. The amplitude of the probe temperature
modulation (TAC) was measured by the lock-in technique using the
3f1 = 12 Hz component of the Wheatstone bridge output voltage.38

To read the unmodulated temperature of the probe (TDC), the second
AC component was used which had high frequency ( f 2 = 212 Hz)
and low amplitude (I2 = 14 μA) by locking-in on the f 2 component of
the bridge output. Please refer to the SI for the probe fabrication steps
and the thermal/mechanical properties of the probe.

ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.1c08513.

Fabrication of the scanning thermal probe; analysis of
the mechanical stiffness and thermal conductance of the
scanning thermal probe; feedback control stabilization of
the sample temperature; independent temperature rise
measurement of the self-heated Pt line sample; analysis
of the validity of the lumped capacitance model of the
scanning thermal probe; lumped capacitance thermal
analysis of the scanning thermal probe; temperature
measurement stability and noise; estimation of the
spatial resolution; heat transfer model for estimation of
the temperature profile on the sample; histogram
analysis of the thermal scans; scanning image distortion
correction; temperature profiles and characteristic length
scales of the sample temperature field (PDF)

AUTHOR INFORMATION

Corresponding Authors
Edgar Meyhofer − Department of Mechanical Engineering,
University of Michigan, Ann Arbor, Michigan 48109, United
States; orcid.org/0000-0001-5719-6030;
Email: meyhofer@umich.edu

Pramod Reddy − Department of Mechanical Engineering and
Department of Materials Science and Engineering, University
of Michigan, Ann Arbor, Michigan 48109, United States;
orcid.org/0000-0002-7442-6931; Email: pramodr@

umich.edu

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.1c08513
ACS Nano 2022, 16, 939−950

948

D
ow

nloaded from
 pubs.​acs.​org/​ancac3/​article-pdf/​16/​1/​939/​15186966/​nn1c08513.​pdf by U

N
IV SC

IEN
C

E AN
D

 TEC
H

N
O

LO
G

Y BEIJIN
G

 user on 25 Septem
ber 2026

https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c08513/suppl_file/nn1c08513_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c08513?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c08513/suppl_file/nn1c08513_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Edgar+Meyhofer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5719-6030
mailto:meyhofer@umich.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pramod+Reddy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7442-6931
https://orcid.org/0000-0002-7442-6931
mailto:pramodr@umich.edu
mailto:pramodr@umich.edu
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c08513?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Authors
Amin Reihani − Department of Mechanical Engineering,
University of Michigan, Ann Arbor, Michigan 48109, United
States

Yuxuan Luan − Department of Mechanical Engineering,
University of Michigan, Ann Arbor, Michigan 48109, United
States

Shen Yan − Department of Mechanical Engineering, University
of Michigan, Ann Arbor, Michigan 48109, United States

Ju Won Lim − Department of Materials Science and
Engineering, University of Michigan, Ann Arbor, Michigan
48109, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsnano.1c08513

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENTS

We acknowledge support from DOE-BES through a grant from
the Scanning Probe Microscopy Division under award No.
DESC0004871 (Experiments and Analysis) and support from
the Office of Naval Research under award No. N00014-16-1-
2672 (Fabrication of Devices). We acknowledge the Lurie
Nanofabrication Facility and the Michigan Center for
Materials Characterization for facilitating the fabrication and
calibration of devices.

REFERENCES
(1) Kim, K.; Song, B.; Fernández-Hurtado, V.; Lee, W.; Jeong, W.;
Cui, L.; Thompson, D.; Feist, J.; Reid, M. H.; García-Vidal, F. J.
Radiative Heat Transfer in the Extreme near Field. Nature 2015, 528
(7582), 387−391.
(2) Cui, L.; Jeong, W.; Hur, S.; Matt, M.; Klöckner, J. C.; Pauly, F.;
Nielaba, P.; Cuevas, J. C.; Meyhofer, E.; Reddy, P. Quantized
Thermal Transport in Single-Atom Junctions. Science 2017, 355
(6330), 1192−1195.
(3) Shi, L.; Plyasunov, S.; Bachtold, A.; McEuen, P. L.; Majumdar, A.
Scanning Thermal Microscopy of Carbon Nanotubes Using Batch-
Fabricated Probes. Appl. Phys. Lett. 2000, 77 (26), 4295−4297.
(4) Lee, W.; Kim, K.; Jeong, W.; Zotti, L. A.; Pauly, F.; Cuevas, J. C.;
Reddy, P. Heat Dissipation in Atomic-Scale Junctions. Nature 2013,
498 (7453), 209−212.
(5) Kucsko, G.; Maurer, P. C.; Yao, N. Y.; Kubo, M.; Noh, H. J.; Lo,
P. K.; Park, H.; Lukin, M. D. Nanometre-Scale Thermometry in a
Living Cell. Nature 2013, 500 (7460), 54−58.
(6) Bai, T.; Gu, N. Micro/Nanoscale Thermometry for Cellular
Thermal Sensing. Small 2016, 12 (34), 4590−4610.
(7) Wang, C.; Lin, H.; Xu, Z.; Huang, Y.; Humphrey, M. G.; Zhang,
C. Tunable Carbon-Dot-Based Dual-Emission Fluorescent Nano-
hybrids for Ratiometric Optical Thermometry in Living Cells. ACS
Appl. Mater. Interfaces 2016, 8 (10), 6621−6628.
(8) Howell, S. T.; Grushina, A.; Holzner, F.; Brugger, J. Thermal
Scanning Probe LithographyA Review. Microsyst. Nanoeng. 2020, 6
(1), 1−24.
(9) Ryu Cho, Y. K.; Rawlings, C. D.; Wolf, H.; Spieser, M.; Bisig, S.;
Reidt, S.; Sousa, M.; Khanal, S. R.; Jacobs, T. D.; Knoll, A. W. Sub-10
Nanometer Feature Size in Silicon Using Thermal Scanning Probe
Lithography. ACS Nano 2017, 11 (12), 11890−11897.
(10) Chen, S.; Kim, S.; Chen, W.; Yuan, J.; Bashir, R.; Lou, J.; Van
Der Zande, A. M.; King, W. P. Monolayer MoS2 Nanoribbon
Transistors Fabricated by Scanning Probe Lithography. Nano Lett.
2019, 19 (3), 2092−2098.
(11) Heiderhoff, R.; Makris, A.; Riedl, T. Thermal Microscopy of
Electronic Materials. Mater. Sci. Semicond. Process. 2016, 43, 163−176.

(12) Mecklenburg, M.; Hubbard, W. A.; White, E.; Dhall, R.;
Cronin, S. B.; Aloni, S.; Regan, B. Nanoscale Temperature Mapping in
Operating Microelectronic Devices. Science 2015, 347 (6222), 629−
632.
(13) Luo, K.; Herrick, R.; Majumdar, A.; Petroff, P. Scanning
Thermal Microscopy of a Vertical-Cavity Surface-Emitting Laser.
Appl. Phys. Lett. 1997, 71 (12), 1604−1606.
(14) Menges, F.; Riel, H.; Stemmer, A.; Dimitrakopoulos, C.;
Gotsmann, B. Thermal Transport into Graphene through Nanoscopic
Contacts. Phys. Rev. Lett. 2013, 111 (20), 205901.
(15) Datye, I. M.; Rojo, M. M.; Yalon, E.; Deshmukh, S.; Mleczko,
M. J.; Pop, E. Localized Heating and Switching in MoTe2-Based
Resistive Memory Devices. Nano Lett. 2020, 20 (2), 1461−1467.
(16) Halbertal, D.; Cuppens, J.; Shalom, M. B.; Embon, L.; Shadmi,
N.; Anahory, Y.; Naren, H.; Sarkar, J.; Uri, A.; Ronen, Y. Nanoscale
Thermal Imaging of Dissipation in Quantum Systems. Nature 2016,
539 (7629), 407−410.
(17) Halbertal, D.; Shalom, M. B.; Uri, A.; Bagani, K.; Meltzer, A. Y.;
Marcus, I.; Myasoedov, Y.; Birkbeck, J.; Levitov, L. S.; Geim, A. K.
Imaging Resonant Dissipation from Individual Atomic Defects in
Graphene. Science 2017, 358 (6368), 1303−1306.
(18) Marguerite, A.; Birkbeck, J.; Aharon-Steinberg, A.; Halbertal,
D.; Bagani, K.; Marcus, I.; Myasoedov, Y.; Geim, A. K.; Perello, D. J.;
Zeldov, E. Imaging Work and Dissipation in the Quantum Hall State
in Graphene. Nature 2019, 575 (7784), 628−633.
(19) Majumdar, A. Scanning Thermal Microscopy. Annu. Rev. Mater.
Sci. 1999, 29 (1), 505−585.
(20) Zhang, Y.; Zhu, W.; Hui, F.; Lanza, M.; Borca-Tasciuc, T.;
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