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Abstract
Atomic force microscopy (AFM) cantilevers are commonly made from two material layers: a
reflective coating and structural substrate. Although effective, this can result in thermally
induced cantilever deflection due to ambient and local temperature changes. While this has been
previously documented, key aspects of this common phenomenon have been overlooked. This
work explores the impact of thermally induced cantilever deflection when in- and
out-of-contact, including the topographic scan artefacts produced. Scanning thermal microscopy
probes were employed to provide direct cantilever temperature measurement from Peltier and
microheater sources, whilst permitting cantilever deflection to be simultaneously monitored.
Optical lever-based measurements of thermal deflection in the AFM were found to vary by up to
250% depending on the reflected laser spot location on the cantilever. This highlights AFM’s
inherent inability to correctly measure and account for thermal induced cantilever deflection in
its feedback system. This is particularly problematic when scanning a tip in-contact with the
surface, when probe behaviour is closer mechanically to that of a bridge than a cantilever
regarding thermal bending. In this case, measurements of cantilever deflection and inferred
surface topography contained significant artefacts and varied from negative to positive for
different optical lever laser locations on the cantilevers. These topographic errors were
measured to be up to 600 nm for a small temperature change of 2 K. However, all cantilevers
measured showed a point of consistent, complete thermal deflection insensitivity 55% to 60%
along their lengths. Positioning the reflected laser at this location, AFM scans exhibited
improvements of up-to 97% in thermal topographic artefacts relative to other laser positions.

Keywords: atomic force microscopy, thermal drift, artefacts, thermal bend, bimetallic effect,
scanning thermal microscopy
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1. Introduction

Atomic force microscopy (AFM) is a technique capable of
generating nano-metre resolution images of a large range of
surfaces. This is achieved by employing a cantilever spring
with a sharp tip that is raster scanned across the surface of
interest [1]. Using this approach, images can be realised by
measuring the cantilever’s deflection and inferring the tip-
sample interaction force. Typically, the tip-force is controlled
using a feedback loop allowing the microscope to generate a
map of surface topography. With such an instrument, there
are a range of topographic imaging modes including contact,
intermittent/tapping contact and non-contact that can exploit
and investigate different tip-sample interaction regimes [2].
All of these modes employ continuous monitoring of the tip-
samplemechanical interaction during a scan. In the vast major-
ity of commercially available instruments, this measurement
is obtained by monitoring deflection of the cantilever using
an optical lever arrangement [3], also called the optical beam
deflection method [4]. This simple method is highly effect-
ive, but can be significantly sensitive to influences unrelated to
tip-force. Specifically, relative movement between the sample
and the AFM cantilever tip causes distortions and other arte-
facts in the resultant images [5]. A well-established source
of such motion arises from AFM instruments often operating
in areas that experience significant spatial or temporal tem-
perature variations which can exceed ±1 K [6, 7]. Moreover,
the AFM itself has been shown to induce notable temperature
change with cantilevers experiencing up to 6 K greater temper-
ature than the surroundings [8]. This is a problem as temperat-
ure changes are well known to cause mechanical drift of stages
and cantilever bend, which result in topographic artefacts
[9, 10]. A major contribution to this is the common use of
reflective coatings (typically a metal such as aluminium or
gold) that can be found on many AFM cantilevers. These coat-
ings are often intended to maximise reflection of the laser spot
focused on the cantilever and hence enable low-noise deflec-
tion measurement in the optical lever system. Their improved
reflectivity enhances the photodetector signal-to-noise ratio
[11] and reduce optical interference artefacts [12]. A disad-
vantage of such coatings is the mismatch in coefficients of lin-
ear thermal expansion (CTE) between the reflective coating
and the cantilever base material (e.g. silicon or silicon nitride)
resulting in cantilever bending and deflection when exposed to
temperature change. This observation is corroborated by the
large reductions in cantilever thermal-deflection observed if
no reflective coating is present [13]. Beyond these standard
AFM probes, thin metallic film coatings are required on spe-
cialist probes to enable advanced imaging modes. Examples
include conductive AFM [14], Kelvin probe force microscopy
[15], magnetic force microscopy [16] and scanning thermal
microscopy (SThM) [17]. In these instances, omission of the
cantilever coating is not an option and thermal bending is inev-
itable. Researchers have aimed to mitigate thermally induced
deflections by employing a variety of approaches, includ-
ing thermally compensated stages [18], scanning/processing
techniques [19–22], structurally compensated/altered probes
[23, 24], thermal equilibration [25] and minimising the extent

Figure 1. AFM simplified operation diagram.

of the reflective coating [9]. Despite a widespread appreci-
ation of the problem, little focus has been given to analysing
exactly how thermal bending of the probe cantilever is inter-
preted within the optical lever system and how this interfer-
ence interacts with the force feedback loop of the AFM. A
schematic of this system can be seen in figure 1.

In this work we have investigated this phenomenon for
both out-of-contact and in-contact with a sample surface util-
ising KNT-SThM-1an/VITA–SThM probes (shortened hence-
forth to KNT-SThM) [26]. With a nominal spring constant and
resonant frequency of 0.5 N m−1 and 50 kHz respectively,
these employ electrical interrogation of a resistance thermo-
meter located at their tip to measure its temperature. In order
to minimise the connecting track’s resistive contribution when
measuring the tip resistor, these probes employ relatively thick
(145 nm) gold (Au) wires that run the length of the cantilever,
as shown in figure 2. Therefore, with this bimetallic propensity
to thermally bend coupled with an ability to directly meas-
ure their tip temperature, they are an excellent tool to study
thermal bending.

2. Key concepts

2.1. Optical lever & tip-deflection detection

As implemented in AFMs, the optical lever measures angu-
lar rotation or bending of the probe’s cantilever by reflecting
a laser off it onto a position sensitive photodetector [27], typ-
ically made up of a four quadrant photodiode. Displacement
of this reflected laser spot on the four quadrants can then
be related back to cantilever tip vertical and torsional deflec-
tions. This arrangement can be seen in figure 3 for vertical
deflection.

One crucial aspect of this method that is often overlooked
by many AFM users, is its direct measurement of cantilever
rotation as opposed to tip vertical deflection. Rotation is con-
verted to tip deflection, commonly called the inverse optical
lever sensitivity (InvOLS), through the sample contact relation
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Figure 2. Scanning electron microscope image of a KNT-SThM
cantilever.

that induces tip-force [28]. This value is acquired by recording
the photodetector’s vertical output at the same time as deflect-
ing the tip by a known distance [29]. However, the proced-
ure must be repeated each time the probe or laser alignment
is changed as these alterations will vary key parameters, such
as the laser path length [4]. If the sensitivity calibration is
performed correctly, the exact location of the reflected laser
spot along the cantilever is theoretically inconsequential in
determining tip deflection and subsequent force. Reflecting
the laser from either the base or tip of the cantilever will
output different photodetector signals, but will be converted
to the same deflection thanks to the different InvOLS for
each location. Despite this, there are practical reasons for
positioning the laser spot nearer the tip as greater rotation
occurs there, resulting in a larger photodetector signal for any
given tip displacement and hence improved signal-to-noise
performance [29]. This approach has long proven to be a reli-
able one, to the extent that many users may not even con-
sider its underlying mechanisms. However, this stable rela-
tionship between rotation and tip deflection does not hold
true for all sources of cantilever deflection, such as thermal
bending.

2.2. Thermal bending of AFM cantilevers

The term thermal bending in AFM probes refers to the deflec-
tion of a cantilever due to changes in its temperature. This phe-
nomenon has been documented by many authors [30, 31] who
agree that its primary origin is the mismatched CTE possessed
by the different layered cantilever materials. This mismatch in
layer displacement and strain induced by temperature change
causes different axial force magnitudes from each material. As
the materials are strongly adhered to each other, this difference
in axial force results in a bending moment from the mater-
ial with greater CTE (which experiences greater displacement,
strain and force) to the one with the lower CTE. This effect is
frequently termed the ‘bimetallic effect’ [11], and is illustrated

Figure 3. Simplified optical lever diagram within an AFM for
vertical deflection.

Figure 4. Thermal bending of a cantilever due to the bimetallic
effect.

in figure 4. It is important to note that this type of cantilever
deflection is fundamentally different to that produced by a tip-
force in not only the source of deflection, but how it is gen-
erated along the cantilever length. Hence, for an identical tip
deflection, themagnitude of rotations and deflections along the
cantilever’s length differs between a tip-force and thermally
induced deflection. As a result, the AFM’s InvOLS calibration
using a tip-force cannot be used to accurately quantify thermal
bending.

3. Measuring out-of-contact thermal bending

With the above understanding, KNT-SThM probes were
employed to study AFM cantilever thermal bending since, as
mentioned above, they provide an accurate measurement of
tip temperature, permitting a direct link to be made between
thermal and mechanical changes. This was achieved by sys-
tematically measuring deflections along the probe length for a
given measured temperature change.

3.1. Optical profilometer profile

White light interferometry (Bruker, 3D Optical Profilometer,
Contour GT-X) was used to generate 3D topographic images
of the cantilever undergoing thermal bending, providing a
complete deflection profile along its length. Figure 5 con-
tains an example image insert of a KNT-SThM cantilever
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Figure 5. Deflection per kelvin vs. position along a KNT-SThM
cantilever undergoing thermal bending using profilometry with
example image insert and illustrated Y–Z plane used for data
extraction.

as acquired using the Optical Profilometer. Faint outlines of
the underside reflective Au wires can be seen in the image,
together with a vertical drop-off at the edge of the probe,
both of which are artefacts of the white light interferometry
approach, however, neither has a significant impact on the
deflection measurement. In the experiment, the SThM probe
was positioned less than 1 mm above and parallel to a Peltier
Module that induced probe temperature change. Under these
conditions, the Peltier is expected to produce a near uniform
temperature distribution across and through the probe’s can-
tilever equivalent to an ambient temperature change due the
probe’s thin nature (550 nm maximum) and low thermal capa-
city relative to the 40 × 40 mm, 60 W Peltier module. Using
this arrangement, two images of the probe, one at ambient, and
the second at an elevated temperature were obtained without
changing the probe’s position. Subtracting the elevated tem-
perature image from the ambient one, allowed the magnitude
of KNT-SThM cantilever thermal bending to be determined, as
shown in an extracted profile in figure 5. The gradient increase
and kink just discernible around 138 µm along the cantilever
are due to the probe’s tip geometry along with the shaped Au
wires and palladium (Pd) tip resistor overlapping as seen in
figure 2.

3.2. AFM profile

To understand how thermally induced cantilever bending is
interpreted in a normal AFM setup, the Profilometer abso-
lute measurement was compared to the apparent cantilever tip
deflection as measured by an optical lever within an AFM
instrument. Under the same heat transfer and temperature
change, these are expected to demonstrate different profiles
due to the AFM applying the tip-force defined InvOLS to the
thermally induced rotation at the laser spot. In the experiment,
the KNT-SThM probe was mounted into a Digital Instruments
Dimension 3100 AFM in the normal manner. The probe was

Figure 6. Tip-deflection profiles from a tip-force (10 nN) and
thermal bending (per K).

then positioned directly above the Peltier module to impose a
similar temperature distribution to that in the Profilometer. As
the AFM only extracts a single point measurement through
the optical lever, the measurement was repeated for differ-
ent laser positions along the cantilever. This permitted a pro-
file of cantilever deflection to be generated over five sep-
arate points between the cantilever base and tip as limited
by the laser spot size (estimated to be a maximum diameter
of 60 µm) and location measurement accuracy using the in-
built optical microscope. As a further limitation, the SThM tip
begins at 139 µm along the cantilever, as seen in figure 2, and
no deflection measurements were possible beyond this point.
At each laser position, the output of the optical lever was recor-
ded a minimum of five times. In addition, Voltage-distance
plots were also obtained for each laser position, allowing the
InvOLS at each location to be determined. This allowed the
apparent tip-deflection, which is the photodiode output mul-
tiplied by InvOLS, to be recorded for each location for both
thermally and tip-force induced deflections. The subsequent
profile per Kelvin of temperature change is shown in figure 6
together with the profile that 10 nN generates at the same
respective points. The tip deflection the latter force gener-
ated was based upon a spring constant value of 0.22 N m−1

[32], derived from the elastic reference calibration technique
which provides a more accurate measurement of SThM canti-
lever’s complex structure [33]. In addition, for this comparison
the x-axis data was normalised to the total cantilever length
(150 µm), permitting later comparison with other AFM can-
tilevers of different lengths. Uncertainty error-bars in the x-
data represent the ambiguity of the laser location measure-
ment, while the y-uncertainty is the standard deviation of the
InvOLS and vertical voltage change from the photodetector
(combined through addition of their relative error). For a tip-
force, the system outputs a single value as seen in the black
data points that is irrelevant of laser position. Regarding the
thermal bend profile, an appreciable rotation equal to that seen
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with a tip-loaded deflection of around 120 ± 11 nm occurred
at the base. This apparent deflection increases towards the
tip by approximately two and a half times to a value equi-
valent to 292 ± 19 nm. What is clear is that, as hypothes-
ised, the Profilometer and AFM profiles are very different with
the only similarity being their positive direction. Moreover,
the thermally induced deflection is completely different to the
tip-force’s due to thermal bending having a different relation-
ship between rotation along the cantilever and tip-deflection.
It should be highlighted that the deflection of the tip due to
a given temperature change is a single value. The error in tip
position for a specific temperature change will therefore be
a constant, but its interpretation as an additional topographic
feature will vary strongly with the longitudinal position of the
optical lever laser spot (generally a poorly controlled quant-
ity). To further verify these findings, a comparison to theoret-
ical models was employed.

3.3. Theoretical models

An in-house finite difference method (FDM) model employ-
ing superposition of Euler–Bernoulli [34] and thermal bend-
ing curvature equations [35] was used to compare cantilever
rotation and deflection profiles between tip-force and uniform
temperature induced deflection. With the SThM cantilever’s
Au and silicon nitride construction, the model employed 579
1D elements with a variable element size between 1 µm and
0.025 µm. This allowed for the cantilever geometry to be
appreciated, with the finer element applied at the tip where
greater dimension change occurs (indicated in figure 7 by the
two-coloured regions). It should be noted that the 1D nature
of the model meant it provided a single output over the whole
cantilever cross-section, an assumption made when applying
Euler–Bernoulli beam theory [36]. To ultimately convert the
calculated deflection into a value equivalent to that recor-
ded by the AFM, a theoretical InvOLS was required. This
was determined for each ‘virtual laser position’ by taking
tip-deflection in the model and dividing it by the rotations
(equivalent to photodetector vertical voltage) at each loca-
tion along the cantilever. By taking these theoretical sensit-
ivities and applying them to the modelled cantilever beha-
viour, the data could be presented in a format equivalent to
that obtained during the AFM experiment of figure 6. This
is shown in figure 7 using the same units as those output by
the experiment. It can be seen from these figures that both
modelled and experimental data for thermal induced deflec-
tion show a similar trend of an initial deflection at the can-
tilever base that increases gradually until half-way where it
increases at a greater rate towards the tip. Although this is not
a perfect match due to the limited number of data points in
the experiment, it shows a similar trend and magnitude that
strongly indicates that they are demonstrating the same phe-
nomenon. Unsurprisingly, other bi-material AFM cantilevers
exhibit the same variation with change in the optical lever
laser’s location. This was verified through repeat experiments
using MLCT-B, MLCT-C [37] and PNP-DB [38] cantilevers
elsewhere [32]. In summary, out-of-contact thermal bending
is widely variable and inherently misinterpreted in the AFM’s

Figure 7. FDM—thermal bend & tip-force induced deflection
profiles using theoretical InvOLS with coloured regions indicating
model’s mesh technique.

outputs. This is due to an inability to distinguish between
tip-force and thermally induced deflection, resulting in the
control loop responding to both identically resulting in incor-
rect control of the cantilever.

4. Measuring in-contact thermal bending

The above results clearly demonstrate AFM’s behaviour for
cantilever thermally bending when out-of-contact. However,
it is essential to also consider the case when the cantilever
tip is in-contact with the sample surface (as is the case dur-
ing contact-mode scanning). In this case, an array of forces
interact with the tip of the cantilever, such as van der Waals,
Capillary, Coulomb and Pauli-exclusion [39]. This results in
the tip being mechanically linked to the surface, leading to
different boundary conditions when compared to the out-of-
contact situation considered above. This was explored once
again by employing KNT-SThM probes within a Dimension
3100 AFM.

4.1. Experimentation

To obtain the in-contact thermal deflection profiles, a micro-
scopic, isolated heater was required to minimise temper-
ature induced sample expansion. This ensured that canti-
lever thermal bending generated the majority of any thermal
deflection measured by the AFM. A microheater described
by Dobson et al (figure 8) [40] provided a suitable device.
Characterisation of this demonstrated that the heated region on
the device was limited to the area of the membrane. Therefore,
positioning the tip over the main silicon-backed chip imme-
diate to the membrane, with the cantilever located above the
heater and membrane (figure 9), resulted in cantilever heat-
ing without mechanical displacement of the tip. It should be
noted that this microheater resulted in a less uniform tem-
perature distribution across the cantilever length when com-
pared to the Peltier heater utilised previously. To account for
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Figure 8. Optical image of employed microheater.

Figure 9. Image of KNT-SThM probe over the microheater through
the AFM optical microscope with laser locations indicated in red.

this, out-of-contact cantilever thermal bend was also measured
using the microheater with the tip withdrawn vertically a short
distance (less than 1 µm) out-of-contact. With these operat-
ing conditions established, the laser was positioned at five
different longitudinal locations (shown in figure 9) and both
the InvOLS and deflection-temperature gradients were meas-
ured in the same manner as described in the previous Peltier
AFM experiment. The results for both the out-of-contact and
in-contact deflection profiles can be seen in figure 10. In this
plot, the y-axis has been normalised using the temperature
measured by the SThM with x and y-errors determined in
the same manner as in figure 6. A third-order polynomial
trendline has been imposed to help guide the eye between
the points. Analysing the out-of-contact profile, the measured
deflection tends towards zero at the cantilever base, increas-
ing as the laser is positioned further along the cantilever. This
can be explained by the non-uniform cantilever temperature
distribution due to the microheater leaving the probe’s sil-
icon chip unheated so that the cantilever base constitutes a

Figure 10. Out-of-contact (OC) & in-contact (IC) thermal bend
deflection profiles of a KNT-SThM cantilever.

constant thermal boundary at (or close to) ambient temperat-
ure. With the silicon AFM probe chip acting as a heat sink,
it is understandable that the cantilever base experienced a
greatly reduced temperature change and subsequent deflection
when compared to the Peltier experiment in figure 6. However,
repeating the measurement with the probe tip in-contact with
the microheater substrate resulted in a markedly different pro-
file as shown in figure 10. At the base of the cantilever, a
negative deflection was measured. It increased to zero around
mid-way along the cantilever, after which point the measured
tip-deflection became positive towards the tip. This is signific-
antly different to the out-of-contact measurement and strongly
suggests a different manifestation of thermal bending. When
considering these results, it is essential to remember that
although the microscope outputs a signal labelled ‘tip-
deflection’, the AFM system in fact is directly measuring
change in cantilever rotation through the photodetector’s ver-
tical voltage. Subsequent application of the relevant InvOLS to
this then provides the tip-deflection interpretation. Therefore,
to further visualise the true cantilever deflection, as well as
investigate how the tip contact boundary condition changed
thermal bending, a theoretical model was employed.

4.2. Theoretical model

In section 3.3 a FDM model was utilised that assumed a 1D
cantilever structure. However, due to the greater complexity of
tip contact, finite element analysis (FEA) was employed. This
made use of the same geometry and material properties as the
FDMmodel with different tip-sample contact boundary condi-
tions. Prior to constructing this model, the most appropriate tip
boundary condition needed to be established. Fixed and Roller
contacts were both considered due to the presence of static
and kinetic friction at the tip-sample contact. The former pro-
duces zero tip movement, while the latter permits horizontal
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Figure 11. FEA model of a KNT-SThM cantilever with a Roller tip
contact undergoing 1 K temperature change in (a) 3D view; (b)
centreline profile.

movement with resistance. In reality, either Fixed or Roller
scenarios are plausible depending upon the magnitude of the
frictional force at the tip, with factors such as tip-normal-force,
environmental conditions, sample material and contact area all
playing a role [41]. Quantification of the coefficient of fric-
tion was performed for the specific KNT-SThM tip utilised in
this paper against a polished silicon surface. This employed
the tilted reflective surface and lateral friction loop technique
described by Munz [42] and generated a coefficient of fric-
tion of 0.208 ± 0.13. This employed five different normal
tip forces, and theoretical normal and torsional spring con-
stants from FEA were employed with the experimental data
to determine the coefficient of friction. Hence, a 50 nN ver-
tical force (including adhesion force) was found to generate
10± 7 nN of frictional force due to the experimentally determ-
ined coefficient that links them. This is relatively low and a
change of only a tenth of a Kelvin would theoretically gener-
ate enough longitudinal force to overcome this. Lateral friction
cannot be equal to longitudinal due tip asymmetry, but assum-
ing it is not significantly different, the tip will still displace
horizontally for low temperature changes. Hence, a Roller
was selected as the most appropriate tip boundary condition
when scanning smooth samples such as silicon. The FEA out-
put can be seen for thermal bending with no applied friction
in figure 11. This is significantly different to that produced
when the cantilever was out-of-contact, as seen in figure 5.
This theoretical result aligns well with experimental obser-
vations in figure 10, with the change in gradient seen in the
model’s profile matching the deflection direction of the AFM

from negative to positive further along the cantilever. This
demonstrates and confirms that the tip boundary condition
imposed by tip-surface contact causes a complete change in
how cantilever thermal bending manifests. Moreover, it would
be expected that this in-contact thermal bending phenomenon
would occur when in vacuum, gas, or liquid as it is dictated by
the cantilever’s tip-contact. However, variations in heat trans-
fer, cantilever temperature distribution and tip-sample stiction
in each environment may alter the exact form and adhesion
limits. With this said and agreement between experiment and
model, one important observation that can be made from the
profile shown in figure 11, is the point of zero rotation present
mid-way along the thermally deflected cantilever. This addi-
tionally occurs in the experimental data shown in figure 10,
whereby zero rotation would correspond to zero apparent tip
deflection. As a result, it offers the possibility that if the optical
lever laser spot is positioned at this location, zero thermal
induced deflection will be interpreted.

5. Quantification of in-contact thermal bending in
non-thermal AFM cantilevers

To further explore the observations above, in-contact deflec-
tion profiles were obtained using a range of AFM probes
employing the same microheater experiment described pre-
viously. These had a similar material composition of silicon
nitride and Au to the SThM probes with key nominal values
stated in table 1 and optical images of each shown in figure 12.
Alongside these probes, a reference cantilever consisting of
anUncoated-SThM (UC-SThM) cantilever was included. This
was a standard KNT-SThM probe from which all the Au metal
had been etched away, leaving a silicon nitride cantilever.
Consequently, the spring constant and resonant frequency will
deviate from the nominal values quoted in table 1. The respect-
ive AFM tip-deflection profiles are shown in figure 13, with
the deflection normalised to cantilever temperature, as meas-
ured using a KNT-SThM probe. The same error determination
method described previously was employed to generate error-
bars.

All the probe cantilevers exhibited an opposite deflection
direction to the KNT-SThM probes. This was expected since
their metallisation is on the opposite side of the cantilever.
What is additionally clear from the figure 13 is that although
the temperature distributions and geometries differed between
the cantilevers, the location of their deflection turning point
appeared consistently between 0.55 and 0.6 (55% and 60%)
along each cantilever. This is a very similar location to that
observed for the KNT-SThM cantilever. This is reasonable,
as it is expected that thermal bending is strongly and consist-
ently dictated by the tip’s boundary condition. As with most
AFM cantilevers, those used in this study had a relatively uni-
form cross-section along most of their length. This, with the
near-identical surface contact conditions, resulted in a turning
point occurring at a consistent location along the cantilevers.
This suggests that when using an optical lever measurement
of in-contact cantilever deflection, there is an opportunity to
eliminate cantilever thermal bending artefacts in topographic
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Table 1. Manufacturer nominal values for non-thermal AFM
cantilevers employed [26, 37, 38].

Probe
Length × width ×
thickness (µm)

Spring
constant
(N m−1)

Resonance
frequency
(kHz)

MLCT-B 210 × 20 × 0.55 0.02 15
MLCT-C 310 × 20 × 0.55 0.01 7
PNP-DB 100 × 40 × 0.6 0.48 67
UC-SThM 150 × 120 × 0.4 0.5 50

Figure 12. Optical images of non-thermal AFM cantilevers with
their nominal lengths indicated.

imaging by careful positioning of the laser spot towards the
centre of the cantilever’s length. It should be noted that reflect-
ing the laser at this position will result in a reduced force-
deflection signal when compared to locating the laser reflec-
tion at the cantilever tip, as is the convention, but the reduced
sensitivity is well compensated by a potentially enormous
increase in accuracy of measurement.

Based upon the results and analysis above, all multi-
material probe cantilevers will produce this in-contact beha-
viour of zero optical lever measured thermal bend deflection
near mid-way along the cantilever. This location may alter
slightly with non-uniform temperature distributions or canti-
lever shapes, but has been found to be relatively robust from
55% to 60% along their lengths based upon the different canti-
lever shapes and variable temperature distributions they exper-
ienced in this work.

6. AFM scans

The above conclusions can be extended to investigate the
impact of thermal bending on contact mode topographic scans.
To visualise the impact of this phenomenon on topographic
images, contact AFM scans were performed over heated
and unheated regions of the microheater already described.
Initially, single line scans were used to explicitly quantify
topographic deviation due to in-contact thermal bending.

Figure 13. In-contact thermal bend profiles for AFM cantilevers.

Following this, full scans of the microheater were employed
to provide a more complete perspective.

6.1. Line scans

Scans were taken along the X–X line shown in figure 8. This
resulted in the cantilever overlapping both the microheater and
surrounding unheated silicon nitride at different points in the
scan. The scans were repeated for three different laser posi-
tions at the tip, base and middle: approximately 100%, 20%
and 60% along the cantilever respectively. This allowed the
three key laser reflection regions seen in the stationary experi-
ments of negative, positive and near zero change to be demon-
strated. KNT-SThM and MLCT-B probes where utilised, with
the SThM probe providing simultaneous topography and tip
temperature, but the MLCT-B probe only measuring topo-
graphy. A subtraction of the unpowered microheater from the
powered one for each laser position is shown in figures 14
and 15 with no plane-fitting applied.

From figure 14(a), the temperature changes measured at
each laser position are very similar with a maximum change
of 2 K along the scan. With such similar temperature scans
and a flat sample, the variation in measured topography is
quite striking. The change in measured topography between
the base and tip laser location outputs are completely oppos-
ite, with a topographic range of 150 nm and−170 nm respect-
ively. The middle laser reflection exhibited much lower vari-
ation in topography even though the scan encompassed the
same temperature conditions and scan region. Regarding the
MLCT-B scan shown in figure 15, a similar trend can be seen
where the deflection directions are opposite (as explained pre-
viously). A topography range of 373 nm and −237 nm is
seen over the microheater for the cantilever base and tip loca-
tions respectively. Additionally, the middle laser location dis-
played only 11 nm topographic variation scanning between the
unheated and heated regions (a 97% reduction relative to the
base laser position scan range). Overall, these are in strong
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Figure 14. SThM line scans of (a) temperature change;
(b) topography change.

Figure 15. MLCT-B line scans of topography change.

agreement with the previous static experiments, demonstrat-
ing the large variation in topographic measurement that can
occur under modest temperature variations. Moreover, for all
laser locations, this manifests in the feedback loop generating
an erroneous tip-force compared to the desired magnitude for

Figure 16. Full MLCT-B AFM scan—tip laser spot of
(a) unpowered; (b) powered microheater with graphic depiction of
scanned area (top).

the scan. This adds another variable and inconsistent compon-
ent to the interpretation of topographic images, especially on
softer materials.

6.2. Full scans

Utilising the same X–X line shown in figure 8 as the first line
of a square scan extending down the right-side of the micro-
heater, full AFM scans were generated (as demonstrated by
the red box in the graphic insert in figure 16). This was car-
ried out using only the MLCT-B probe as the KNT-SThM
probes would form an electrical connection with the micro-
heater during scanning, resulting in inaccurate temperature
measurement and potentially destroying the thermal sensor or
microheater. The MLCT-B probe was scanned in the same
region over the unpowered and powered microheater, using
similar laser positions to the line scans (tip, base and middle).
As the scan was performed over the microheater, a quantifica-
tion of power vs membrane thermal deflection was performed
using the Profilometer, ascertaining that for 1.4 mW, the mem-
brane displaces by −7 nm at its centre. Hence, AFM meas-
ured displacement out-width this will be due to the cantilever
thermally bending. Data pairs (unpowered and poweredmicro-
heater) for each laser position are presented with the same Z-
scale in figures 16–18 to allow clear comparison (the scan area
being the red box in figure 16’s graphic insert). The maximum
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Figure 17. Full MLCT-B AFM scan—base laser spot of
(a) unpowered; (b) powered microheater.

and minimum topographic measurements are highlighted for
clarity.

In these scans, the microheater appears as a negative topo-
graphic feature when the optical lever’s laser was positioned
at the tip of the cantilever (figure 16) and a positive feature
when the laser was positioned at the base (figure 17). The scan
obtained with the laser reflected from the middle of the canti-
lever shows relatively little topographic change in comparison
(figure 18). Although vastly reduced in comparison to the base
and tip laser positions, a dip still occurred on the left over the
microheater. This will be a combination of themicroheater dis-
placing (although low according to the Profilometer measure-
ments previously mentioned), variable temperature distribu-
tion along the cantilever, slightly imperfect laser position and
extent of the laser spot. Overall, these scans clearly demon-
strate that optical lever laser positioning has a pronounced and
variable effect on AFM topographic measurement in thermally
variable environments, but that relative thermal insensitivity
is possible through laser positioning at 60% along bimetal-
lic probes. However, it should be noted that the commonly
used thermal noise method for spring constant calibration is
sensitive to laser positioning away from the cantilever free-
end [43]. Therefore, any calibration using this approach should
be performed prior to re-positioning the laser 60% along the
cantilever. In addition, it should also be remembered that too
low a contact force during scanning will render the scan more

Figure 18. Full MLCT-B AFM scan—middle laser spot of
(a) unpowered; (b) powered microheater.

susceptibility to contact loss from temperature changes due to
less attractive forces to overcome. As a result, for consistent
scans and execution of the 60% laser re-positioning strategy,
this force needs to be large enough to maintain contact for the
temperature change experienced alongside appropriate feed-
back coefficients.

7. Conclusion

Overall, bimaterial/bimetallic bending can be a major contrib-
utor to thermal drift in AFM images acquired using multi-
material cantilevers. Its manifestation can be clearly seen,
but relating AFM measured deflection to thermal bending
is non-trivial due to the ubiquitous use of the optical lever
detection method. Out-of-contact and in-contact scan regimes
demonstrate starkly different thermal bending behaviours due
to their differing tip boundary conditions. The former pro-
duces significant, single-direction cantilever deflection, while
the latter generates a more complex deflection profile that
can result in contact-mode topography artefacts in either the
positive or negative direction depending on laser position.
These thermally induced artefacts are indistinguishable from
topographic signals unless extreme care is taken by meas-
uring the sample over a range of temperatures to observe
thermally induced variations. However, for all multi-material
AFM probes tested in this work, in-contact cantilever deflec-
tions always exhibit a turning point located between 55% and
60% along their length. Therefore, positioning the reflected
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optical lever laser spot at this region produces measurements
that are largely insensitive to thermal bending. The exact loc-
ation of this turning point appears reasonably robust, although
not perfectly consistent, depending on cantilever geometry,
material and temperature distributions. By employing this
approach, a 97% reduction in thermal topographic artefacts
was demonstrated simply through laser positioning in an oth-
erwise unmodified AFM.
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