Nanoscale Resolution Scanning Thermal Microscopy via Carbon Nanotube Tipped Thermal Probes
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We present an experimental proof of concept of scanning thermal nanoprobe that utilizes the extreme
thermal conductance of a carbon nanotube (CNT) to channel heat between the probe and the sample.
The integration of CNT in scanning thermal microscopy (SThM) overcomes the main drawbacks of
standard SThM probes, where the low thermal conductance of the apex SThM probe is the main
limiting factor. The integration of CNT (CNT- SThM) extends SThM sensitivity to thermal transport
measurement in higher thermal conductivity materials such as metals, semiconductors and ceramics,
while also improving the spatial resolution. Investigation of thermal transport in ultra large scale
integration (ULSI) interconnects, using CNT- SThM probe, showed fine details of heat transport in
ceramic layer, vital for mitigating electromigration in ULSI metallic current leads. For a few layer
graphene, the heat transport sensitivity and spatial resolution of the CNT-SThM probe demonstrated
significantly superior thermal resolution compared to that of standard SThM probes achieving 20-30
nm topography and ~30 nm thermal spatial resolution compared to 50-100 nm for standard SThM
probes. The outstanding axial thermal conductivity, high aspect ratio and robustness of CNTs can make
CNT-SThM the perfect thermal probe for the measurement of nanoscale thermophysical properties and

an excellent candidate for the next generation of thermal microscopes.

1. Introduction



The constantly developing variety of scanning probe microscopy (SPM)" 2 techniques enables the
investigation of important features in the nanoworld, from the nanoscale resolution topographical
mapping of semiconductors and protein macromolecules,” to exploration of nanoscale electronic™ >,
mechanical,”” magnetic,'® and thermal properties.'"” '* Scanning thermal microscopy (SThM)''" has
come a long way since its invention'' in 1986 and currently plays a leading role in the investigation of
thermal properties on the nanoscale. SThM use a self-heating thermal sensors incorporated within a
sharp tip that is thermally contacted with a sample surface and is widely used in studies of polymeric
and organic materials'>. While SThM also allows the study of the temperature distribution and heat
transport in nanodevices such as interconnects, memory and RF circuits, phase change memory and
semiconductor laser structures, high thermal conductivities of semiconductors and metals constitutes a
major challenge for both spatial resolution and sensitivity of SThM with the main limiting factor being
the low efficiency of the thermal coupling between the temperature sensing element and the local area
of the studied surface.

The lateral resolution of SThM has never reached that of mainstream atomic force microscopy (AFM)
methods, mainly due to the more bulky structure of the sensor, which incorporates either the resistive
heating element, such as in the Wollaston wire probes®’ (WW), silicon nitride with resistive Pd layer*'
(SP) probe, micromanufactured doped Si*>** (DS) probe, or a thermocouple.** The heat dissipation by
the liquid layer,” to ambient air, and via radiation can further deteriorate the resolution. At the same
time, it has been shown elsewhere that SThM sensitivity to thermal transport of higher thermal

conductivity materials is mainly limited by the thermal resistance of the tip apex,'*

and can be only
partially improved by reducing heat leaks to the environment, e.g. via vacuum enclosure.'® '**” In this
paper, we exploit the unique properties of carbon nanotubes (CNTs), which are well known for their

1828 and very high axial thermal conductivity,* to

superior mechanical properties, high aspect ratio
create a superior SThM sensor capable of high performance thermal transport measurements. While

CNT probes were used in SPM*' resulting in commercial CNT probes for standard contact AFM, >



and CNTs have been used for local heating in data storage experiments,”” to the best of our knowledge
there are no reports to date on heat transport measurements in SThM imaging using such probes. Here,
we describe the pathway to assemble CNT-SThM probes for use in thermal sensing and imaging, and
use their superior thermal sensitivity to explore heat transport of complex metallic-ceramic-polymeric
nanostructures of ultra large scale integration (ULSI) interconnects.>* We then investigate a heat
transport of highly thermally conductive few-layer-graphene (FLG)* on lower, but still highly
thermally conductive Si substrate, achieving a differentiation between these materials and the thermal
spatial resolution of a few tens of nm in an ambient environment, with superior topographical and

friction resolution compared to the same probe without the CNT tip.

2. Experimental
2.1 CNT-SThM probe assembly

A silicon wafer was first patterned with 1 um thick areas of gold via photolithography combined with
electron beam evaporation, electroplating and wet etching. A few pug of (nominally) 100 nm diameter
multi walled CNTs (Sigma-Aldrich) were dispersed in propan-2-ol by a horn ultrasonicator (Branson
SLPt) and then pipetted onto the heated (60 °C) pre-patterned silicon wafer. The heating ensured that
the propan-2-ol evaporated quickly and results in uniform CNTs distribution over the wafer, that was
then chemically etched in a XeF; etcher (Xactix Inc) to form suspended regions of gold with protruding

CNTs (Fig. 1a).
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Fig. 1. CNT-SThM probe assembly showing: (a) CNT deposition onto the
Au coated Si stub; (b) removal of small square of that stub with CNTs
sticking out over the edge for attachment using a nano-manipulator; (c)
attachment of CNT by Pt deposition to the SThM tip; and (d) ion beam
cutting of CNT.

The tip of a nano-manipulator (Omniprobe, Oxford Instruments) mounted within a focused ion beam
(FIB) system (Helios Nanolab 600 dual beam, FEI) was welded to a suspended gold region via ion-
beam induced Pt deposition. The FIB was then used to cut this section of gold free from the substrate
(Fig. 1b) allowing the attached foil to be moved by the nano-manipulator. A single CNT that protruded
from the edge of the Au foil was then chosen, brought into contact with the end of SP type SThM probe
(Kelvin Nanotechnologies), and subsequently welded to its apex by e-beam induced Pt deposition (Fig.
lIc). The CNT was then cut by FIB at an angle, ensuring smaller CNT sample contact area, and the Au
foil was pulled away, leaving the CNT attached protruding from the SP SThM probe end (Fig. 1d). The
whole assembled CNT-SThM probe is given in Fig. 2, where the insets show the probe apex before and

after contact AFM and SThM imaging. These indicate no observable changes in the probe geometry



and confirm robustness of the probe. While used manufacturing approach is quite laborious, it allows to
fully test the performance of CNT-SThM probe, and provides a starting point for development of

manufacturing-friendly probes.

—scanning

Figure 2. SEM images of the assembled of CNT-SThM probe (a).
Insets show the same probe before - i, and (higher magnification) - ii
and after contact SThM scanning — iii, indicating no observable damage
to the probe.

2.2 SThM setup, thermal calibration and measurements

The CNT-SThM probes resistance-vs-temperature response was calibrated at 7 temperature points
between 20 °C to 80 °C by thermal contact of the whole sensor with a Peltier hot/cold plate (Torrey
Pines Scientific, EchoTherm-IC20) measuring DC resistance using 4 probe multimeter (Keithley 2100)
and 90 kHz AC resistance in Maxwell bridge configuration (Fig. 3). In AC mode function generator
(Keithley 3390) was used for bridge excitation and lock-in amplifier (LIA) (Stanford Research
Systems, SRS-830) for detection of bridge output. During calibration two regimes were used —first, a
low voltage regime eliminated probe self-heating linked probe resistance with the temperature, then an

increased DC offset in both modes was used resulting in the self-heating, the self-heating temperature



was obtained via first stage low-voltage calibrations. All these calibrations took place outside the AFM
so there was no additional heating from the laser. For real-time scanning SThM measurements, AC
approach was used, with the bridge balanced before each measurement, providing the real-time
temperature reading of the SThM probe.

Both AFM and SThM imaging were performed in the standard SPM setup (Bruker Multimode, 100 um
scanner, Nanoscope Illa controller, signal access module for readout of external signals) with SThM
probe adapter (Anasys Instruments). The measurement bridge was balanced before each measurement
to compensate for the ambient temperature drift and the laser heating of the probe, with LIA output
acquired by the SPM during the scanning. The applied DC offset was kept constant during the imaging,
resulting in practically constant power dissipated by the probe. In this configuration, the increased heat
transport to the sample (due to local higher thermal conductivity) results in lower probe temperature,

and darker areas in SThM images.
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Fig. 3. Schematic diagram of SThM measurement electronics including
the Maxwell bridge, the generator applying AC voltage and DC offset;
bridge AC output detected by the lock-in amplifier is a linear function
of the thermal sensor temperature.

2.3 Finite element analysis simulations



The COMSOL Multiphysics finite element (FE) simulations were created in 3D with an air block
encasing the whole probe. The dimensions of the air block and mesh step was changed by the factor of
2 and 4 resulting in the minimal temperature difference change by 0.3 to 1 % confirming that used
settings were appropriate. The probe apex tip was either a CNT contacting the Si3N4 SThM probe along
1 um length or a probe itself. All outer boundaries were thermally anchored to room temperature of 293
K?°. The thermal contact resistance of the CNT to the SThM probe was shown to have little effect on
temperature for low and high thermally conducting samples due to the large surface area of the side of
the CNT in contact with the tip. At the same time the contact resistance between the CNT tip and
samples had a larger effect, adding a scaling factor of 0.7-0.9 for low thermal conductivity materials
(~1 Wm'K™) like polymers, changing to scaling factor of 0.5 for high thermally conducting samples
like Si (~100 Wm™'K™). Such reduction, while notable, still preserves sufficient thermal signal and is
fully counteracted by the decrease of the thermal resistance of the contact resistance (see below

analysis in 11.3.2) if CNT is used.

2.4 Analytical model of the CNT-SThM probe

In order to compare the contribution of different thermal resistances in the CNT-SThM probe
assembly, i.e. the thermal resistances: from the heater to the cantilever base and ambient air (Rc), from
heater-to-CNT - Rent-heater » CNT itself Rent, and the thermal resistance of the sample Rs, we have built
a simple analytical model of the CNT-SThM (Fig. 4). The heat flow from the heater passes through the
thickness of the cantilever and bonding compound to reach the CNT normally with regard the nanotube

axis, allowing to estimate the thermal resistance as’°

ReNTheater =10 (tc / lenr )/ ( 272K L ntneater ) (1)

where k. is the cantilever and bonding material thermal conductivity approximated as SizN,4 thermal

conductivity (Ksiang ~ 4 Wm'IK'l), t. is cantilever thickness, rent — CNT radius, and Lent-heater — length



of the CNT-heater bond along CNT direction that is approximately 800 nm as estimated from Fig.2.
The heat flow in the protruding CNT part is predominantly along CNT axis allowing this thermal

resistance to be estimated in diffusive approximation as

1/ Renr = Kenr Acnr / Lenr (2)
where Kent is the axial thermal conductivity of the CNT, L, the CNT length and Acnr - the nanotube
cross section area. By substituting the parameters with values for our probe (heater diameter and length
~500 nm, CNT diameter 100 nm and CNT thermal conductivity 1000 Wm’lK'l)lg’ 28, estimates of these
resistances are: RenT-heater = 9.4x10* KW', For CNT diameters in the useful range of 25 nm to 100 nm
and CNT length of 500 to 1000 nm, the thermal resistance Renr is in the order of 2x10% to 3x10° KW,
Given that this is one to two orders of magnitude smaller than contact thermal resistances for the same
probe, for most thermal conductivity materials studied in this paper, including graphene on the Si02
support the CNT thermal resistance will not deteriorate the performance of the probe, even if the
ballistic transport is considered. It should be noted that as thermal resistance of the CNT section of the
probe scales linearly with the length Lcnt, whereas bending stiffness as L'3CNT, in most cases it is the
mechanical lateral flexibility of the probe that would be the limiting factor for its applicability as an
SThM tip. The thermal resistance of the CNT-sample R; in diffusive regime depends on the effective
radius rene (this can be estimated by the spatial resolution of AFM images as approximately 30-50 nm)

can be calculated following reference 16 analysis'®

1
E =—rk Feont (3)

where k' is the effective thermal conductivity of the contact without accounting for boundary

resistance, defined as
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where Ks is the sample and kiip is the tip thermal conductivity. It can be further modified due to the
interfacial Kapitsa resistance and constriction resistance, the latter is discussed in more detail in
subsection of experimental results and discussions. In the case of CNT-SThM probe and Si sample
(ks= 130 Wm'lK'l) thermal conductivity of Si defines the contact resistance R (as ktip'l is much smaller
than ki) whereas for standard SizNj probe, the term of ktip_l is dominating, masking the properties of
the higher thermal conductivity materials. For Si sample and CNT tip a typical boundary thermal
contact resistance 2 is Rg = 3.0 x10° KW', It should be noted that a parallel heat channel to the
cantilever base and ambient air (R.) is approximately an order of magnitude lower with R.~ 1.0x10
KW' (using FE calculated and experimentally measured values*®) than the tip-sample thermal
resistance, resulting in general reduction of the thermal response for any type of active probe and
making any decrease of the probe-sample resistance (e.g. using the CNT probe) significantly improving

performance of the SThM thermal measurements.
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Figure 4. Analytical model of the SThM probe.
Heat generated in the probe is dissipated to the
cantilever base and the ambient air via thermal
resistance Rc, as well as to the sample via series
of thermal resistances CNT-heater - RenT-heater, the
resistance of the CNT tip itself Renr, the contact
resistance Rent and the resistance of the sample
Rs. SThM measures the resulting temperature of
the heater Ty, that is function of the sample
resistance Rs.

2.5 Sample preparation ultra large scale integration and few layer graphene samples preparation



In this study, we used test structures of ultra large scale integration (ULSI) interconnects (Fig. 5)
containing Al leads embedded in a low-k polymer (benzo-cyclo-butene, or BCB) interconnects and 300
nm SiO; on Si wafer substrates for graphene deposition. All were sequentially sonicated in methanol,
isopropanol, and DI water (10 min each), and cleaned in Ar/O; plasma cleaner (Zepto LF). The
graphene sample was mechanically exfoliated onto the surface by using pressure sensitive tape

immediately after plasma cleaning'.

SIOu/Si 6>
(b) ()™  s00nm
Fig. 5. a) SEM image of the test sample of
chemo-mechanically planarization processed
ULSI Al — metal leads embedded in the benso-
cyclo-butene low-k dilectric; inset: higher
magnification image showing polishing pits in
the metal layer. b) AFM topography and c)
ultrasonic force microscopy (UFM)
nanomechanical properties maps of few layer
graphene on Si showing graphene layer edge and
folds; same area was imaged in SThM and CNT-
SThM in Fig. 7. Chevron mark is added to
identify the flake position in images in Fig. 5 b.c
and Fig.7a-d.

3. Results and discussion
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As discussed above, CNTs should allow superior spatial resolution and thermal sensitivity for existing
SThM probes, up to the limits defined by fundamental constraints such as the mean-free-path of the

37:3% and Kapitza

heat carriers (electrons in metals and phonons in insulators and semiconductors)
contact resistance.*” Nanotubes will also provide a high thermal conductance path between the pm
sized thermal sensor and the sample, with highly thermally conductive CNT apex securing a low
thermal contact resistance, allowing materials up to 100’s W K™'m™ to be studied as foreseen in the
analytical studies elsewhere.?® Furthermore, high mechanical strength of CNT’s (Young’s modulus in
the TPa range™ *') provides robust and hardwearing AFM tips.*** The CNT-SThM probe tip (Figs. 1,
2) is quite short and stumpy, but had good thermal anchoring and low thermal resistance to the tip due

to the Pt metal welding and the long contact area. In addition, the small contact radius due to the

sharpened apex provides an appropriate rigid tip for scanning.

3.1 Thermal mapping of ULSI interconnects

CNT-SThM was first used to study thermal transport in an ULSI interconnects made of Al
metallization tracks embedded in the low-k dielectric BCB cross-linked polymer on a Si wafer. The
entire structure was chemo-mechanically polished during the planarization process.** The thermal
properties of this nanostructure are particularly important since they model real interconnects, where
metal tracks carry high currents and their overheating increases electromigration and adversely affects
the device performance. In this structure, both high and low thermal conductive materials are
presented, side-by-side, producing clear boundaries and allowing the estimation of the sensitivity and
spatial resolution of the CNT-SThM. Similar areas of ULSI interconnects were imaged using a
standard SP SThM probe (Fig. 6a,b) and a CNT-SThM probe (Fig. 6¢,d), respectively. Due to imaged
features being at the edge of resolution limit of AFM positioning optical system, locating exactly the
same features was not practical. At the same time, as the sample was prepared via standard

semiconductor nanomanufacturing process that provides very high uniformity features and interfaces
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across all area®, the Al-vs-BCB boundary measurements did not depend on which boundary was used.
The Ar/O;, plasma mix that was used to clean the sample before scanning could have possibly etched
the BCB slightly leading to a marginally increased height difference between the metal and BCB. This
height difference creates a change in contact area when scanned over the metallization border giving

the dark edge to the metallization track seen in both thermal images.
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Figure 6. SThM images of AI-BCB ULSI interconnects sample in air.
(a) AFM height, and b) — SThM thermal image using a standard probe;
(c) height and (d) thermal image using a CNT-SThM probe. With the
constant power applied to the probe, the higher local thermal
conductivity results in lower probe temperature, and, correspondingly,
darker SThM contrast. The high thermal conductivity Al tracks are
visible in both images, whereas lower thermal conductivity in ceramic
interlayer between metallization and BCB is observed only with CNT-
SThM. (e), (f) Comparison of FE simulated thermal 1D profiles of the
AI/BCB boundary with CNT-SThM probe and a standard probe (e) with
experimentally obtained profiles (f). Dashed lines in (b, d) mark the
positions where the profiles were taken.
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The AFM and SThM data above show that the CNT probe exhibits a spatial resolution at least
comparable with the standard probe revealing both polymer and ceramic layer fine structure, which are
clearly visible on both the thermal and height images. More significantly, while the larger thermal
conductivity of metal tracks is clear in both images, the lower thermal conductivity in the modified
ceramic interlayer between Al and BCB can be clearly observed only with the CNT-SThM. It should
be noted that the topography dependence of thermal signal discussed in details elsewhere'* *** can
manifest itself as brighter (hotter probe) image of protruding areas of the sample. Nevertheless, we can
see in Fig.6d that the protruding Al layer shows lower temperature, clearly indicating that it is the
thermal conductance, rather than topography artefacts dominate in the CNT-SThM image. The CNT-

SThM probe high spatial resolution is also seen in other AFM modes like friction AFM imaging modes

that revealed the fine structure of the BCB polymer and the metallization tracks, including voids.

3.2 Analysis of thermal contrast in CNT-SThM.

Using FE modeling, we simulated CNT-SThM and a regular SP SThM probe one-dimensional scans
across a polymer-metal interconnect boundary. Fig. 6 compares simulated and experimental results
recorded under the similar conditions. The simulation clearly indicates that the theoretical sensitivity of
the CNT-SThM probe is an order of magnitude better compared to that of the standard probe, in line
with the theoretical analysis presented elsewhere®® and in very good correlation between the simulation
and experimental (Fig. 6 e, f) with the experimental data showing the ceramic interlayer at the interface
between the BCB and Al not present in the simulation. The FE calculations did not take into account
the interfacial Kapitza resistance, the influence of ballistic conductance or modification of the contact
area due to the surface topography, all of which would contribute to the experimental features of CNT-
SThM images. Nevertheless, the experimental results clearly confirm that CNT-SThM outperforms the

standard SThM probe.
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Given the typical values for the CNT-SThM probe components (CNT diameter 100 nm and thermal
conductivity 1000 Wm™'K™), the thermal resistances were estimated as; Rent-neater (heat flow from the
heater to the CNT) - 9.4x10° KW™'; Renr (heat flow along the CNT) - 3.2x10° KW™'; and R; (tip-
sample contact) - 3.0x10° KW as described in Methods section I1.3.2. The high thermal conductivity
of the CNT probe makes the thermal conductivity of the contact practically independent of the probe
conductivity even for such high thermal conductivity materials as Si, GaAs and Al, which offers
additional advantages for metrological applications. For very small nanoscale contacts and for highly
crystalline materials, the considerations above will be affected by the mean—free-path (MFP) of the

acoustic phonons A, when it becomes larger than the contact radius r'... Theoretical analysis predicts a
different thermal resistance*® depending on a Knudsen number, Kn = A/, at Kn>>1. In this case, the

effective contact thermal conductivity in the intermediate diffusive-ballistic regime k*com-db can be

estimated as the decrease of the effective heat conductivity of the contact k*com,

K —h[\hvt(hﬂ(n)z —1} (5)

cont—db 2(7Z'Kn)2
Low Knudsen numbers (Kn << 1) correspond to diffusive transport whereas Kn>> 1, describe the
ballistic regime. For a Si3Ny4 tip, Kn = 0.3-0.5, giving diffusive regime. In turn, the CNT-SThM tip is
firmly in the ballistic regime by virtue of the CNT phonons MFP often in the range of 250-700 nm,*"**
and the associated Kn = 5-10. The heat transport as the energy loss from the probe to the sample is
objectively measured in any regime, the ballistic nature of heat transport at the distances of few tens of
nm may pose a fundamental limitation to quantitative measurements of local thermal conductivity. At

the same time due to the fact that k*com_db is proportional to the k*com , CNT-SThM probe will be

advantageous, albeit less so compared to its use at wider areas of tip-surface contact.

3.3 CNT-SThM mapping of few layer graphene
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As discussed, one of key advantages of the CNT-SThM probe is its ability to distinguish between high
thermal conductivity materials. Since the in-plane thermal conductivity of graphite and few layer
graphene (FLG)'”**” have one of the highest known in nature thermal conductivities (on the order of
2000-5000 Wm™'K™"), these materials were chosen to investigate the performance of the CNT-SThM
probe. In addition, a sharp edge of a graphene flake can provide a good feature for determining the
spatial resolution. Fig. 7 clearly shows that the CNT-SThM of a 3 nm thick graphene flake on 300 nm
Si0, on a Si wafer substrate has a much better resolution both in AFM and SThM modes. Unlike the
SThM topography using standard probe (Fig. 7a), the CNT-SThM probe recorded the layered steps in
the graphene along the right hand edge, with a notably better lateral resolution (Fig.7c) as reported in
literature for CNT-AFM probes™. Likewise, the standard SThM probe was less thermally sensitive to
the graphene layer, with a lower thermal resolution between the graphene and the substrate (Fig. 7b).
Higher thermal contrast images are obtained for the CNT-SThM probe, with a clear edge and a strong
contrast between graphene and substrate. The analysis of one dimensional section of thermal images
(Fig. 7e, f) shows qualitatively much better resolution using CNT-SThM probe (Fig.7f). Although
somewhat better than in Fig. 7e lateral resolution can be achieved using SP-SThM probe for other

19, 27

materials or in other environments , the resolution of the CNT-SThM clearly was on the par with

the best reported results. In addition to the lower thermal resistance of the CNT tip, the lower phonon

mismatch between graphene and CNT that defines the interfacial Kapitza resistance,"™ " >

may have
played a significant role in improving the contrast. It also apparent that the contact between the CNT

tips and graphene leads to a much less spurious topography influence. In order to quantify the thermal

resolution of CNT-SThM we fit the profile in Fig. 7f with the sigmoidal Boltzmann curve -

)
f(x)=y, +(y1 -, )/(1 +e 4 ] . The obtained values of Ax were 18 nm and 28 nm for sections i and

ii in the Fig. 7f. Some asymmetry is most likely linked with the asymmetry of the CNT cut as observed
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in the probe SEM images in Fig. 2. Overall obtained data allows to specify the lateral thermal

resolution of the new CNT-SThM probe on the order of 20-30 nm.
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Figure 7. SThM imaging of few layer graphene flake of 3 nm thickness
on Si substrate. (a) height and thermal (b) image using standard probe,
compared to same area scan using a CNT-SThM probe - (¢) height and
(d) — thermal signal. As minor displacements occurred between the scans
the corresponding flake corner is indicated by the positioning chevron
marker. (¢) One-dimensional sections (profiles) of the flake edge show
less noisy thermal signal and increased spatial thermal resolution in
CNT-SThM with FWHM of ca 30 nm. Dashed lines mark lines where the

profiles were taken.
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The reference AFM tapping mode and ultrasonic force imaging>® of the graphene steps of sample
shown in Fig. 5 verified their topography. As mentioned above, pre and post-scanning SEM images
(insets in Fig. 2) of the CNT-SThM tip showed no changes to the tip shape confirming the robustness
of CNT-SThM probe.

3.4 Future prospects of CNT-SThM
Due to the CNT’s highly anisotropic thermal conductivity, it acts as a guide for the heat travelling

along its length. This would make SThM imaging in, for example a liquid environment, possible with
the heat delivered into the tip-sample junction while reducing heat losses to the environment. At the
same time, some CNT-SThM limitations need to be considered. The first of these is the thermal contact
resistance between the tip and the surface which can modify the probe response. Finite element models
conducted with the contact resistance shows that for low conductivity samples, the effect was small.
However, for highly thermally conducting samples, €.g. Si, the sensitivity could be reduced by up to
50%. Furthermore, in an arbitrary sample, the tip-surface thermal resistance depends strongly on the
contact area nanoscale geometry, that can be modified during scanning due to topographical variations
of the sample, and can also be affected by the anisotropy of thermal conductivity. Likewise, the large
ballistic phonon MFP, inherent to the ballistic nature of thermal transport in CNT probes may
constitute a further limit due to phenomena such as interface scattering. While all these aspects are to
be considered, especially for the use of CNT-SThM for quantitative measurements of heat transport,
the results presented here demonstrate clearly that CNT-SThM probes is a way forward for
investigating high thermal conductivity materials such as those used in semiconductor industry and

nanoscale devices and offers a great improvement over standard SThM probes.

4. Conclusions

We have experimentally demonstrated a performance of CNT-SThM probe that uses a carbon nanotube
attached to the tip of a conventional SThM probe. The mapping of thermal transport in ULSI

interconnects revealed a fine structure of ceramic layers between metallization and dielectric that may
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provide a heat barrier and increase electromigration in such nanostructures. For 3 nm thin few layer
graphene flakes, the CNT-SThM sensitivity to heat transport is superior to the original standard probe
reaching approximately 30 nm and demonstrating similar spatial resolution in topographic and friction
images. The new thermal probe can sense both low thermally conducting polymers and highly
thermally conducting metallization and graphene, with contrast exceeding that of standard SThM
probes, and reduced topographical artifacts. SEM inspection of probes before and after imaging
confirmed that CNT-SThM probes are hard wearing and robust. CNT’s extreme axial thermal
conductivity that links the thermal sensor and the nanoscale size area of the sample provides high
sensitivity to the sample thermophysical properties, whereas CNT’s high aspect ratio and robustness
can make it the perfect thermal probe for the future generation of SThM. Our results show that
integrating of CNT in the SThM probe manufacturing process may provide a superior nanoscale
thermal properties measurement tool.

Acknowledgments

Authors acknowledge input of Craig Prater and Roshan Shetty from Anasys Instruments for the support
related to the SThM development. We acknowledge the support from the EPSRC grants EP/G015570/1
and EP/G017301/1, EPSRC-NSF grant EP/G06556X/1 and EU FP7 grants, GRENADA (GA-246073)
and FUNPROB (GA-269169). We would also like to thank the group that produced WSxM for their

useful program for analysis of SPM images.™

REFERENCES

G. Binnig, H. Rohrer, C. Gerber and E. Weibel, Applied Physics Letters, 1982, 40, 178-180.
G. Binnig, C. F. Quate and C. Gerber, Physical Review Letters, 1986, 56, 930-933.

S. Patil, N. F. Martinez, J. R. Lozano and R. Garcia, J. Mol. Recognit., 2007, 20, 516-523.

L. Gross, F. Mohn, N. Moll, P. Liljeroth and G. Meyer, Science, 2009, 325, 1110-1114.

T. Souier, G. Li, S. Santos, M. Stefancich and M. Chiesa, Nanoscale, 2012, 4, 600-606.

H. J. Butt, B. Cappella and M. Kappl, Surf. Sci. Rep., 2005, 59, 1-152.

J. K. Zieniuk and A. Latuszek, |IEEE Ultrasonics Symposium 1986, 1037-1039.

0. V. Kolosov and K. Yamanaka, Japanese Journal of Applied Physics Part 2-Letters, 1993,
32, L1095-L1098.

PN B DD =

19



10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

24.
25.

26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

39.

F. Dinelli, M. R. Castell, D. A. Ritchie, N. J. Mason, G. A. D. Briggs and O. V. Kolosov,
Philosophical Magazine A, Physics of Condensed Matter Structure Defects and Mechanical
Properties, 2000, 80, 2299-2323.

D. Rugar, Nature, 2004, 430, 329.

C. C. Williams and H. K. Wickramasinghe, Applied Physics Letters, 1986, 49, 1587-1589.

M. Nonnenmacher and H. K. Wickramasinghe, Applied Physics Letters, 1992, 61, 168-170.

C. D. S. Brites, P. P. Lima, N. J. O. Silva, A. Millan, V. S. Amaral, F. Palacio and L. D. Carlos,
Nanoscale, 2012, 4, 4799-4829.

A. Majumdar, Annu. Rev. Mater. Sci., 1999, 29, 505-585.

H. M. Pollock and A. Hammiche, Journal of Physics D-Applied Physics, 2001, 34, R23-R53.
V. V. Tsukruk, V. V. Gorbunov and N. Fuchigami, Thermochim. Acta, 2003, 395, 151-158.

M. Hinz, O. Marti, B. Gotsmann, M. A. Lantz and U. Durig, Applied Physics Letters, 2008, 92,
3.

L. Shi, S. Plyasunov, A. Bachtold, P. L. McEuen and A. Majumdar, Applied Physics Letters,
2000, 77, 4295-4297.

M. E. Pumarol, M. C. Rosamond, P. Tovee, M. C. Petty, D. A. Zeze, V. Falko and O. V.
Kolosov, Nano Letters, 2012, 12 (6), 2906-2911.

R. J. Pylkki, P. J. Moyer and P. E. West, Jpn. J. Appl. Phys. Part 1 - Regul. Pap. Short Notes
Rev. Pap., 1994, 33, 3785-3790.

Y. Zhang, P. S. Dobson and J. M. R. Weaver, Microelectronic Engineering, 2011, 88, 2435-
2438.

B. W. Chui, T. D. Stowe, T. W. Kenny, H. J. Mamin, B. D. Terris and D. Rugar, Applied
Physics Letters, 1996, 69, 2767-2769.

W. P. King and K. E. Goodson, Journal of Heat Transfer-Transactions of the Asme, 2002, 124,
597-597.

L. Thiery, E. Gavignet and B. Cretin, Review of Scientific Instruments, 2009, 80.

L. Shi and A. Majumdar, Journal of Heat Transfer-Transactions of the Asme, 2002, 124, 329-
337.

P. Tovee, M. E. Pumarol, D. A. Zeze, K. Kjoller and O. Kolosov, J. Appl. Phys., 2012, 112,
114317.

M. Hinz, O. Marti, B. Gotsmann, M. A. Lantz and U. Durig, Applied Physics Letters, 2008, 92,
043122-043123.

S. Ghosh, I. Calizo, D. Teweldebrhan, E. P. Pokatilov, D. L. Nika, A. A. Balandin, W. Bao, F.
Miao and C. N. Lau, Applied Physics Letters, 2008, 92.

N. R. Wilson and J. V. Macpherson, Nano Letters, 2003, 3, 1365-1369.

M. Ishikawa, M. Yoshimura and K. Ueda, Physica B-Condensed Matter, 2002, 323, 184-186.
K. Moloni, M. R. Buss and R. P. Andres, Ultramicroscopy, 1999, 80, 237-246.

M. Kageshima, H. Jensenius, M. Dienwiebel, Y. Nakayama, H. Tokumoto, S. P. Jarvis and T.
H. Oosterkamp, Appl. Surf. Sci., 2002, 188, 440-444.

M. A. Lantz, B. Gotsmann, U. T. Durig, P. Vettiger, Y. Nakayama, T. Shimizu and H.
Tokumoto, Applied Physics Letters, 2003, 83, 1266-1268.

R. E. Geer, O. V. Kolosov, G. A. D. Briggs and G. S. Shekhawat, Journal of Applied Physics,
2002, 91, 4549-4555.

A. A. Balandin, Nat. Mater., 2011, 10, 569-581.

J. H. Lienhard, A Heat Transfer Textbook, Phlogiston Press, Cambridge, Massachusetts, 2008.
R. S. Prasher and P. E. Phelan, Journal of Applied Physics, 2006, 100.

J. Ordonez-Miranda, R. G. Yang and J. J. Alvarado-Gil, Journal of Applied Physics, 2011, 109,
8.

R. Prasher, Applied Physics Letters, 2009, 94.

20



40.
41.
42.

43.
44.
45.
46.
47.

48.
49.

50.

51.
52.
53.
54.

T. Yamamoto, K. Watanabe and E. R. Hernandez, Carbon Nanotubes, 2008, 111, 165-194.

T. Ozkan, M. Naraghi and I. Chasiotis, Carbon, 2009, 48, 239-244.

Q. Ye, A. M. Cassell, H. B. Liu, K. J. Chao, J. Han and M. Meyyappan, Nano Letters, 2004, 4,
1301-1308.

M. C. Strus, A. Raman, C. S. Han and C. V. Nguyen, Nanotechnology, 2005, 16, 2482-2492.
K. Park, J. Lee, Z. M. Zhang and W. P. King, Review of Scientific Instruments, 2007, 78.

P. Klapetek, I. Ohlidal and J. Bilek, Ultramicroscopy, 2004, 102, 51-59.

R. Prasher, Nano Letters, 2005, 5, 2155-2159.

W. C. Tsoi, P. G. Nicholson, J. S. Kim, D. Roy, T. L. Burnett, C. E. Murphy, J. Nelson, D. D.
C. Bradley and F. A. Castro, Energy & Environmental Science, 2011, 4, 3646-3651.

W. C. Oliver and G. M. Pharr, J. Mater. Res., 1992, 7, 1564-1583.

K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos, I. V.
Grigorieva and A. A. Firsov, Science, 2004, 306, 666-669.

A. A. Balandin, S. Ghosh, W. Z. Bao, 1. Calizo, D. Teweldebrhan, F. Miao and C. N. Lau, Nano
Letters, 2008, 8, 902-907.

L. J. Challis, Journal of Physics C-Solid State Physics, 1974, 7, 481-495.

G. Balasubramanian and I. K. Puri, Applied Physics Letters, 2011, 99.

K. Yamanaka, H. Ogiso and O. Kolosov, Applied Physics Letters, 1994, 64, 178-180.

I. Horcas, R. Fernandez, J. M. Gomez-Rodriguez, J. Colchero, J. Gomez-Herrero and A. M.
Baro, Review of Scientific Instruments, 2007, 78.

21



The TOC entry

A scanning thermal microscope with a carbon nanotube tip was used to map thermal conductivity in
ultra-large scale integration interconnects and a few layer graphene with 30 nm spatial resolution.

TOC Keyword: carbon nanotube, graphene, heat transport, nanoscale imaging, scanning thermal
microscopy
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