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Managing thermal transport in nanostructures became a major challenge in development of active microelectronic,
optoelectronic and thermoelectric devices, stalling the famous Moore’s law of clock speed increase of microprocessors for
more than a decade. To find the solution to this and linked problems, one needs to quantify the ability of these
nanostructures to conduct the heat, with adequate precision, nanoscale resolution and, essentially, for the internal layers
buried in the 3D structure of modern semiconductor devices. Existing thermoreflectance measurements and “hot wire” 3ω
methods cannot be effectively used at lateral dimensions of the layer below a micrometre, moreover, they are sensitive
mainly to the surface layers of a relatively high thickness of above 100 nm. The scanning thermal microscopy (SThM) while
providing required lateral resolution, provides mainly qualitative data of the layer conductance due to undefined tip-surface
and interlayer contact resistances. In this work, we use cross-sectional SThM (xSThM), a new method combining a scanning
probe microscopy compatible Ar-ion beam exit nano-cross-sectioning (BEXP) and SThM, to quantify thermal conductance in
complex multilayer nanostructures and to measure local thermal conductivity of oxide and semiconductor materials such as
SiO2, SiGex and GeSny. By using the new method that provides 10 nm thickness and few tens of nm lateral resolution, we
pinpoint crystalline defects in SiGe/GeSn optoelectronic materials by measuring nanoscale thermal transport and
quantifying thermal conductivity and interfacial thermal resistance in thin spin-on materials used in Extreme ultraviolet
lithography (eUV) fabrication processing. The new capability of xSThM demonstrated here for the first time is poised to
provide vital insights for thermal transport in advanced nanoscale materials and devices.

Introduction
Nanomanufacturing that became a major foundation for
modern technological development directly relies on rapid and
versatile quantitative characterization of devices on the
nanoscale. While scanning and transmission electron
microscopies (SEM and TEM) provide excellent nanostructural
characterization, the means for mapping of materials and
devices specific physical properties are lagging well behind. In
particular, one of the most vital characteristics of materials at
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the nanoscale, their ability to transfer or impede heat, is also
one of the most difficult to characterize. The microelectronic
industry is struggling to dissipate heat generated by nanoscale
hot spots in computer processor chips,1, 2 the new
nanostructured thermoelectrics rely on suppressing the
detrimental thermal conductance pathways, and phase change
memory that strive to replace both flash and dynamic memory,
need improved management of the local heat generation to
become a feasible alternative.3
However, measurement of thermal conductivity, even in a
simple geometry such as a thin film on a substrate, presents
significant challenges to traditional techniques if the layer
thickness is smaller than 100 nm.4 In particular, decoupling the
thermal conductivity and the interfacial resistance between the
film and the substrate, and accessing the in-plane thermal
conductivity is difficult and often not possible.5 Furthermore, as
nanostructured device architectures are becoming more
complex, with increased layer number and innovative threedimensional (3D) geometries such as FIN-FET transistors and
low-k interconnects, new approaches are required to probe
thermal transport in buried layers and the interlayer interfaces.
Existing techniques are mostly limited to either surface or bulk
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probing and cannot assess thermal transport in buried
nanostructures.
Scanning probe microscopy (SPM) based techniques such as
scanning thermal microscopy (SThM) could provide an efficient
solution, with lateral resolution on the order of few nm to few
tens of nm.6, 7 SThM uses a probe with a heated thermal sensor
and nanoscale sharp apex that is brought in thermal contact
with the sample and scanned in a raster pattern over the
surface of the probed sample. The electrical resistance of the
probe sensor is proportional to its temperature and is
monitored during the scan. By measuring probe temperature,
heat transfer properties of the sample can be deduced.8-10
However, whilst using SThM to quantify overall thermal
conductance of the complex 3D structure remains challenging
but possible, assessing thermal conductivities of the individual
structure elements buried in the 3D device and reliably
separating it from the interfacial thermal resistance remains out
of reach of the technique. Several groups11-16 devoted their
studies to temperature and conductance measurements using
SThM. While Park et al.13 reported measurements of ErAs/GaAs
MBE superlattices with 6 nm RMS roughness, Juszczyk et al.14
used craters in photonic structures to access subsurface
materials. If the structure allows cleavage, such as in coherent
crystalline materials, these can be probed as demonstrated by
Jung et al.15 where LED cleavage was used to map nanoscale
temperature distribution during its operation. However, all the
methods reported lack reproducibility, can only be used to
study a small set of structures, and most prominently use illdefined surfaces, which creates major hurdles for SThM probe
measurements.
To address these challenges, here we demonstrate crosssectional SThM (xSThM), a new method, which combines SThM
with beam-exit nano-cross-sectional polishing (BEXP), a nanocross-sectioning tool, that creates an easily accessible close to
atomically flat section through a 3D structure enabling SPM
analysis of subsurface layers of the studied material or device.17,
18 The cross-sectioned surface has wedge-like geometry and
sub-nm surface roughness and is fully compatible with SThM
enabling thermal transport measurements as a function of
material thickness that changes depending on the position of
the probe across the cut.
We demonstrate the capabilities of this new method by
exploring the heat transport in complex buried semiconductor
and optoelectronic nanostructures, quantifying the nanoscale
gradients in composition and revealing dislocations and defects
via variation in the local heat conductance. Furthermore, by
analyzing the SThM signal of the wedge-shaped section, and
applying an appropriate analytical model, we independently
extract the intrinsic thermal conductivity of isotropic material
layers on a substrate. The ease of use of our approach and
extreme sensitivity to physical properties renders it suitable for
a broad range of samples and opens new paths for fundamental
and applied research in nanomaterials and devices.

Experimental

View Article Online
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The nano-cross-sectioning (see Fig. 1a) described elsewhere19,
20 has been used to create an easily accessible surface through
a 3D structure for subsurface SPM analysis of the material.17, 18
Briefly, it uses three intersecting Ar-ion beams aligned to a
single plane that impinge on a sample side at a small negative
angle (~ ― 5°) from below the sample surface. As the beam
exits at a glancing angle to the sample surface, we call this
technique beam-exit nano-cross-sectional polishing.18, 21 The
cross-sectioned surface obtained has a wedge-like geometry
and sub-nm surface roughness making it fully compatible for
studies via SPM methods. Equally essential, the glancing angle
of the ion beam and the inert nature of Ar results in negligible
surface damage and practically no modification of the
measured physical properties of studied materials.

Fig. 1. (a) Schematic representation of nano-cross-sectioning beam-exit crosssection polishing (BEXP); Ar ions impinge on the sample edge at a shallow negative
angle (ca. - 5°) to its surface creating a SPM compatible cut adjacent to the intact
sample surface. (b) Schematic representation of the xSThM measurement; SThM
probe scans the cross-sectioned area of a multilayered material (The sample is
presented in the next section). The 3D topography is overlaid with SThM response.
Image dimensions: 5 × 5 × 0.77𝜇m.
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The cross-sectioned area is then thermally imaged via SThM
(see Fig. 1b). Here, SThM measurements were performed in an
ambient environment using a commercial SPM (Bruker
MultiMode Nanoscope IIIa controller) and custom-built
electronics. Acting as both a sensor and a heater, the SThM
probe (Kelvin Nanotechnology, KNT-SThM-01a, 0.3 N/m spring
constant, <100 nm tip radius) is based on a SiN cantilever with
gold legs connecting a Pd film evaporated on the tip.22 The
SThM probe is one of the Wheatstone bridge resistors thus
allowing precise monitoring of the probe resistance as
explained elsewhere.7 In this work, we used an excess
temperature of 50K with respect to the environment. When
scanning across the sample the surface, the probe is biased by
a combined AC+DC voltage and its resistance is monitored via a
modified Wheatstone bridge.23 When the SThM probe at
temperature difference 𝛥𝑇 above sample temperature contacts
the sample surface, cools down depending on the heat flux 𝑞 to
the sample and, consequently, on the sample local heat
transport characteristics. These temperature variations change
the electrical resistance of the probe which is quantified via
calibration techniques described elsewhere7, 24 and used to
determine the sample thermal properties. By measuring 𝑞 and
𝛥𝑇, the tip-sample thermal contact resistance 𝑅X = 𝛥𝑇/𝑞 can
be found. To achieve that, we process the acquired data using a
calibration methodology that provides compensation for the tip
geometry and ambient air conductance25 and more importantly
gives comparable quantitative measurements with ones
performed in high vacuum environment (see Supporting
Information for details).

profile of the xSThM image (Fig. 2a) and the topography
image
View Article
Online
10.1039/D0NR08768H
respectively. The height is quantified viaDOI:
topography
since the
thickness of the layer varies linearly with the position.21 The
relatively low constant thermal resistance in the Si substrate is
adjacent to the steep increase as the probe transits to the Si1xGex and Ge layer with a high density of misfit dislocations. This
is followed by a decrease and roughly constant signal in the
what is believed to be dislocation - free Ge layer. Finally, as the
tip enters the Ge0.9Sn0.1 layer, the heat resistance increases
again continuing to increase towards the sample surface
suggesting increase of Sn concentration. We exclude the
possibility that the thermal resistance variations have their
origin at tip-sample contact area variation, since we don’t
observe any significant topography variations in the crosssectioned area (see Supplementary Information note 7 for
relevant profiles).

Results and Discussion
Measuring anisotropic thermal conductance on the Nanoscale
In this section, we use the new method to investigate
nanoscale transport in complex anisotropic systems with the
predominantly diffusive thermal transport and qualitatively
compare thermal conductivities in such layers. Fig. 1b shows a
3D topography rendering section that is overlaid with color
corresponding to the SThM output of an MBE grown multilayer
sample of Si/SixGe1-x/Ge/GeySn1-y. The GeSn materials represent
a potential platform for Si manufacturing-based optoelectronics
due to possibility of achieving direct bandgap.26-28 In this
structure, first a 100 nm Ge layer was grown on a silicon
substrate. During the growth Si atoms diffuse inside the Ge layer
at high process temperatures29 and therefore create SiGe alloy
of decreasing Si concentration as distance from Si-Ge interface
increases (see Supporting Information for details). Then,
another 100 nm Ge layer is grown creating a so-called Ge
“virtual substrate”. Finally, 200 nm of Ge0.9Sn0.1 are grown on
the top of this layer. The z-gradient in the SixGe1-x and GeySn1-y
layer breaks the isotropic nature of the sample making it
transversely isotropic. The three regions corresponding to the
Si substrate, the Ge virtual substrate and the Ge0.9Sn0.1 layer are
clearly observed in the thermal image. Fig. 2b shows the
dependence of 𝑅X and topography profile 𝑥 as a function of
height, 𝑡, of the sample nano-cross-section as obtained from a

Fig. 2. (a) Thermal contact resistance 𝑅𝑋 image across cross-sectioned Si/GexSi1𝑅𝑋 profile
x/GeySn1-y layers. Image is a zoom in the area shown in Fig. 1b. (b)
acquired from the image (blue, left axis), as indicated by the blue arrow by
averaging 100 lines, and topography profile, 𝑥, (magenta, right axis) as a function
of height, 𝑡, across Si/GexSi1-x/GeySn1-y layers. The areas of different materials are
shown and are aligned with the image. The red dotted line denotes an area where
dislocation density reduces as moving away from the interface.
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The most remarkable observation is that the resistance in
the GexSi1-x is decreased in the middle region (red dotted area
in Fig. 2) which is consistent with the thermal conductivity of
GexSi1-x increase with the decrease of Si content.30 This
significant continuing drop in the thermal resistance extending
to 200 nm thickness can be linked with the reduction of the
dislocation density as one moves away from the interface.
According to Second Ion Mass Spectroscopy (SIMS)
measurements (see supplementary note 6), the Ge content of
the GexSi1-x layer is quickly increasing from 0 to 80% in the first
~25 nm. This region corresponds to the sharp increase
measured in the thermal resistance. Beyond the low thermal
conductivity of GexSi1-x alloys with more than 10% Ge
(compared to the pure silicon one) 30, such drastic changes in
the layer composition are also likely to induce phonon
scattering processes and create a low thermal conductivity
which translate into a high thermal resistance increase. Then,
between 25 and 125 nm, the Ge content increases slowly from
80% to 90% in the remaining of the layer where the thermal
resistance decrease is observed. The thermal conductivity of
GexSi1-x alloys increases with Ge content above 80% Ge. We can
then attribute the thermal resistance decrease to this increasing
thermal conductivity with thickness. In the Ge only layer, our
measurement outputs an even lower resistance. This can also
be linked to the Ge content that reaches 100% in this region (see
supplementary notes 6) and thus provides a higher thermal
conductivity.
We then investigated two SiGex/GeSny samples that have
similar composition but different processing conditions, that
are known to change the metastable GeSn alloys26-28
composition and their crystallinity upon annealing at high
temperature.31 Sn mobility inside the Ge can also increase
drastically with temperature with Sn atoms tending to form
clusters and segregate.28 To assess these effects, we compared
two samples: an as grown sample and a sample that was
subsequently annealed at 500°C prior to xSThM
characterization. Fig. 3 shows the thermal resistance for these
two samples. For comparison purposes, we normalized signals
to both the Si and Ge layers which should not change due to the
annealing process. Here, we observe almost no difference in the
thermal transport in the Si1-xGex region between the as-grown
and annealed sample that would be expected, as the annealing
temperatures were well below ones needed to anneal SiGe
structures. In the pure Ge region, we obtained an almost flat
response, which indicates that the spreading resistance is not
affected by the increase of Ge layer thickness. When entering
the Ge0.9Sn0.1 layer, the resistance increases for both samples.
This can be expected due to the lower thermal conductivity of
GeSn alloys32, 33 (between 1 and 10 Wm ―1K ―1) compared to
pure Ge (~20 Wm ―1K ―1 for 100 nm film32, 34).However, a
notable difference was observed between the as-grown and the
annealed samples by analysis of the absolute value and the
derivative of the thermal resistance in these layers. The lower
absolute value suggests a higher concentration of Ge near the
interface. At the same time, the
higher derivative for the annealed sample suggests, similarly to
the Si1-xGex region, a different GeSn crystal quality. Annealing is

likely to create clusters of Sn inside the Ge which act
phonon
Viewas
Article
Online
10.1039/D0NR08768H
scattering elements, hence reducing the DOI:
thermal
conductivity.
For this complex nanostructure, the xSThM here allowed for
the first time to directly link the variation of the local thermal
conductance due to the layer composition, crystalline defects
and the precipitate nanostructuring, via the physical properties
of buried layers that would be impossible to access otherwise.
The next section addresses the vital question how to use xSThM
for the quantitative thermal measurements in such layers.

Nanoscale Accepted Manuscript

Published on 19 May 2021. Downloaded by Lancaster University on 6/9/2021 4:00:37 PM.

ARTICLE

Page 4 of 8

Fig. 3. Thermal resistance (normalized with Si and Ge layers thermal resistance)
profile as obtained by averaging 100 lines as a function of height for as-grown and
annealed samples. With dotted lines the fitted curves of the GeySn1-y region are
―4
―1
indicated. For the as-grown sample the slope is 𝑑𝑦 𝑑𝑥 ≈ 5.8 ± 0.2 × 10 𝑛𝑚
―4
―1
𝑑𝑦
𝑑𝑥 ≈ 6.9 ± 0.2 × 10 𝑛𝑚 .
and for the annealed
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Quantitative measurements of thermal conductivity and
interfacial thermal resistance
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Having established the high performance of thermal
transport mapping in 3D layers, we first use xSThM to
quantitatively deduce the thermal properties of relatively
simple 3D structures comprised of isotropic layers. The wedgelike cut enables SThM measurements as function of material
thickness that changes depending on the position of the probe
across the cut (see Fig. 4a). As the tip-surface and wedge sample
– substrate thermal resistance are independent of the tip
position, using samples of varied thicknesses therefore allows
to separate the contribution of the interfacial thermal
resistance and sample thermal conductivity in order to deduce
quantitative properties.35-39
For the quantification of the thermal properties, we express
𝑅X as a sum of two main components connected in series: the
total contact thermal resistance between the probe and the
sample, 𝑅c, and the total thermal spreading resistance within
the sample, 𝑅s,
𝑅X = 𝑅c + 𝑅s.

(1)

In vacuum, 𝑅c includes solid-solid contact thermal resistance,
and in ambient environment, also water meniscus
conductance.40 For the quantitative evaluation of the sample
thermal resistance, we treat 𝑅c as an effective probe-sample
interface resistance dependent on the contact area and the
sample thermophysical properties, and independent of 𝑅s. The
SThM tip - sample contact area can be approximated7 by a disk
of radius 𝑎, reflecting the solid-solid contact dimensions and
when in ambient conditions, may increase due to effect of
water meniscus, providing an effective radius of thermal
contact.
The thermal spreading resistance depends on the nanoscale
structure and materials composition of the sample. In the
simple case of a bulk isotropic material and a contact radius
above the phonon mean free path 𝛬, the thermal spreading
resistance is given by:
𝑅𝑠 =

1
4𝑘𝑎

,

(2)

where 𝑘 is the thermal conductivity of the bulk material. In case
of the contact radius much smaller than mean free path, the
ballistic approximation can be used.41 Diffusive transport
assumption remains valid if the heat source dimension 𝛼 is
bigger than 𝛬 meaning that the system Knudsen number (
𝐾𝑛 = 𝛬/𝑎) is smaller than 1. In our system, 𝛬 is greatly reduced
compared to bulk values due to interface scattering and
impurities30. Except for dislocation free Si where 𝛬~300nm 42,
𝛬 are usually smaller than 50 nm, the typical effective contact
radius32.In either case, if the contact dimensions or material
does not change, the thermal resistance remain constant.

Fig. 4. (a) Schematic view of the xSThM scanning along the polished sample with
increasing thickness. The arrows show the heat flow direction, with their width
denoting the increased heat flow. At the limit of a thick layers heat flow is mostly
lateral within the layer. The top surface was removed from the image because it
is not nano-sectioned, its roughness is very different from the top surface one,
and also the top surface can be contaminated during the sectioning due to redeposition of material, and these measurements should not be compared directly
with the cross-sectioned area in this case (see Supplementary Information Note 8
for the thermal image including the top surface). (b) Thermal contact resistance,
𝑅𝑋, map of the 300 nm SiO2 on Si cross-sectioned sample. (c) 𝑅𝑋 profile acquired
from the xSThM image by averaging 100 lines as a function of height across Si/SiO2
layers, in the direction shown by the blue arrow at (b).

The basic element of any 3D nanostructure is a layer with
thermal conductivity 𝑘l on the uniform substrate with thermal
conductivity, 𝑘s. The angle wedge cut through the layer and the
substrate, produced by BEXP nano-cross-sectioning, allows us
to approximate each measurement point as a layer of variable
thickness. We then can use an isotropic model for 𝑅s for heat
spreading within the layer on a substrate as described
elsewhere: 43, 44
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1
𝜋𝑘l𝑎

∫

[

∞
0

(
(

1 + 𝐾𝑒𝑥𝑝 ―

1 ― 𝐾𝑒𝑥𝑝 ―

2𝜉𝑡eff
𝑎

)
)

2𝜉teff
𝑎

]

𝑑𝜉
𝐽1(𝜉)sin (𝜉) 2 ,
𝜉

(3)

where 𝑡eff = 𝑡 + 𝑟int ∗ 𝑘l is the effective thickness that depends
on the interfacial resistance between the layer and the
substrate per unit area, 𝑟int, and the layer thickness, 𝑡 , 𝐽1 is the
first Bessel function of the first kind, 𝜉 an integration factor and
where 𝐾 is defined as 𝐾 = (1 ― 𝑘s/𝑘l)/(1 + 𝑘s/𝑘l) . Note that
this model can be extended to orthotropic system45 to describe
thermally anisotropic materials. This thickness varying thermal
spreading resistance is connected with the variation in the
direction of heat flow as layer thickness crosses from 𝑡 ≪ 𝑎 to 𝑡
≫ 𝑎 as schematically represented in Fig. 4a. At the limit of a
thick layer with 𝑡 ≫ a, the spreading resistance will be
described by Equation 2.
We investigated three films of standard materials currently
widely used in the semiconductor industry46, 47 with potential
for the next generation extreme UV (eUV) lithography: 60 nm
spin-on carbon, 10 nm spin-on glass, complemented by the
300 nm thermally grown SiO2 on a Si substrate. In a BEXP
section, thickness of the layer linearly varies with the position
and can be precisely quantified via topography.21 Most
significantly, owing to the perfect near-atomic flatness of the
cut, the tip-sample thermal resistances as well as the layersubstrate interfacial thermal resistance are constant and do not
depend on the layer thickness. This allows us to perform direct
fitting of the 𝑅X vs 𝑡 dependence using Equation 3, and
therefore independently determine 𝑘l and 𝑟int.
Fig. 4b shows the xSThM 𝑅X map of a 300 nm thermal oxide
on Si with thermal resistance of Si area lower than that of SiO2
as expected.48 In Fig. 4c, a topography and thermal resistance
profiles taken along the blue arrow in Fig. 4b. Thermal
resistance of Si is almost stable while for SiO2 we observe a clear
increase with increasing thickness corresponding to an
increasing spreading resistance. A narrow dip at the Si-SiO2
interface is attributed to the topographical variations at the
interface that locally changes the contact area between the tip
apex and the surface. These can occur at the junctions of the
very dissimilar materials, but are not present as we can see in
the uniform or smooth gradient materials. These topographical
changes can be readily observed and eliminated from the
measurements, or compensated by the special algorithms49.
Note, that the difference of Si thermal resistance with the
sample presented in Fig. 2 is due to different tip apex radius, of
the probe used. When the probe is solely in contact with the
oxide layer, we can assume that the total tip-surface contact
resistance 𝑅c of Equation 1 is constant as material and contact
area are not varied. We then apply the analytical model of
Equation 3 using unknown parameters 𝑅c , 𝑎, 𝑘l and 𝑟int as
fitting parameters (see Table 1 for the fitting results). The fitting
parameters can be further reduced by defining a new fitting
function 𝑓(𝑡 ― 𝑡0) = 𝑅𝑠(𝑡) ― 𝑅𝑠(𝑡0) and removing in this way
the 𝑅c contribution. However, it can be obtained afterwards by
simply finding the offset to match the measured resistance (see

Supplementary information for more details). TheView
independent
Article Online
DOI: 10.1039/D0NR08768H
determination of several independent thermal
parameters in
single experiment becomes possible as the measurements are
performed for the varied thickness of the sample, that is
equivalent of the multiple experiments on the same the
system.39 This approach is effective if we assume that the layer
thickness does not affect its thermal conductivity, and that layer
thermal conductivity is isotropic (see Supporting Information
for more details).
Additionally, we can use the 300 nm oxide sample as a
proxy to an “infinitely thick” calibration sample allowing to
determine the contact radius 𝑎. By assuming literature values
―1
for the SiO2 thermal conductivity (𝑘𝑆𝑖𝑂2 ≈ 1 W m ―1K )50, 51
and the interfacial thermal resistance between silicon oxide and
silicon (𝑟𝑖𝑛𝑡𝑆𝑖 ― 𝑆𝑖𝑂2 ≈ 1 × 10 ―9 Km2W ―1 50, 52, this value only
weakly affects the fitting result given the large thickness of the
calibration layer) the only fitting parameter is 𝑎. We obtained
𝑎 = 56 nm, that is reasonable for the SThM probes used, with
a good fit quality (see Fig. 4b). We note that all three samples
were thermally imaged sequentially under same geometrical
settings and the same SThM probe, and therefore no significant
change in a is expected from sample to sample
As Equation 3 is valid for all values of layer thickness, the
power of our method also relies on its ability to measure very
thin layers. By effectively expanding the thickness scale by 5
times and hence the thickness resolution, it allows us to study
physical properties of nanoscale layers that are only few nm
thick. Such thin layers are impossible to be addressed by vertical
cross-section due to the SThM tip diameter.21 Applying the
same method and using the calibrated effective contact radius,
we measured thermal conductivities and the interfacial
resistances of 60 nm spin-on carbon, 10 nm spin-on glass (see
Table 1). We note a general agreement of a trend between the
values is obtained, as spin-on carbon is expected to be more
thermally conductive than spin-on glass. Experimental data and
fitted curves are available in the Supporting Information
(Supporting Note 4).

Table 1. Parameters obtained by fitting Eq. 1 to experimental data. For SiO2,
literature values are used to obtain 𝑎 and 𝑟𝑖𝑛𝑡. Grey shaded cells are assumed
values with contact radius for the probe for spin-on-carbon and spin –on glass
taken from the SiOx calibration measurements.

𝑘l (Wm ―1K ―1)

300 nm
thermal
SiOx
1.0

60
nm
spin-on
carbon
0.8 ± 0.1

10
nm
spin-on
glass
0.3 ± 0.1

𝑟int (10 ―9 × Km2W ―1)

1.0

4±2

2±2

9.0 ± 0.1

5.3 ± 0.1

6.0 ± 0.2

56

56

56

Fitting parameters

6

𝑅c (10 × KW
𝑎 (nm)
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Finally, it is also possible to quantify thermal conductance
anisotropy of more complicated gradient structures with the
use of FEA. In this context, we studied SixGe1-x gradient material,
a good candidate for high temperature thermoelectrics. We
found that as the SThM probe scans across different layers of
increased Ge concentration, the thermal resistance at the tip
apex increases in good agreement with previous studies on Si130 Modelling the
SixGe1-x by FEA enabled us to
xGex alloys.
reproduce experimentally acquired thermal resistance as
function of the Ge concentration (see SI Supporting Note 2 for
details).

Conclusions
Combining an SPM compatible nano-cross-sectional tool with
SThM, we were able to map and measure with nanoscale
resolution the thermal conductivity and interfacial thermal
resistance of buried layers and interfaces in complex gradient
compound semiconductor nanostructures that were not
accessible previously. We applied a new approach to the
investigation of thermal conductance of nanomaterials
providing depth profiling of thermophysical properties with a
depth resolution below 10 nm. We have directly measured heat
transport in nano-layered anisotropic systems such as potential
optoelectronic Si/SixGe1-x/Ge/GeySn1-y and thermoelectric
SixGe1-x materials showing excellent match with the theoretical
data with no fitting parameters, and observing composition
variations and dislocation impeded thermal transport in
nanoscale thin layers. Furthermore, using a complimentary
modelling approach, we can deduce quantitative values of
thermal conductivity in microelectronic thin films and molecular
beam epitaxy layers for next generation optoelectronics and
thermoelectrics. Our work demonstrates the ability to
differentiate between thermal conductivity and interfacial
thermal resistance in these samples, and to explore local
stoichiometry and crystalline defects in nanostructured
materials and devices. This approach could prove to be vitally
important for quantitative nanoscale thermal characterization
aspects
that
are
currently
largely
missing
in
nanomanufacturing.
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