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Dimension- and shape-dependent thermal transport in nano-
patterned thin films investigated by scanning thermal microscopy

Yunfei Ge, Yuan Zhang, Jonathan M. R. Weaver, Phillip S. Dobson*
Email: Phil. Dobson@glasgow.ac.uk

Address: School of Engineering, Rankine Building, University of Glasgow, UK, G12 8LT

Scanning Thermal Microscopy (SThM) is a technique which is often used for the measurement of the thermal conductivity
of materials at the nanometre scale. The impact of nano-scale feature size and shape on apparent thermal conductivity, as
measured using scanning thermal microscopy, has been investigated. To achieve this, our recently developed topography-
free samples with 200 nm and 400 nm wide gold wires (50 nm thick) of length of 400 — 2500 nm were fabricated and their
thermal resistance measured and analyzed. This data was used in the development and validation of a rigorous but simple
heat transfer model that describes a nanoscopic contact to an object with finite shape and size. This model, in combination
with a recently proposed thermal resistance network, was then used to calculate the SThM probe signal obtained by
measuring these features. These calculated values closely matched the experimental results obtained from the topography-
free sample. By using the model to analyze the dimensional dependence of thermal resistance, we demonstrate that feature
size and shape has a significant impact on measured thermal properties that can result in a misinterpretation of material
thermal conductivity. In the case of a gold nanowire embedded within a Silicon Nitride matrix it is found that the apparent
thermal conductivity of the wire appears to be depressed by a factor of twenty from the true value. These results clearly
demonstrate the importance of knowing both probe-sample thermal interactions and feature dimensions as well as shape
when using SThM to quantify material thermal properties. Finally, the new model is used to identify the heat flux sensitivity,
as well as the effective contact size of the conventional SThM system used in this study.

Introduction

Scanning thermal microscopy (SThM) is a technique that combines atomic force microscopy (AFM) with an integrated
thermal sensor'™. It is well established and, thanks to its high spatial resolution and thermal sensitivity, has been widely used to
measure device temperatures™ and material thermal properties®  at the nanoscale. SThM probes can be employed as
thermometers when used with negligible self-heating (passive mode). However, it should be noted that probe temperature is
only proportional to sample temperature due to the thermal interface resistance at the tip-sample contact, R;,;, which dominates
temperature measurement™® '’ When operated in active mode (self-heated probe), SThM can distinguish between materials of
differing thermal conductivity by measuring the degree of cooling the tip experiences as a result of contact with each material.
In both modes, the assumption that the tip-sample thermal interface resistance does not vary is used to allow the temperature
and thermal spreading resistance of the sample to be quantified'"*. The interpretation of measurements made in active mode
is more complex than passive mode. This is due to the fact that measured thermal spreading resistance (R;) is influenced by
sample structure as well as material thermal properties. Although material thermal properties can be influenced when features
are of similar dimensions to the mean free path of phonons in the system, geometries larger than this can still significantly
impact on the spreading resistance of an object even though the material thermal properties remain the same as bulk. This
makes quantitative measurement of material thermal properties using SThM very challenging and an area that requires further
study.

Whether the probe is driven using an AC or DC signal, the process of determining R; is the same: build a thermal resistance
network based on heat transfer mechanisms between the probe and sample, define the contribution of each thermal element,
and finally extract R, from this network'>. More specifically, the thermal resistance of the probe™'*, thermal interfacial
resistance and the effect of air R,;*'*'* can all be determined by either experiment or numerical modelling, or, in the case of air,
be eliminated completely by employing a vacuum system. Additional complications from the water meniscus as well as

radiation have been proved to be negligible and are therefore ommited'*'>'¢.

After acquiring the thermal spreading resistance of a sample, it is common practice to convert this value into material
thermal conductivity. Recent work on SThM measurement demonstrates how thermal conductivity can be interpreted from
various kinds of samples. Menges e al.” used a self-heated doped silicon probe successfully determining the thermal
conductivity of graphene films on different substrates. This was achieved by treating the tip-sample thermal interaction as a



nanoscopic constriction in contact with a half-space surface. In this case, thermal spreading resistance within the graphene film
could be expressed using a 1D heat transfer equation without taking the lateral dimensions of the graphene sheet into account.
The same “nanoscopic to half-space” conduction model has also been adopted to characterize hafnium oxide (HfO,) and SiO,
thin films®. Beyond simple thin films, Puyoo et al.'""'” utilized SThM in 30 mode method to carry out accurate measurement of
individual silicon nanowires. In this instance, the dimensions of the nanowire played an important role in the interpretation of
thermal conductivity. Due to the similar dimensions of the nanowires and the probe-sample contact size, thermal conductivity
could still be extracted by modelling thermal conduction within the sample as 1D heat transfer. Investigation of carbon
nanotubes has been carried out using a similar “nanoscopic to 1D structure” conduction model'®. Recently, work by Hwang et
al.” investigating suspended graphene disks revealed that it was essential to consider both sample dimensions and SThM
probe contact size'”?® when the sample was larger than the probe contact size but too small to be considered as infinite.
Although this scenario is more complicated than the previous two, thermal conduction within the graphene could still be
considered as 1D by employing spherical coordinates, which are appropriate for the thermal conduction profile, the shape of
the graphene disks and the probe-sample circular contact.

However, the 1D model reaches its limits when there is an inconsistency between the thermal diffusion profile at the
nanoscopic contact and the finite shape of a sample feature. Following the naming scheme above, this scenario can be called
“nanoscopic to finite dimension” conduction. Rectangular thin films are commonly employed in several areas including VLSI
interconnects”', graphene nanoribbons*>* and research into nanoscale heat transfer”. However measuring these rectangular
structures using SThM is always accompanied by the complexity of modelling and solving heat transfer problems beyond 1D%.
Thermal spreading resistance of rectangles has been discussed and summarized by Yovanovich®*?’, however, this work only

considered rectangular heat sources on a half-space or heat sources with the same shape as the substrate.

In the work presented here, we propose a combined-fin (CF) model to describe the thermal spreading resistance of
rectangular thin films in contact with a SThM probe, avoiding the need for complex multi-dimensional heat transfer analysis.
This model is then verified against measurements and used to investigate finite-shaped thin films of a commonly used material,
gold. Conventional patterned samples, integrating multiple materials, typically exhibit significant topography leading to
artifacts in the SThM signal due to the variation of tip-sample contact area'>®. This results in data that is inaccurate and open
to misinterpretation. To avoid the issue, we have employed a recently developed approach to fabricate topography-free
samples®. These samples have enabled us to make the first systematic demonstration illustrating the effect of feature
dimensions on thermal spreading resistance as measured by SThM independent of topographic artefacts. The feature spreading
resistance was calculated from SThM probe temperature by employing the thermal resistance network proposed in our recent
work®®. The resulting values were then used to validate the CF model. This allowed the CF model to be employed to identify
the threshold, at which the spreading resistance is significantly influenced by shape. Finally, this information was used to
analyze the experimental data, providing a measurement of effective probe-sample contact size, as well as the thermal spatial
resolution of the SThM method employed.



Methods

The topography-free sample was fabricated as described in our previous work?, however it will be briefly summarised here. 50
nm thick gold wires were defined and fabricated on a piece of GaAs substrate by electron beam lithography (EBL) followed by
evaporation of metal and liftoff. 500 nm of low stress SiNy was then deposited on the sample by inductively coupled plasma
chemical vapour deposition (ICP-CVD), followed by a 100 um thick spin-coated layer of SU-8 acting as an adhesive to a
quartz slide. Finally, the GaAs substrate was removed using a mixture of citric acid with H,O,, exposing the gold and SiN,. A
typical complete pattern is illustrated in Figure 1 (a) and (b) with optical microscopy and scanning electron microscopy (SEM)
images. The pattern consists of a gold wire located in a 1 um gap between two 5 um x 5 um gold pads, permitting easy pattern
location within the AFM using optical microscopy. Since the tip-sample contact area for the probes used is typically
considered to be a circle having the same radius as the tip curvature'"'®*?, all gold wires were fabricated with dimensions
greater than this to ensure complete tip-wire contact during measurement. The pattern was scanned using the SThM method
and compensated cantilever resistive thermal probe described elsewhere®. This probe has the same overall dimensions as the
commonly used Kelvin NanoTechnology (KNT) probe™'""'"**** but incorporates design features to minimise thermal bending
of the cantilever. In addition, the probe omits the two NiCr current limiters in series with the tip of the KNT probe, allowing
Joule heating to be known more accurately. The apex radius was estimated to be the same as the tip radius of curvature (~ 50

)'>16 and the temperature coefficient of resistance (o) was measured as 0.000961 K™% The probe was used in contact mode

nm
under ambient conditions, and operated in constant power mode (P = 1.02 x 10* W) configured in a Wheatstone bridge. Any

increase in electrical resistance was converted to temperature above ambient.
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Figure 1 (a) Optical microscope image of the topography-free pattern, (b) SEM image of the indicated region showing a gold wire with 400
nm width and 700 nm length. (¢) Simultancously obtained SThM topographic and (d) thermal images of the 2.5 m x 2.5 m region. (e)
Plot of thermal signal intensity at the line A-A’ for 400 nm wide wires with the length varying from 400 nm to 2500 nm showing the
variation of thermal contrast with wire length for the same material which might (wrongly) be interpreted as a change in the intrinsic thermal
resistance of the film.

The topographic image obtained simultaneously with the SThM thermal image (Figure 1 (c)) shows that the root mean
square roughness of the surface was 1.5 nm, and that the gold pattern could not be distinguished from the background SiN.
The actual position of the gold wire is indicated by the two arrows. The topographic and thermal signals were recorded
simultaneously using a Veeco Dimension 3100 AFM with a scan size of 3 um x 3 um, and resolution of 512 x 512 pixels. The
scan speed was 0.5 Hz, guaranteeing the tip was in local thermal equilibrium at each pixel. No obvious topographically
induced artifacts can be seen in the thermal image (Figure 1 (d)), greatly assisting the thermal analysis. A line trace at the mid-
point of each wire (e.g. see A-A’ in Figure 1 (d)) was used to extract data from each thermal scan. A series of 400 nm wide
wires with length varying from 400 nm to 2500 nm were scanned, and their thermal intensities plotted in Figure 1 (e). In each
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case, the data was offset so that the gold pads of each had the same thermal signal. It can be clearly seen that although the gold
wires share the same material and thickness as the gold pads, their thermal signals are different, showing a strong, systematic
dependence on their length. As the magnitude of the thermal signal is dependent on the thermal spreading resistance of the
sample, this dimensional effect could result in misinterpretation of feature thermal conductivity, unless an appropriate model is
employed for data analysis.

Results

The model was constructed based on a rectangular gold wire, with thickness ¢ and width w, surrounded by SiNy on all
surfaces except for its top, which was exposed to air, as shown in Figure 2 (a). When a heated SThM probe contacted the
centre of the gold wire, heat conducted through the body dissipating into the environment along its length through thermal
conduction into the air (%,) and substrate (%) as shown in Figure 2 (b). Heat loss from the interfaces with air and SiN, will be
far less than conduction within the gold wire, resulting in a Biot number much less than 0.01. This allows us to consider the
gold wire as two joined fins*’: a radial fin from the contact point (Ry) to the boundary of the y direction (R,) (Figure 2 (c)) and
a straight fin from the boundary of the radial fin to the boundary of the x direction (Figure 2 (d)).
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Figure 2 (a) Cross-section view of a gold wire on the topography-free sample, (b) schematic of heat transfer due to a nanoscopic contact (the
black circle) at the center of a finite-dimension gold wire, (c) heat transfer mechanisms of the radial fin shown in spherical coordinates, and
(d) heat transfer mechanisms of a straight fin connected with the radial fin defined in Cartesian coordinates.

A heat transfer equation expressing thermal diffusion in a radial fin can be written as
ar| _ _ d_T _ _
—kAG] = kAL 4 heAi(T = T) + hsAp(T = T) (1)

where k is the thermal conductivity of the gold, A = 2mrt is the cross-section area at position r, A; = A, = 2nrdr is the
elemental area of the top and bottom surface respectively. 4, is estimated as 1 x 10° W/m’K from the work of Chen ez al.*°, and
hg considers both the interfacial conductance and thermal diffusion within the substrate. To simplify the calculation, a
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dimensionless expressiond = , where T, and T, represent the temperature of contact area and ambient respectively, is
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which is a modified Bessel function with a general solution
6 = Cllo(mr) + CzKo(mT) (3)

hq+hg

where m = , Ip and K, are zero order Bessel functions of first and second kind respectively, and C; and C, are
integration constants.

As the radial fin will conduct heat into the straight fin at » = R; and inherit the temperature of the contact area at » = R, two
boundary conditions of the radial fin are

1= Cily(mR,) + C,Ko(MmRy) 4)

do
hCARle = _kARIE (5)



where /4, is the equivalent thermal conductance per unit area at the edge of the radial fin due to the straight fin, which can be
defined from its thermal resistance (Rstraight)36

1
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(6)

Rstraight =

where 7,is the straight fin efficiency and defined as 7, = tanh (m;L)/m;L, in which L = 1/2 + t/2 is the corrected length of
the fin due to the existence of heat exchange with the SiN, at the end of the straight fin, and m, =

\/ [hs(mRy + 2t) + h,mR,]/kmR,t. Thus, the equivalent thermal conductance per unit area due to the straight fin is

1
he = ——— ()
RstraightT

So far, thermal resistance of the radial fin can be determined as
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where g, the heat transfer rate within the radial fin, can be defined as

do
qr = —kA— e = 2mkRotm[C,K;(mRy) — C1I;(mRy)] (9)
=ko
To solve the thermal resistance, 4, the thermal interfacial resistance between the gold and SiNy, has to be determined. This
was obtained by analysing the thermal resistance of the 5 um x 5 pm gold pad measured in the same experiment. The thermal
contrast of a pad of Sum size or larger is found experimentally to be independent of pad size, so that this feature can be
assumed to be a half space for the purposes of analysis. Its thermal resistance calculated as 3.42 x 10* K/W from®’

(10)
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where the thermal conductivities of 50 nm thick gold and 500 nm thick SiN, deposited using same method as in this work are
taken to be ky, = 250 W/mK®® and kgy = 10 W/mK*. Note that the thermal conductivity of SiNy is a strong function of
stoichiometry and deposition conditions, but fortunately equation (10) is only a weak function of this value. For an extreme
practical range of kgy ranging from 7-33 the value of Ry, _pqq varies by only +6 to -19% from that obtained using the assumed
value, thanks to the logarithm in the second term of equation (10). A change in the value of k4, over a range of 10% gives a
similar change in the value of Ryy_pq4, @ would a change in contact b¢c to 100nm diameter. This provides a conservative
estimate of the absolute variation in Ry,,_p,qq4 to be expected in practice.

The same gold pad can be modelled as a radial fin, as described above, with infinite radius. In this case, the boundary condition
at Ry remains unchanged, but the edge boundary condition changes to

0 = CyIy(mr) + C,Ky(mr) with r — oo (1D
By equating these two calculations to each other, the thermal resistance 4, can be calculated to be 3.071 x 10" W/m?°K. This
value agrees with the thermal conductance between gold and dielectric materials determined in other work*®**,
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Figure 3 Thermal resistance of gold wires against their length in (a) 200 nm and (b) 400 nm width calculated from the CF model.



With all of the constants known, the thermal resistance(R4,) of 200 nm (Figure 3 (a)) and 400 nm (Figure 3 (b)) wide gold
wires with length ranging from 400 nm to 2500 nm can be calculated using the model. R, can be linked to measured probe
temperature by taking into account thermal interactions between the probe and the sample using the lumped-system model
proposed in our recent work™’. This model accounts for the interactions between the probe and sample by dividing the probe
into several lumped systems based on its shape and materials. As the original model was built for SThM probes used in passive
mode, several modifications have been made in order to adapt it to the active probe. As shown in Figure 4, Joule heating power
applied to the probe can be modelled as a current source (/= P). Thermal resistance of the gold wire is taken into account as
R; in series with thermal interfacial resistance Ry,.,, which changes depending on sample materials. Furthermore, thermal
spreading resistance within the sample due to the air gap between the probe and the sample, marked as RS“?, can be considered
to be a circular heat source on a half-space, 1/(4kb,)". RS, th, and R%" are thermal resistances due to thermal conduction
through the probe and air, and can all be considered to be the same as those in the original passive model. The only unknown
value is Ry, which can be determined experimentally as described later. In common with the original passive model, 7, can
be considered to be the average temperature of the platinum sensor above ambient (A7) due to the neglected contribution of
T/
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Figure 4 Lumped system model for probe working in active mode. A—E represent the lumped parts divided according to the probe’s material
and shape (A and B for the platinum tip, and C, D and E for the remaining parts). A detailed description of the model can be found in Ref.*’.

Rip-au (.. Ry, for a probe contacting gold) can be determined as 0.985 x 10° K/W by equating the experimentally
measured probe temperature when in contact with the gold pad with the lumped-system model when R; is the thermal
resistance of gold pad as calculated previously. With the knowledge and the contact radius, as described above, the thermal
boundary resistance between the platinum tip and the gold (R,.4,) can be calculated as 7.736 x 10” m’K/W from Riip—py =

Rp_au 43

5,10,37,44
7(be)?’ ’

. This is in agreement with values determined by other researchers

The SThM probe temperature when in contact with the various gold wires can now be calculated by replacing R; in the
model above with Ry, as determined from the CF model. Experimentally, the probe temperature can be determined by
considering the average thermal signal from a square of 18 x 18 pixels (similar to the area of contact) at the center of the
thermal image of the gold wire. Both the modelled and measured SThM probe temperatures for the various wires are plotted in
Figure 5. It can be seen that the trend of both curves show an excellent match, suggesting that thin films with finite dimensions
measured using the SThM probes used in this work can be modelled as a radial fin connected to a straight fin. There is a small
(~0.1 K) temperature discrepancy between the measured and modelled values and it is believed that this may be the result of
the local environment becoming heated during the experiment, for example by the AFM laser or optical microscope
illumination. This offset is present for all data points of Figure 5, but is most visible at large lengths, where the data and
modelled data tend to horizontal.
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Figure 5 Plots of tip temperature from both measurement (black squares and blue triangles “Measured 77’) and thermal resistance network
(red diamonds and purple circles “Modelled 77°) versus the length in (a) 200 nm wide and (b) 400 nm wide gold wires. The error bars in the
experimental plot represent £1 standard deviation of each 324 pixel averaged value.

Except for those points indicated by the dashed circles in both Figure 5 (a) and (b), the probe shows sensitivity to variations
in thermal resistance caused by the wire dimensions. A comparison between the tip temperature and the calculated thermal
resistance reveals that only variation in thermal resistance exceeding 9 x 10° K/W will result in a measurable deviation. The
noise in this experiment comes from various sources, with sensor circuitry, variations in ambient conditions and residual
sample topography all contributing®. The root-mean-square value of noise in this experiment is 0.038 K. This value however
cannot be directly used to define the sensitivity of the probe to sample thermal resistance, since the sensitivity is dependent on
the thermal interfacial resistance between the probe and sample, which changes with sample material. According to the
argument proposed by Menges ef al.’, variation in heat flux (4Q) is more suitable for expressing the detection sensitivity. Here,
by referring to the lumped-system model in Figure 4, 4Q associated with a tip temperature change of 0.038 K can be
determined as ~ 200 nW. This value is three orders larger than that obtained by Menges in their work (~ 100 pW), which may
be attributed to their advanced “AC+DC” measurement strategy as well as their use of a high-vacuum system with
electromagnetic shielding in a temperature stable lab.
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Figure 6 SEM images of row (a) “dogbone” patterns with width varying from 200 nm to 500 nm, and row (b) “fake dogbone” patterns with
the same widths. Row (c¢) and (d) show SThM thermal maps of the “dogbone” and “fake dogbone” pattern respectively.

Another conclusion that can be drawn from this work is the impact the nanoscale feature shape has on quantitative thermal
analysis using SThM if an appropriate model is not employed. To demonstrate the dimensional effect more intuitively, eqn (10)
can be used to calculate the apparent thermal conductivity from the thermal resistance of wires with all dimensions. This tells
us that for a wire 200 nm wide and 400 nm long (the largest thermal resistance considered here), the apparent thermal
conductivity is 11.8 W/mK. This is over twenty times smaller than that of bulk Au, and is close to that of SiN. Since the gold
wire is 50nm thick the real thermal conductivity of the wire will not be significantly affected by lateral confinement effects at
this scale. Rather, the error in apparent thermal conductivity is due to the mode of thermal conduction out of the wire, which is
a strong function of shape.

By considering the theoretical analysis of straight fins above, it can be observed that not only length and width, but also
heat transfer at the boundaries will affect /.. For gold wires with uniform geometry, the boundary condition at the end of the
straight fin is thermal conduction with the surrounding SiN, as described by 4. However, if the straight fin is instead
connected at its end to an ambient temperature heat sink, the calculation of /4. detailed above must be reconsidered. To study
this an additional sample was designed to include a “dogbone” pattern in order to vary the boundary condition of the straight
fin. As shown by the SEM images in Figure 6 (a), the “dogbone” consisted of 1 um long gold wires connected to two gold
pads at their ends. It should be noted that the wires and pads were written using EBL in a single layer, guaranteeing a
continuous feature. Alongside this pattern, a similar set of isolated wires were produced, as shown in Figure 6 (b), sharing the
same dimensions and material as the “dogbone” wires. However, these “fake dogbone” wires included a small gap between the
wire and pads, with the intention of demonstrating the shape effect more clearly.

The thermal resistance of this new feature was calculated in a similar way to the wires described above with the difference
that the 5 pm x 5 pm gold pad at each end was assumed to be a perfect heat sink at ambient temperature. Therefore, the
boundary conditions could be written as

€1 = T1 - TOO (12)
€, =0 (13)

where €; and €, are the excess temperature defined as (T — T,,) at the edge of the radial fin and the straight fin respectively.
This allows the heat transfer rate within the straight fin to be defined as
(cosh ml - 6—2)

qs = mokAe, ——2 52 (14)

. []
sinh ms



Thermal resistance of the straight fin in this condition is therefore
2 (15)

! = —
straight ds

R

Thus the thermal conductance per unit area at the edge of radial fin is

1
hy = —— 16
¢ R;traightA ( )
Similar to the individual gold wires, thermal resistance of these features was determined and used as R; in the lumped-system
model, allowing the tip temperature to be calculated.

The experiment was carried out using the same SThM setup and settings as described previously. In addition to obtaining
thermal scans of the “dogbone” patterns, the “fake dogbone” patterns were also imaged in order to demonstrate the shape
effect more clearly and a comparison is shown in Figure 6 (c) and (d). It can be immediately seen that wires of the “dogbone”
patterns exhibit a similar probe temperature to the gold pads. In addition, although the wires become wider, there is no strong
width-dependence phenomenon present in their signal. In contrast, the isolated wires demonstrate a higher temperature than
gold pads, indicating a larger thermal resistance.
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Figure 7 Plots of the SThM tip temperature when measuring the “Dogbone” pattern. Blue squares and red circles indicate the
measured and modelled tip temperature of the “Dogbone”. For comparison, the measured tip temperature on isolated wires is
shown by black diamonds. The inset figure gives the plot of thermal resistance of the “Dogbone” pattern (green squares) and
that of isolated wires (orange triangles).

The results from the experimentally measured SThM tip temperatures when in contact with “Dogbone” wires, together with
the associated modelled values are shown in Figure 7 as blue squares and red circles respectively. From the simulation result,
the trend of temperature can still be observed to follow the feature thermal resistance with changes in width (green squares in
inset). However, the variation is small and can hardly be observed experimentally, especially when the measurement standard
deviation is taken into account. In contrast, the probe temperature from isolated wires (black diamonds) demonstrates much
stronger dependence on thermal resistance (orange triangles in inset) resulting in higher tip temperatures. This is in good
agreement with Figure 7 where “Dogbone” patterns exhibit similar signals between gold pads and wires, while isolated wires
show a clear difference between the two. The impact of changing the boundary conditions can be clearly seen. In addition, the
same model described above can effectively describe both scenarios with only the simple replacement of boundary conditions.

Discussion

Based on the observations above, it can be stated that a detailed knowledge of a feature’s dimensions and shape is essential
if its thermal conductivity is to be reliably extracted from a measurement of its thermal resistance. However, the question
remains as to whether this can be truly achieved for other, less constrained samples such as composite materials. For the probe
and experimental setup used in this work, we can state that an object can be treated as a half-space if its thermal resistance
deviates from bulk insufficiently to cause a change in heat flux larger than ~ 200 nW. More specifically, if considering the
gold employed in this work, rectangular films with thermal resistance within 1.41 x 10* K/W of that exhibited by the gold pad
(3.42 x 10* K/W) can be treated as a half-space. Figure 8 is a contour plot showing thermal resistance against the width and
length of a gold wire. The areas shaded red represent gold wires that can be treated as a half space corresponding to a thermal
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resistance smaller than 4.83 x 10" K/W. If we follow the convention that width is always equal to or smaller than length, we
can state that all gold wires with width larger than 1100 nm can be analysed as a half-space, while any wire with width smaller
than 750 nm must have dimensional effects taken into account (presented as the two dotted red lines). It should be noted that
this plot is only valid for the materials and shapes considered in this work.
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Figure 8 Contour showing the thermal resistance (K/W) against the width and length of gold wires with both the length and width varying.

The advantage of the topography-free sample is that thermal signals at the edge of the pattern can be obtained without
topographically induced artifacts. This can be used to create another measurement of SThM probe-sample effective contact
radius. A schematic of this measurement, shown in Figure 9 (a), illustrates the two scenarios where the probe is completely in
contact with the SiN or gold as separated by a distance D. When a SThM probe moves from the SiN, onto the gold, the
transition of the thermal response is not an abrupt change but a ramp. This phenomenon can be the result of several factors. It
has been proposed in other work®***® that for hard materials it is reasonable to treat the contact size as independent of material.
We can therefore state that the transition of a circular contact across an abrupt thermal feature dictates this ramp. More
specifically, the ramp results from the difference in probe-sample thermal interfacial resistance during this transition, as well as

the nonuniformity of thermal resistance of the gold wire along its length from edge to centre.

Employing the same analysis described for the gold pad above, the thermal interfacial resistance between the probe and
SiN, has been determined to be 1.25 x 10° K/W, and that between the probe and gold as 0.985 x 10® K/W. This leads to an
interesting observation: this difference alone would be enough to generate strong thermal contrast during a SThM scan, even if
both materials had the same thermal conductivity.

We can now consider the effect of probe contact position on the gold wire. As already described, we can model the thermal
resistance of the gold wire by treating it as a combination of a radial fin with the heat source at the centre and two straight fins
of equal length. Following this, we can state that the thermal resistance will vary with position on the wire due to the differing
ratio of the length for the two fins. As shown in Figure 9 (b), when a probe is in contact near the edge of a wire, we can divide
the model into three sections. Section I is still a radial fin as described previously, with diameter equal to the width of the wire.
Sections IT and III are two straight fins separated by the contact point with length e and (L-e). This configuration necessitates
only slight changes to the thermal model, specifically a revised value of “h.” at the edge of the radial fin. This can obtained
from eqn (7) by substituting Ren With the thermal resistance of the two straight fins in parallel.
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Figure 9 (a) Principle of the effective contact radius measurement. (b) Schematic of a probe in contact with a gold wire away from the centre.
(c) Plots of thermal resistance difference between the probe contacting the edge and centre of the gold wire. R; is for a 200 nm wide wire
(black squares) and R, is for a 400 nm wide wire (red circles).

The difference in modelled thermal resistance for the probe contacting the very edge and centre of the gold wire is given by
AR. Figure 9 (c) shows AR varying with length of 200 nm and 400 nm wide wires. It can be clearly seen that the maximum
variation occurs when the length is 2500 nm. It can also be seen that, even for 2500 nm long wires, there is only ~ 1 x 10* K/W
variation as the probe moves from the centre of the wire to the edge. This is comparable to the ideal maximum sensitivity of
the probe, 1.41 x 10* K/W, as defined previously. Therefore, we can conclude that any probe temperature change is dominated
by the transition from one contact material to the other, and hence D = 2b,.
= Trace A-A'
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Figure 10 (a) Thermal image of a gold wire with two traces (A-A’ and B-B’) at top and bottom edges, and (b) plots of the thermal response
for these two traces against scan length, with a Boltzmann fit.

This simplifies the determination of effective contact size between the probe and the sample through analysis of the thermal
image. Figure 10 shows the thermal response signals from two line traces at the top (A-A’) and the bottom (B-B’) edges of the
wire in Figure 10 (a). These traces are then plotted against the length of trace as shown in Figure 10 (b). Both traces are 18-
pixels wide. The ramp region of the thermal signal is D = 120 nm, which gives the radius of effective contact area as ~ 60 nm.
A simple description for the thermal spatial resolution of SThM in air can be obtained from the full width of half maximum
(FWHM) of the trace using a Boltzmann sigmoidal fit"**: f(y) = y, + (y; — y,)/(1 + e*~¥0)/2%) Thjs gives an estimation
of thermal-spatial resolution of 2 x Ax = 45 nm, which compares well with the value obtained using the same probe in other

11,34,49

work and agrees with the observation that the radius of the probe limits the thermal spatial resolution as this dictates

contact radius to a large extent.
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Conclusion

SThM is increasingly being used to measure material thermal properties at the nano-scale. However, it is sometimes
overlooked that the thermal resistance of an object is a function of both its thermal conductivity and geometry. This fact is as
true at the nano-scale as it is for much larger objects. In this work we present SThM measurements of nanoscale objects,
clearly illustrating their changing thermal resistance as a function of geometry, even though the material system remains
constant. The effect is strong, with the measured thermal contrast of a short gold wire being equivalent to a material having a
thermal conductivity over twenty times smaller than the true value. Using this data we describe a new heat transfer combined
fin (CF) model that allows the determination of sample thermal resistance, as measured by SThM, when the sample’s
dimensions fall in the intermediate regime between those of a nanoscopic contact area and a half space. This model accounts
for the multi-dimensional thermal conduction within the thin film, as well as the thermal interface and the thermal spreading
resistances intrinsic in the interaction between a SThM probe and sample.

The model was validated using experimental results obtained from SThM scans of topography-free, lithographically gold
features with a range of geometries and boundary conditions. Both the model and experimental results demonstrate that the
dimensions and boundary conditions of a rectangular thin film significantly affect its thermal resistance. This clearly
illustrates the necessity to consider sample geometry when extracting material thermal properties from thermal resistance as
measured using SThM. The model also shows that a SThM scan over the edge of an abrupt, topography free object can be used
to estimate the effective contact radius and thermal-spatial resolution of a probe.

Finally, a combination of the CF model with a previously published lumped system model® can be used to interpret

experiments obtained under ambient conditions using micromachined SiN, SThM probes. This identifies the heat flux
sensitivity of the system employed to be ~ 200 nW.
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