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ABSTRACT: The thermal bimorph is a very popular thermal
sensing mechanism used in various applications from meat thermometers to uncooled infrared cameras. While thermal bimorphs have
remained promising for scanning thermal microscopy, unfortunately
the bending of the bimorph directly interferes with the bending
associated with topographical information. We circumvent this issue
by creating bimorphs that twist instead of bending and demonstrate
the superior properties of this approach as compared to conventional scanning thermal microscopy.
KEYWORDS: Scanning thermal microscopy, scanning thermal twisting microscopy, thermal transport, nanoscale thermometry,
thermal bimorph
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laser spot in the quadrant photodiode (Figure 1a). In order for
SThM to function properly, the tip−surface distance must be
accounted for by performing SThM in conjunction with AFM.
The topography imaging of the AFM is critical to maintaining
the thermal probe/sample distance, thereby enabling the inherent thermal properties to be mapped. Therefore, typically the
thermal bimorph effect is considered a nuisance despite promising properties. While the thermal bimorph effect interferes
with the topographical signal, this has not stopped researchers
from trying to utilize this transduction mechanism for SThM.
For instance, in order to circumvent the signal overlap issue,
Majumdar and co-workers used a microfabricated resistive
heating substrate to sinusoidally heat the sample at a frequency
on the order of 100 Hz.12 While this technique worked fairly
well, it unfortunately requires a microfabricated substrate and
complicated electronics and therefore did little to address cost
issues associated with SThM.
Scanning thermal twisting microscopy (STTM) addresses
the thermal-topographical signal interference issue by creating
an asymmetrical bimorph geometry that twists the microfabricated cantilever with thermal changes, thereby using the lateral
deflection signal ((A + C) − (B + D)) for thermal imaging,
while maintaining the normal deflection signal ((A + B) − (C +
D)) for concurrent topographical imaging (Figure 1b). This
design does not require complicated and expensive electronic
equipment; instead the imaging technique relies only on the
hardware already typically provided by AFM manufacturers.
Inherently, the lateral (twisting) spring constants of cantilevers are much higher than the normal spring constants.
V-shaped cantilevers have lateral (twisting) spring constants

canning thermal microscopy (SThM) is a critical technique
in the analysis of thermal, electronic, and photonic transport at dimensions approaching the mean free path of phonons
and other quasi particles.1,2 Unfortunately, commercial probes
are typically limited to submicrometer spatial resolution and
thermal sensitivity of a fraction of a degree.3−5 Over the years,
many different thermal sensing mechanisms have been explored
for SThM including the Seebeck effect,6−10 temperature
dependent resistance,11 and thermal bimorph bending.12 The
thermal bimorph mechanism utilizes the difference in thermal
expansion of two materials intimately bound to cause bending
stresses in response to heat.13 Thermal bimorph bending has
very promising properties but has remained impractical for
SThM because the thermal bending directly interferes with
topography imaging. Here, we re-examine the bimorph mechanism for SThM and address this major limitation by introducing scanning thermal twisting microscopy. The thermaltopographical signal interference issue is solved by creating a
probe with an asymmetrical bimorph geometry that twists,
instead of bends, in response to heat.
Since the introduction of thermal probes,14 there have been
major improvements in SThM, but the widespread use has
unfortunately been hindered by the high cost of commercial
probes, as well as their modest spatial (typically ∼100 nm) and
thermal resolution (∼0.1 K).15−20 Furthermore, commercial
resistive-based probes can also suffer from cross-talk between
thermal and electrical signals when imaging electrical circuits.
Thermal bimorphs do not suffer from these setbacks. In fact,
thermal bimorphs transduced with an atomic force microscopy
(AFM) quadrant photodetector have a theoretical limit of
thermal resolution on the order of 10−5 K, 2 orders of magnitude better than the theoretical limit of electrical techniques.12
As mentioned, the impediment to this approach is that the
thermal signal and the topographical signal utilize the same
signal transduction channel, namely normal deflection of the
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Figure 1. (a) A schematic of the bending motion of a typical thermal bimorph. The bimorph bending signal channel is the difference between the
top two photodetectors and the bottom two photodetectors, which is the same as the topographical signal channel. (b) A schematic of the twisting
motion of a thermal twisting bimorph. The bimorph twisting signal channel is the difference between the left two photodetectors and the right two
photodetectors, which is different than the topographical signal channel. (c) A schematic indicating the fabrication process used for making V-shaped
thermal twisting probes. (d) Tipside-oriented and (e) backside-oriented scanning electron micrographs of a STTM probe.

Scanning electron micrographs of a twisting bimorph cantilever are
presented in Figure 1d,e.
Finite element modeling was used to explore the deformation of the twisting bimorph and the sensitivity dependence on
the laser spot position with respect to the cantilever surface
(Figure 2). The modeling of thermal bending V-shaped twisting cantilevers indicated that the cantilevers would provide the
highest thermal lateral sensitivity [(∂/∂T)(∂x/∂z)] when the
laser spot was positioned near the center of the cantilever in
the x−y plane (refer to Figure 2). Furthermore, in that center region, the thermal normal bending sensitivity [(∂/∂T)
(∂x/∂z)] would ideally be zero, thereby preventing interference
with the topographical signal. On either side (offset in the
x-axis) of the center point are saddle points (bright red and bright
blue regions in Figure 2), which are regions where the cantilever is parallel with the horizon and thus are completely insensitive to thermal signal. Adjacent to these saddle points along the
y-axis are regions of enhanced normal bending sensitivity
[(∂/∂T)(∂x/∂z)] and thus increased interference with the
topographical signal. Therefore, it should be clear that positioning of the laser spot is critical to maximizing the lateral thermal
sensitivity and minimizing the normal thermal sensitivity. Fortunately, centering the laser spot is a relatively simple
and routine procedure with the use of an optical microscope
associated with most AFMs.

that are roughly 500 times more stiff than normal bending
spring constants.21 Therefore, to realize thermal twisting probes
it is critical to maximize the thermal expansion mismatch
between the materials to overcome the inherently high lateral
stiffness. Most thermal bimorph work thus far has involved
ceramic/metal composites with rather poor sensitivity due to a
small thermal expansion difference of the two materials making
up the bimorph. Instead, polymer/ceramic composites have
proven to be much more sensitive due to high thermal expansion coefficient of the polymeric materials.22 LeMieux et al.
developed highly sensitive probes through the use of plasma
polymer−silicon bimorphs with high mismatch of thermal properties.23−25 These cantilevers had an unprecedented thermal
resolution of 0.2 mK. Furthermore, this work demonstrated
plasma polymers have excellent adhesion to silicon and excellent long-term stability.
The thermal twisting probes presented here are fabricated
by first depositing plasma polymerized film on both sides of
commercially available V-shaped “tapping” cantilever (f ≈ 330 kHz,
kN ≈ 48 N/m) as schematically shown in Figure 1c. Half of
the top-side coating is then removed via focused ion beam
(FIB) milling, followed by removing the opposite half of the
bottom-side coating (Figure 1c). This procedure leaves each leg of
the v-shaped cantilever as a thermal bimorph but with opposite
orientations. The combined thermal actuation is a twisting motion,
instead of the typical normal bending, as is depicted in Figure 1b.
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Figure 2. The result of modeling the thermal response of the twisting bimorph cantilever geometry shown from two different perspectives.
The z-displacement color scale has units of nanometers.

losses in order obtain quantitative SThM images.27 The images
presented here were acquired by recording surface topography
in the first pass of the probe and the lateral thermal signal was
obtained while retracing the topography profile with a set lift
height above the surface. Lift-mode maintains a constant tip−
surface distance, which minimizes surface damage and lateral
friction forces that interfere with the thermal signal. As the temperature was raised, the maximum stable lift height decreased.
This behavior indicates that the predominant thermal conduction mechanism is a water bridge between the surface and the
tip, which is typical of SThM performed at atmospheric
conditions.28 Thermal images were not significantly affected by
scanning speeds as high as 2 Hz with a resolution of 512 points
per line, indicating that the thermal equilibration time is on the
order of milliseconds. While lift-mode essentially eliminates
frictional contributions, imaging was also performed at different
scanning angles to confirm that frictional forces were not
contributing to the thermal image.
To further demonstrate that the lateral deflection signal is in
fact imaging thermal properties and the normal deflection signal
is imaging topography independent of one another, the sample
temperature was changed from heating to cooling (with respect
to room temperature) in the middle of the imaging, expecting
to see a contrast inversion in the lateral deflection image and no
change in the topographical image. The results of this so-called
“litmus test” on a rough surface serve as a strong indicator of
the characteristics of the system. The contrast inversion in the
lateral image is expected because the absolute magnitude of the
image contrast is directly related to the thermal conductivity of
the sample. As shown in Figure 1, the lateral signal is comprised
of the output from the left photodetectors minus the output
of the right photodetectors ((A + C) − (B + C)). In this case
the cantilever twists to the left upon heating, creating a lighter
image contrast. Thus in the sample heating regime, regions with
higher thermal conductivity will appear lighter than regions with
lower conductivity because the tip is being heated more in the
higher thermal conductivity regions. Whereas in the sample
cooling regime, regions with higher thermal conductivity will
appear darker than regions with lower conductivity because

The thermal sensitivity of normal and lateral bending was
quantified by suspending the cantilever above a thermal-electric
cooler/heater with a tip−surface distance of roughly 20 μm, as
estimated by Z-stepper motor movement. The temperature was
incrementally changed, while monitoring the normal and lateral
photodiode signals. Figure 3 shows a plot of lateral and normal

Figure 3. A plot of lateral and normal deflection of a representative
twisting bimorph cantilever versus surrounding temperature.

photodiode signal versus temperature. The lateral thermal
sensitivity was measured to be 65.4 mV/K, whereas the absolute normal thermal sensitivity was measured to be 7.1 mV/K,
almost an order of magnitude less. The lateral signal noise was
measured to be 1.8 mV, thereby leading to a noise-limited
thermal resolution of 27 mK, which is manifold better than
thermal resolution of the traditional mode (0.11K as estimated
for the same tip).
The STTM images presented here were obtained in “lift
mode” to definitively show that frictional forces do not play a
part in creation of the thermal image and to reduce the capillary
bridge. Lift mode is a common noncontact scanning method
used in several scanning probe imaging techniques including
magnetic force microscopy and electrostatic force microscopy.26 Furthermore, lift-mode has also recently been used in a
calibration approach to account for environmental thermal
1220
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Figure 4. (a) The height image and (b) the lateral deflection thermal image of patterned SU-8 with respective slice plots. The temperature was
changed from 25 to 30 °C half way through the acquisition of the images. The black dotted line indicates the location at which the temperature was
changed. The red dotted lines indicate the location that the respective slice plots are from. (c) The height image and (d) the lateral deflection
thermal image of gold nanoparticles taken at 26 °C. The thermal images in (b) and (d) were captured with lift heights of 50 and 10 nm, respectively.

where ΔTn is the noise of the temperature signal and (dTt/
dx)max is defined as the largest temperature gradient signal
measured.2,28 STTM images of interference lithography samples
show a max thermal signal gradient of 2977 mV/μm and the
noise of 1.8 mV leading to a spatial resolution of 0.61 nm, which
is about 2 orders of magnitude better than that of conventional
SThM. Therefore, STTM spatial resolution is limited by the
radius of curvature of the tip and not the thermal sensitivity of
the cantilever. In order to confirm the lateral spatial resolution
of the thermal imaging a standard gold nanoparticle sample
(5 nm radius) was imaged (Figure 4c,d) at 26 °C. The lateral
feature sizes of the topographical image and the thermal image
are essentially identical indicating a modest and similar tip
dilation effect. Therefore, the spatial resolution of the thermal
imaging is in fact limited by the tip radius which can be as low
as 5 nm for microfabricated tips.
In conclusion, scanning thermal twisiting microscopy is a
novel method of mapping nanoscale thermal properties using a
twisting asymmetrical bimorph cantilever. This twisting motion

more heat is being drawn from the tip in the higher thermal
conductivity regions.
The images resulting from this litmus test, taken from a
sample patterned with interference lithography (SU-8 at 1.25
μm periodicity), are shown in Figure 4a,b. The tip/sample
thermal conductivity is much higher in the sample depressions because the tip−sample contact area is much higher and
because the glass substrate has a higher thermal conductivity
than the SU-8 photoresist. It is evident that the height image
(Figure 4a) does not change considerably upon changing from
heating to cooling, whereas the contrast inverts in the lateral
deflection image (Figure 4b) after the temperature change.
The spatial resolution of thermal microscopy was quantified
from the STTM images using the following equation

Δx =

ΔTn
dTt
dx max

( )
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of 0.4 was used. The modeled thermal bending data presented
in Figure 2 was produced by change the temperature from 20
to 30 °C.The output of the modeling process is a color map of
cantilever defection that was used to understand the normal
and lateral bending with the changes in temperature.

allows the thermal signal to be isolated from the normal deflection caused by surface topography thus facilitating nanoscale
spatial resolution and milliKelvin (mK) thermal resolution.
STTM simplifies thermal imaging with significant improvement
of the spatial and thermal resolution. STTM flourishes near
room temperature, thereby making it highly promising for
biological imaging applications, mapping of electric microdevices, and electromechanical systems. STTM does not use
electronics for signal transduction and therefore does not suffer
from the same current leakage issues as other methods, making
it ideal to study thermal and electronic transport simultaneously. The fabrication of the miniature asymmetrical bimorph
cantilevers is simple and therefore stands as a possible massproduction of cheap and highly sensitive thermal imaging
probes with nanoscale spatial resolution and mK thermal
resolution not existing now.
Experimental Section. Probe Fabrication and STTM.
Mikromasch NSC-11 (Al-BS) probes were coated with a 90 nm
thick plasma polyacrylonitrile films on the top side and
underside of the probe. The plasma-enhanced chemical vapor
deposition was done in a custom PECVD chamber.23 Argon
was used as a plasma carrier gas, which entered the chamber
20 cm upstream of the plasma generation zone at a flow rate
of 20 cc/min. The plasma was generated with a capacitive
coupled radio frequency discharge source with a frequency of
13.56 MHz and a power of 20 W. The acrylonitrile monomer
vapor entered the chamber approximately 10 cm downstream
of the plasma source at a flow rate of 1 cc/min. The cantilever
chips (Mikromasch NSC-11 Al-BS) were mounted on a silicon
wafer substrate that was mounted to the chamber chuck about
3 cm downstream from the monomer inlet stream. Plasma
polyacrylonitrile films (90 nm thick) were deposited on the
each side of the probe in two separate identical deposition runs.
The thickness was measured by ellipsometry on the silicon
wafers. Focused ion beam milling (FEI DB-235) was used to
remove opposing halves of the two polymer coatings. Typically,
the polymer film was removed by raster scanning the FIB at an
accelerating voltage of 30 kV and a current of 20 nA over a
130 × 115 μm rectangular area that included the polymer
region targeted for removal for 3 min. Most of the STTM work
(including the images presented in Figure 4) was performed
with a DI-3000 equipped with a Nanoscope IV controller
(Veeco) but some was also performed with a DI3100 with a
Nanoscope V controller. The sample temperature was
controlled with 2510 TEC controller (Keithley) connected to
a thermoelectric cooler with a surface-mounted thermistor.
Further details regarding the imaging procedure are presented
in the Supporting Information.
Simulation. Finite element analysis (FEA) using COMSOL
Multiphysics 3.2 software with a structural mechanics module
has been used to understand the deflection of the cantilever in
response to changes in temperature. The FEA modeling
involves minimizing the energy of the individual mesh
elements. The bimaterial structure was meshed into over 40
000 elements. The silicon cantilever modeled with the same
dimensions as the Mikromasch NSC-11 cantilevers used in the
study. The NSC-11 cantilevers have a thickness of 2 μm, a
length (chip edge to tip of V) of 90 μm, and an arm width of
40 μm. The material parameters for the cantilever were
obtained from COMSOL as default values for silicon. The
plasma polyacrylonitrile material properties were taken from
previous work (see refs 21 and 22.). A modulus of 2 GPa, an
absolute thermal expansion of 3.1 × 10−4, and a Poisson’s ratio
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