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The thermoelectric properties of a nanoscale germanium segment
connected by aluminium nanowires are studied using scanning
thermal microscopy. The germanium segment of 168 nm length
features atomically sharp interfaces to the aluminium wires and is
surrounded by an Al,O3 shell. The temperature distribution along
the self-heated nanowire is measured as a function of the applied
electrical current, for both Joule and Peltier effects. An analysis is
developed that is able to extract the thermal and thermoelectric
properties including thermal conductivity, the thermal boundary
resistance to the substrate and the Peltier coefficient from a single
measurement. Our investigations demonstrate the potential of
quantitative measurements of temperature around self-heated
devices and structures down to the scattering length of heat
carriers.

Thermal transport and energy conversion at the scale of
micrometers to nanometers has been a fascinating topic of
research. The carriers of heat and charge as well as their trans-
port mechanisms have characteristic length scales in this
regime. Consequently, a multitude of effects can be studied
and ultimately exploited."” Thermoelectric energy conversion,
for example, has been predicted and shown to occur at
enhanced efficiency in micro- and nanoscale structures.'™
Particularly interesting realizations are axial and radial nano-
wire heterostructures, combining effects of reduced dimension
both in the transport direction and perpendicular to it.*®
While (infinitely) long thermoelectric elements are well
studied, there is little understanding of situations in which the
length of the thermoelectric is on the order of carrier scatter-
ing lengths. For example, the influence of interfaces between a
thermoelectric material and metallic contacts or the transition
between the conventional Peltier effect and thermionic emis-
sion are lacking insights in the experimental realization.”
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The research in this area is marked by the difficulty in per-
forming nanoscopic heat transport measurements." Thermal
contact resistances dominate at small length scales translate
into systematic challenges for measuring the local temperature
or heat flux in a structure. The thermal contacts to nanowire
samples, for example, have turned out to be a major issue.”® It
has been proposed that this can be mitigated using extended
measurement series for example of thermal transport as a
function of length, sometimes called transmission line
method® or related.'® Apart from being time-intensive, these
solutions rely on other assumptions such as the ability to fab-
ricate reproducible test structures with the same contact resist-
ances to electrodes or thermometers. For semiconducting
nanowires this is, oftentimes, a major difficulty."*

Scanning thermal microscopy (SThM) has been used to
measure thermal properties of thermoelectric materials.'?
Motivated by the recent success of using SThM," we here
describe the development of a method to systematically extract
thermal and thermoelectric transport properties from the
spatial temperature information. In contrast to transport
measurements using external heaters and thermometers, here
we analyse the temperature distribution in self-heated nano-
structures to extract information through fitting with appropri-
ate models. While thermal conductivity measurements with
SThM are often hampered by the thermal resistance between
probing tip and sample, we apply periodic self-heating to cir-
cumvent this problem and are able to measure the sample
temperatures.® In this way, we can not only mitigate but also
quantify the effect of thermal contact resistances inside and
around the device. Thereby, we can address length scales not
readily accessible using other methods (such as a segment and
its interfaces within a nanowire). Additionally, the temperature
distribution is measured in its topographic context by atomic
force microscopy (AFM). It is by that possible to align and
compare scans under different measurement conditions. Also,
the method is independent on the geometry and material of
the device. This means, that there is no need for altering the
sample architecture for the thermal measurements.
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There are examples of interpreting the temperature field
of nanowire structures using SThM to extract thermal
conductivity.®'*™'® Here, we extend the method to extract the
thermal conductivity of a thermoelectric material and the
metal leads, the thermal interfaces to a substrate, and the
Peltier coefficient from the observation of the temperature
fields. The nanowire device consists of a germanium (Ge)
segment which is monolithically integrated in a single crys-
talline aluminium (c-Al) nanowire with atomically sharp
interfaces'” and a diameter of 35 nm. A dark field scanning
transmission electron microscope (DF-STEM) image of the
nanowire cross-section, a SEM image and a sketch of the
device are shown in Fig. 1(b-d). Further information on the
fabrication, electrical and structural characterization of the
device can be found in the ESI and in ref. 18-20. The ther-
moelectric figure of merit can thus be calculated from a
single measurement collecting the complementary infor-
mation from the Joule and the Peltier signals. The analysis
concentrates on the temperature profile in the lateral direc-
tion of the wire for the different operating currents. The Ge
segment length of 168 nm is interesting to study as it is long
compared to typical thermionic emission barriers and
shorter than thermoelectric materials typically studied. Our
study reveals thermalization effects of carriers in the metal

Teensor

Fig. 1 (a) Schematic of the SThM set-up. A slow AC-bias is applied over
the device to induce an oscillating sample temperature Tgampe Which is
thermally coupled via the tip to the heated sensor. The signal is de-
modulated with a lock-in amplifier at the modulation frequency foq
and 2f,o4 for measuring the temperature increase due to the Peltier and
Joule effect respectively. The simultaneous measurement of the AC-
and DC-signal allows to eliminate the thermal resistance between
sample and tip and to infer Tg;mpe. (b)—(d) The single crystalline Al-Ge
nanowire is electrically connected over Al electrodes and lies on SiO,
substrate. It is naturally integrated in a back-gated FET set-up. (b) shows
a dark field scanning transmission electron microscope (DF-STEM)
image of the nanowire cross-section, (c) a SEM image and (d) a sketch
of the device.
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electrodes, which is the typical picture used to explain ther-
mionic emission, while less often considered in the context
of conventional thermoelectric effects.

1. Experimental

1.1. Thermal imaging with the SthM

The present SThM setup is operated in a highly shielded lab
environment® in a high vacuum chamber at a pressure of
10~° mbar. The measured thermal maps have a spatial resolu-
tion below 10 nm and mK sensitivity.® The technique is based
on an AFM, where the tip is operated in contact with the
sample. The silicon-based temperature sensor is located at the
base of the tip and heated to a temperature Tsepsor = 273 °C,
around which the electrical resistance of the sensor depends
linearly on the temperature. When the heated tip is put in
contact with the sample, the temperature difference induces a
heat flow between the sensor and the sample. A change in
sample temperature leads to a change in the heat flux that is
detected through a small change in sensor temperature. At the
same time, the sample temperature is not expected to be influ-
enced beyond the uncertainty of the method as the thermal
resistances within the sample are orders of magnitude lower
than the thermal resistance between tip and surface. The
nanoscopic contact between tip and sample has typically a re-
sistance of more than 10’-10° W K™' compared to the cantile-
ver leads with a thermal resistance of Ry ~ 2 x 10° W K. This
difference prevents the sensor from equilibrating with the
sample temperature.>

A major difficulty in the determination of the sample temp-
erature Tsample lies in quantifying the thermal resistance of the
tip, the tip-sample contact and the spreading into the sub-
strate. They are all summarized in R, which then depends on
the surface material, the precise shape of the tip and largely
on the size of the touching point that changes with the surface
granularity and the topography of the sample. To overcome
this problem, the nanowire is operated with an electrical AC-
bias of frequency fioa = 1234 Hz that creates a continuously
modulated temperature field. Ry is then eliminated in the
equations by simultaneous measurement of the time-averaged
sensor signal AVp and the de-modulated sensor signal ampli-
tude AVjc. An illustration of the set-up is depicted in Fig. 1a.
The sample temperature difference to ambient temperature,
ATgample, for linear devices is then given by®

AVyc

ATsample m .

= ATsensor . (1)

An additional feature of the lock-in detection is the possi-
bility to separate the temperature change that is caused by
Joule heating and the Peltier effect, respectively. Joule heating,
on the one hand, is proportional to the dissipated electrical
power and the signal appears at 2f;,0q. On the other hand, the
Peltier effect is directly proportional to the current and pro-
duces a thermal signal at 1f;,,q. Therefore, a detection of
SThM-signals at different frequencies allows the separation of
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Joule and Peltier effects for linear resistors (see below and
eqn (4) and (5) for details).

2. Results and analysis

2.1. Temperature maps of self-heated nanowires

Fig. 2 shows the results from a SthM scan at an operating
current of 26 pA. (a) is the sample topography from the SThM
measurement of the operating nanowire with a spatial resolu-
tion of 10 nm. The inferred temperature fields that are
induced by Joule heating ATj,ue and the Peltier effect ATpegier
are represented in (d) and (h). Using eqn (1), they are calcu-
lated from the DC thermal signal (e), and the AC signals at
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2fmod (D) and fioa (f), respectively. The phase signals (c, g) are
recorded with the lock-in detector and show the expected be-
havior for an approximately linear resistor.

The following analysis concentrates on the line-profiles
extracted from the two-dimensional temperature maps of
Fig. 2(d) and (h) and according ones for other currents
between 13 and 26 pA. The temperature profiles along the long
axis of the nanowire are shown in Fig. 3 for both Joule and
Peltier signals.

2.2. Analysis based on a 1D heat diffusion model

We analyze the data through fitting the experimental tempera-
ture profiles to a model based on the one-dimensional heat
diffusion equation. It consists of the following contributions:
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Fig. 2 Scanning thermal microscopy data of the wire operating with an AC-current of amplitude / = 26 pA. (a) AFM topography. (b) Thermal signal
amplitude taken at 2 f,;,o4 in response to Joule heating. (c) Phase of the 2 f,;,o4 signal. (d) Joule thermal map calculated using eqn (1) and the scans in
(b) and (e). (e) DC-thermal measurement proportional to the thermal resistance of the tip—sample contact. (f) Thermal signal amplitude taken at 1
fmod IN response to Peltier heating/cooling. (g) Phase of the 1 f,,oq AC signal, where +5 V equals +90°. (h) Peltier thermal map calculated using eqn

(1) and the scans in (e), (f) and (g).
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Fig. 3 Temperature profiles along the wire with the Ge-segment shaded in red. (a) The temperature change induced by Joule heating AT;oue as a
function of the position x along the wire, for the operation under increasing voltage biases. (b) The temperature change due to the Peltier effect
ATpeuier as a function of the position x along the wire operating at different currents / with a zoom on the area of the energy barrier.
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(1) a heat diffusion term, (2) a Joule heating term, proportional
to the square of the current I, (3) a Peltier heating term, line-
arly proportional to the current, (4) a term for heat-loss to the
substrate, proportional to the temperature difference between
sample and substrate and (5) a term related to the heat
capacity Cy:
2

KA(;TZ-FIZ B 17— (T — Tumbient) = CVA%—Z:, 2)
where T and Tympien: are device and ambient temperature, A
the nanowire’s cross sectional area, x and p the material
dependent thermal and electric conductivities and g the sub-
strate coupling constant counting the heat loss of the wire per
unit length. In this context z is the local Peltier coefficient per
unit length, as discussed below. The nanowire is slightly
tapered on both sides near the metal electrodes. Nevertheless,
in the regions of significant temperature rise, the diameter is
constant and a position-independent «, A and g is justified.
Thermal radiation effects can be neglected in the given
problem as detailed in the ESL{ A similar diffusion equation
model has been used to analyse SThM data of nanowires
previously.>'>'® However, there are underlying assumptions
that need to be justified for each system under study:

Firstly, the radial temperature distribution can be neg-
lected. This assumption works well for wires with high aspect
ratio as in this case. For this composite system we further
require that the thermal interface resistance between the core
and Al,O;-shell is smaller than that between wire and sub-
strate. While this is a plausible assumption (see below), our
study is limited in studying lateral intra-wire effects.

Secondly, the heat spreading into the substrate from a line
heat source has no analytical solution. To be able to simplify
this into a single thermal conductance term per unit length
between a nanowire and the substrate (gAT) requires, that
the thermal interface resistance to the substrate is larger than
the spreading resistances within the wire and the substrate.
As a first indication, we observe a discontinuity in the hori-
zontal temperature profile between wire and substrate.
Fig. 4a shows that the temperature rise along a line section
perpendicular to the wire is approximately constant across
the nanowire surface and also five to ten times larger than on
the substrate. Note, that the wire appears to have a width of
150 nm (instead of the actual 65 nm) due to the well-known
convolution effects with the tip shape. In the convolution
area and due to the finite diameter of the tip-surface the
temperature distribution appears smeared out over some tens
of nanometers in this line scan, in contrast to a higher
resolution along the nanowire axis.

Thirdly, eqn (2) implies that the transport is essentially
diffusive. This is a well established assumption for thermal
transport in nanowires of these dimensions with one notable
exception where reduced dimensions lead to a ballistic
regime.’ However, in this study the observed temperature pro-
files within the segments are typical for diffusive transport and
cannot be explained using ballistic effects. They can be
observed only around the interfaces and boundaries, where

This journal is © The Royal Society of Chemistry 2020

View Article Online

Communication

a s Substrate : Wire : Substrate b 60 ‘»7} — ial Fi
i ” H 1 1l xponential Fit
50 ' |I |“||||””| 50 | [[_iGe-Segment
{ I i
1 40 i
< 40 I} } }
° < 30 =
330 - ]
= 20 -
< = AT e’\/Ez
[ f 10 ol
i
10 . g 0 £
........ ! ..l“.“"" [l
e | LT T 10 ! ) !
0 100 200 300 400 500 0 500 1000 1500 2000 2500
x [nm] x [nm]
C 60 | 1 d e T
1 1 [ __f:jGe-Segment
i
50 ; ! 50 A
|
< 40 4 .
2 [l h g® |
$a0 1l 1[‘\ ] -
S0 poty, 3% | |
[} ! 4 [}
<20 i i 20 e
| | Joule Data i
10 i — Hyperbolic Fit 10 ik
o 3 [__iGe ‘Segment ‘ ‘ l 1 ] l ‘
0 o
1150 1200 1250 1300 1350 1400 1450 0 500 1000 1500 2000 2500
X [nm] x [nm]
€ 200 f s
4
w0} t i } $ i ; %
. i £ by
= 100 s 1;
€ =
., Foy
50 4
© extracted from fit to Joule profile o g extracted with exponential model
© extracted from fit to Peltier profile X g with general model
0 0 - : : - .
2 4 6 8 10 300 310 320 330 340 350
ATaga K Thax K1

Fig. 4 Visualization of the parameter extraction. (a) The horizontal
profile of the temperature change with respect to RT that caused by
Joule heating AT;oye- The discontinuity in the temperature profile when
going from wire to substrate justifies an analysis in one dimension. (b)
The exponential fit in the Al-segment allows to extract the ratio between
the thermal conductivity x and the substrate coupling constant g. The
thermal data is marked with the corresponding uncertainty. (c) The
thermal conductivity in the Ge-segment is extracted from a hyperbolic
fit to the measured temperature change caused by Joule heating in the
nanowire. (d) Finally, the substrate coupling constant is calculated via
the observation, that all heat dissipated in the wire is lost into the sub-

strate. (e) Shows the values for % extracted from the exponential fit for
the Peltier and Joule profile for different operating currents. (f) Presents
the values for the thermal substrate coupling g extracted from the more

general model as in (d) (in red) and the values extracted from the expo-
nential fit (in blue).

the spatial resolution of the scan is higher than the carrier
scattering length. Near the Ge-Al interfaces, the thermaliz-
ation lengths of non-equilibrium charge carriers lead to a
spatial distribution of the thermoelectric effect.”*>?* The
effective Peltier coefficient is then the integration over the
spatial distribution of the local Peltier coefficient

- Jﬂ(x)dx. 3)

Finally, the AC-modulation period of the driving current is
orders of magnitudes shorter than any thermal time constant
of the system. Therefore, the scan is taken at steady state and
the last term of eqn (2) is negligible.

For a system whose electric response is sufficiently linear,
the total temperature distribution is disentangled to T(x,t) =
Tambient T ATpertier(%)sIN(27ft) + ATjoue(X)sin(4nfimoat) for the
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current I(¢) = I, sin(2nfioat). The respective thermal profiles
are, then, described independently by

82
KA@ATJouIe + 102 % - g . AT]oule =0 (4)
and
2
KA@ATPeltier + I() A _g : ATPeltier =0. (5)

An initial qualitative observation of the line profiles, shown
in Fig. 3, already allows for important conclusions. The Ge and
Al sections of the wire exhibit very different characteristics. In
the Ge segment, the temperature profile is approximately para-
bolic, as expected for a diffusive 1D system with uniform Joule
dissipation. A heat source term in eqn (2) generally leads to a
concave temperature profile. In contrast, the profile in the Al
sections is convex, indicative of a situation which is dominated
by heat dissipation and loss to the substrate. Here, the approxi-
mately exponential decay is expected for a uniform wire
without any local Joule dissipation. The Al-Ge interface marks
the Joule profiles by a sudden change of slope. When extract-
ing the points of maximum temperature gradient for the Joule
signals, their relative distances coincides for all measurements
exactly with the length of the Ge segment. Also, after the
deflection points there is a transition length of about
40-50 nm in the Al-segments. This area corresponds to the
phonon-electron thermalization length that is blurred by a
combination of spatial resolution and parallel heat transport
in the oxide shell (the figure is in the ESI}). In the Peltier
profile we observe the maximum and the minimum of the
temperatures some tens of nanometers next to the Al-Ge inter-
face due the spatial distribution of the thermionic effect at the
order of the carrier scattering length.

2.3. Analysis of the aluminium leads

We turn first to the sections of the line profiles, in which the
core is single crystalline Al In these sections, the heat
diffusion equation has no source terms and therefore reduces
to

O A (x) = 5 AT () (6)
Ox2 TIPS T ega TIPS
The indices j and p denote Joule and Peltier terms, respect-
ively. As the temperature profile reaches room temperature
before reaching the electrodes, the analytic solution to this
differential equation is given by

2 (x—xo), (7)

AT, ,(x — x9) = Ty - exp —
J-,P( 0) o " €Xp KaA

where T, is the temperature at point x,. Thus, the exponential
fit to the temperature data reveals the relation between the
substrate coupling constant g and the thermal conductivity in
Al k,1. The exponential fit is applied to both the Peltier and
Joule profiles under different operating currents. It is shown in
Fig. 4b. The extracted ratios for /g are similar for all
measurements, as can be seen in Fig. 4e. The values for ka/g
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suggest, that the heat loss to the substrate is about 150 times
smaller than the heat conduction to the sides in each infini-
tesimal element dx. The assumption of the uniformity of the
temperature distribution over a cross-section is, thereby, in ret-
rospect justified by this result. Furthermore, the high consist-
ency of the values derived from the 1 X f,0q and 2 X fiioa-
measurements is an experimental confirmation for negligible
Joule heating or Peltier heating/cooling in this section.

The analysis is pushed further by deriving x, and g inde-
pendently. It is observed, that the wire temperature of the
Joule profiles decays to room temperature before reaching the
electrodes. In other words, the entire heat that is generated
over electric power dissipation in the wire (Pgis = I’pLge/Acore) 18
equal to the heat lost to the substrate. By making use of a
finite element integral over all the measuring points on the
nanowire, the substrate coupling is then the only unknown
quantity. The conservation of heat requires

Pdis - J g . AT]oule(x)dx ~g- Ax - Z AT]oule(xi)» (8)
NW NW

where Ax ~ 10 nm is the spacing between adjacent measure-
ment points x;, g the substrate coupling, 7 the sample temp-
erature and ATjoue(x;) the measured temperature increase of
the finite element x; caused by Joule heating with respect to
ambient temperature. With this approach we extracted values
for g of 2.1 + 0.3, 2.1 + 0.3 and 2.0 = 0.4 W (m K)™" for the
experiments using 23, 24, and 26 pA, respectively.

We note that one reaches the same result by considering
continuity of heat flux at the Ge-Al interface in addition to the
1D heat diffusion equation. The heat transported into the Al
segment is given by Qa; = T(Xo)*kaiAwire. The temperature gradi-
ent is then calculated from the exponential fit and extrapolated
to the Al-Ge interface. Energy conservation implies:

Pyjs = 2'Q.Al +g: ATange - Lge, (9)

where Lg. is the length of the Ge segment and Tyyege is the
average temperature along the Ge segment. Solving this latter
equation based on the exponential fit leads to the same results
as previously, this is shown in blue on Fig. 4f. The good agree-
ment with the result based on the more general result of
energy conservation strengthens the diffusion equation based
analysis further. As argued above, the value of g is dominated
by the thermal interface between the oxide shell and the sub-
strate. The contact width is (56 + 5) nm (see Appendixf).
Therefore, we can calculate a value per unit area of approxi-
mately 3.5 x 107 W (K m?)~". This is a typical value for a
thermal interface between dielectrics.**

Next, we turn to the thermal conductivity of the Al segment.
Using the extracted values of g and the ratio x/g, we arrive at a
thermal conductivity for the Al segments. To interpret, we
need to consider that the value from the fit is an average over
the cross section of both the Al core and the Al,O; shell which
are weighed by the respective thermal conductivities and
obtain for the core xy ~ 150 W (m K)™'. We use the measured
cross-sectional areas from the STEM image and the tabulated

This journal is © The Royal Society of Chemistry 2020
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values for Al,O;. To compare with expected values we apply the
Wiedemann Franz law, which results in an electrical resistivity
of pa = 50 x 1072 Q m about twice as high than theoretical pre-
dictions for bulk c-Al*>?® which is expected due to increased
surface scattering in nanostructures. Indeed, this value is
three times lower than previously determined for pure c-Al
wires."® However, in an SThM scan of such an operating c-Al
wire a dominant local heat source is identified in the center
(see the temperature profiles in the ESIf). This may be
expected according to the wire fabrication and indicates a
grain boundary. Therefore, the expected values for the electri-
cal conductivity of the c-Al segments without any grain bound-
ary are significantly higher and in good agreement with our
experimental value. This result is shows that the influence of
grain boundary scattering on the electrical resistivity exceeds
the impact of surface scattering in this device. This is typical
for polycrystalline nanowires of these dimensions.>” Finally,
we would like to mention the importance of taking into
account the contribution of an oxide shell to the heat transport
in a nanowire.

2.4. Analysis of the germanium section

Next, a value for the thermal conductivity in the Ge-segments
is extracted. We note, that the conduction of electrons is
limited by the area of the core, whereas the conduction of
phonons occurs in both, the Ge and the Al,O3-shell. Eqn (4)
becomes

I 2p Ge 1
Acore AwireKGe '

0? g
—— ATy + —2— AT} = —
Ox> ! KG EAwire !

(10)

Here, kg, is an average value over core and shell in the Ge
segment. This second order differential equation is analytically
solved by

2 g) cos h(mL/2)
AT, — ATy sin A(m(x — xc)) | ¢

2 sin A(mL/2) g

ATy (x) = (AT1 + AT, q) cos h(m(x — x.))

(11)

where x. is the center on the nanowire, AT, , is the tempera-
ture at the boundaries of the fit, the Joule dissipation per unit
length g = PpgelAcore; and m = /g /kgeAwire. This function is
fitted to the temperature profile in the Ge-segment. In the
Casimir result, the mean free path of phonons is limited by
the diameter of the nanowire, although in this core-shell
system the mean free path may be even smaller than that. The
heat diffusion equation, eqn (2), is valid for problems on a
larger length scale than the mean free path. Therefore, the
points lying closer to the thermal interface than the diameter
are excluded for the fitting. Furthermore, to reduce uncertainty
of the fit, we fix g from the analysis above and use only xg. and
the boundary conditions as a fitting parameter in eqn (11).
The fit is shown in Fig. 4c, and the extracted value for the
thermal conductivity kg is 16.9 + 2.5 W m~" K" at a current
of 26 pA.

It is interesting to note, that in this case of relatively small
values of m, the temperature profile looks parabolic. For g = 0,
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supposing that the temperature profile is dominated by Joule
heating and heat evacuation towards the electrodes, the solu-
tion to eqn (10) would indeed be a parabola. Such a fit seems
to match the data well. However, the extracted value is given by
Kge = 23.7 # 3.3 W m~' K" higher by 40% and we conclude
that the hyperbolic model should not be simplified.

To interpret the result, we consider that the extracted value
for kg. comprises the contributions of both oxide shell and Ge
core. The area of the shell is double the area of the core,
however, the exact values are measured on the STEM image.
Both Al,O; and Ge crystals have a larger conductivity in bulk,
of about 30 and 50 to 60 W m™" K, respectively.”®*° Both
values, however, are expected to be significantly reduced, due
to the boundary scattering of the phonons at reduced dimen-
sions®® and the measured value is consistent with expectations.

2.5. Extraction of the Peltier coefficient and thermoelectric
properties

At this length scale, the distinction between the Peltier effect
and thermionic emission becomes blurry. Whereas the Peltier
effect exists also in bulk materials, the thermionic effect is
understood in a microscopic regime around an energy barrier
present at the interface of a heterostructure.”® This region is
marked by the thermalization length of the non-equilibrium
charge carriers with the lattice. In this analysis, an effective
Peltier coefficient is assigned to the thermionic cooling and
heating by charge carriers transported over a potential barrier.
The local Peltier coefficient is associated with a length scale 1
through z(x) = (IT/A)exp(—(x — x0)/4). On the scale of 4 the non-
equilibrium charge carriers equilibrate with the lattice (i.e. the
phonon system) after passing the metal-semiconductor inter-
face. Indeed, we observe this distance to be larger than the
scattering length of charge carriers for electron-phonon scat-
tering of about 19 to 25 nm.**??

The extraction of the Peltier coefficient is based on the con-
servation of heat flux at steady state. In the Al wires and near
the Al-Ge interfaces, there is either a heat sink or a heat
source caused by the Peltier effect Qgear = IT-I or Qaige = =111,
respectively, where Qaige > 0 and Qgea; < 0, and 11 is the Peltier
coefficient. An illustration is seen in Fig. 5b. The injected heat
Q from these regions is then equal to the sum of the heat flux
towards the Al-electrodes and the heat flux over the Ge-
segment to the other heat source/sink. (We can again neglect
on the short length scale 4, as discussed above.) By use of
Fourier’s law the relation is then written as

Q = (_KAIVTAI - KGeVTGe) - Ayjire.

In order to take into account the above described micro-
scopic extension of the Peltier coefficient we consider the
temperature profile beyond the length scale away from the Al-
Ge interface. Then we can treat the temperature profiles as
solutions to eqn (5) in sections without source terms. The
temperature gradient in the Al-segment is the derivative with
respect to the position x of the exponential fit to the Peltier

(12)

profile evaluated at the junction as VT =,/ %-ATAIGe, see
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Fig. 5 |Illustration of the Peltier effect (a) The Fermi energy of electrons
in a metal is lower than the average transport energy in a semi-
conductor. When electrons pass from a metal to a semiconductor they
absorb energy from the lattice which creates a local heat sink. On the
other side, when electrons pass from the semiconductor to the metal
the higher energy electrons thermalize with the lattice which creates a
local heat source. (b) The Peltier coefficient is extracted by considering,
that the injected heat is equal to the heat flux to the left and the heat
flux to the right. The temperature gradients are calculated by help of an
exponential fit in the Al-segment and a linear fit in the Ge-barrier.

eqn (7). By extrapolating the exponential fit we conceptually
concentrate the extended heat source in a point at the AlGe
interface. The temperature gradient in the Ge-segment is
obtained from a linear fit to the data between heat source and
heat sink. The linearity of the temperature profile within the
Ge section is a result from the strong temperature gradient
and the x/g ratio which justifies neglecting substrate loss g in
this region. The effective Peltier coefficient is then calculated
as IT = 267 + 25 mW A~ resulting in a Seebeck coefficient of S
=790 + 95 pV K~ for the temperature at the Al-Ge interface.

It is interesting to relate the effective Peltier coefficient to
the Schottky barrier height to test the validity of the derived
value. The cooling power by thermionic emission over a
barrier is given by the total current times the average energy of
the carriers over the barrier

Q:I' (‘/’c"’ZkBT)'

i (13)
Hence, the barrier height may be calculated from our
measurements. We find ¢. = 325 + 45 meV, which is in agree-
ment with previously determined barrier heights from gating
experiments of similar devices.>® Independent of metal type
and doping concentrations, metal-germanium junctions form
Schottky contacts and exhibit very strong Fermi-level pinning
close to the valence band.***° Finally, the thermoelectric
figure of merit is calculated for the scan taken at a current of I
=26 pA to be ZT = 0.020 + 0.005. This finalizes the thermoelec-
tric characterization of the Al-Ge heterostructure nanowire
with a segment length of 168 nm from a single measurement.
Lastly, we have a closer look at the Ge-Al interface regions.
We acknowledge that extracting quantitative results is ham-
pered by the oxide shell, which does not comprise an interface.
However, important observations can nevertheless be made.
The conjecture that the Peltier source term has an exponential
spatial distribution has testable consequences. As a result of
the distributed source term (eqn (3)), the point of maximum
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temperature should be shifted with respect to the Al-Ge inter-
face. Using the differential equation with this source term and
the material parameters extracted above, we calculate that the
maximum temperature should be about 46 nm separated from
the interface using an equilibration length of 22 nm. This shift
is a good estimation with the position of maximum tempera-
ture extracted from the experimental temperature profile of 58
+10 nm.

3. Conclusion

This study demonstrates the capability to use thermal imaging
by SThM for extracting relevant information on material pro-
perties and the dynamics of nanoscale devices and structures.
Most notably, we were able to obtain the thermal and thermo-
electric properties of a model heterostructure from a single
measurement. By quantifying the thermal contact resistance
between sample and substrate, its effect can be quantified
and, in contrast to other techniques, does no longer hamper
the measurements. The values are confirmed by independent
measurements, such as the derivation of the substrate coup-
ling with two different models and the comparison of the
barrier height investigated thermally with previous electrical
transport measurements. It appears, there is currently no
other method available to extract this set of information from
a sample of this size. For thermoelectric applications, the per-
formance of short segments is interesting, and the results
create a link between device design and materials properties.
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