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Revealing Low Thermal Conductivity of Germanium Tin
Semiconductor at Room Temperature

Sabur Ayinde and Maksym Myronov*

The low thermal conductivity of a material is a key essential parameter for its
potential application in high-performance thermoelectric devices.
Unprecedently low thermal conductivity of germanium tin (Ge,_,Sn,)
semiconductor thin film is experimentally obtained at room temperature. The
thermal conductivity decreases with increasing Sn concentration in the
relaxed Ge,_,Sn, binary alloy, which is explained mainly by increasing the
interatomic distance between atoms via alloying. A pronounced decrease of
thermal conductivity, by over 20 times, from 58 W m~'K~" in Ge to

~2.5 W m~'K~" in relaxed Ge,_,Sn,, with Sn content up to 9% is observed.
This thermal conductivity is just &2 times higher than that of the
state-of-the-art thermoelectric material, Bismuth Selenium Telluride.
Ge;_,Sn,, in contrast, is a non-toxic Group-IV semiconductor material, that is
epitaxially grown on a standard silicon wafer up to 300 mm diameter using
the semiconductor industry standard epitaxial growth technique. As a result,
it can lead to the creation of a long-awaited high-performance low-cost
thermoelectric energy generator for room-temperature applications in
human'’s daily life and would make a substantial contribution toward global
efforts in CO, emission-free and green electricity generation.

develop new and efficient thermoelectric
materials.[>5] Advances in nanotechnol-
ogy and materials synthesis have shown
the possibilities to substantially improve
the performance of TE materials by var-
ious approaches centered on reducing
thermal conductivity while maintaining
high electrical conductivity. Thermoelec-
tricity has several advantages over other
energy conversion technologies: devices
need no moving parts, and they emit no
noise and no pollution. TE devices are
highly reliable and have a long lifespan.
Current thermoelectric materials, how-
ever, have low efficiency and are not suit-
able for widespread commercial use.l’’

Thermoelectricity is the direct conver-
sion of heat to electricity or electricity
into heat via two related mechanisms,
the Seebeck and the Peltier effects.['!
The Seebeck effect refers to the gen-
eration of an electrical voltage across

1. Introduction

Thermoelectric (TE) technology has the potential to play a signif-
icant role in meeting the growing demand for sustainable and re-
newable energy sources. A large percentage of global energy use
comes from fossil fuels, which contribute to the increase of waste
heat released to the environment. As a result, thermoelectric-
ity has received much attention with the ideas revolving around
improving its efficiency.>] The demand for sustainable and re-
newable energy is a way of finding solutions to the devastating
changes in climate conditions.[>®] Global research is ongoing to
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a material due to a temperature differ-

ence across two ends of the material.

The Peltier effect on the other hand
is the generation or absorption of heat when an electric current
flows through a material. The performance of a TE material is
characterized by a dimensionless quantity (ZT) known as the
figure of merit (Z7T) and is defined as

2
ZT = ‘%GT 1)

where S is the Seebeck coefficient, o is the electrical conductivity,
k is the thermal conductivity, and T is the absolute temperature.
A large ZT value indicates thermoelectric material with high ef-
ficiency, in converting heat to electricity. It is clear from Equa-
tion (1) that low thermal conductivity, high Seebeck coefficient,
and high electrical conductivity are essential to maximize ZT ata
given temperature.!'!] The Seebeck coefficient of 3D or bulk ma-
terial is defined as

82k? 2/3
_ B * l
S= 3 ™15, @

where m* is the effective mass of the charge carrier, electron, or
hole, and n is the electron charge carrier density (p for holes),
kpis the Boltzmann constant, e is the electron charge and h is the
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Plank constant. Electrical conductivity, o, is proportional to the
carrier density and mobility, u, defined as,

o =neu G)

Carrier density, n, is a tuning parameter in the sense that
an increase in n causes a drop in carrier mobility. This leads
to a rise in electrical conductivity, but at the same time, it
reduces the Seebeck coefficient. This is the most important
challenge in thermoelectricity, the difficulty to significantly en-
hancing ZT of any thermoelectric material. It is however pos-
sible to improve the ZT performance of a material by min-
imizing its thermal conductivity. Thermal conductivity of a
material consists of electronic and phononic components, as
follows:

k=k, +k “)

The electronic component, k, is a function of heat transfer by
the charge carriers, while the phononic component, k;, is a mea-
sure of heat transferred through lattice vibrations or phonons.
Another obstacle in the way is the interdependence of electrical
and thermal conductivity due to which most efforts have been
directed toward the suppression of the phononic component of
the thermal conductivity k;. This has been achieved by defect
engineering, crystal dislocations!"?! phonon anharmonicity,!'314
entropy engineering!’®! band convergence modification!!®! and
microstructure engineering.['”l Thermal conductivities of ele-
mentary materials in group IV semiconductors, such as Sili-
con (Si), Germanium (Ge), Carbon (C), or tin (Sn)l!l are high
at around room-temperature, in comparison to the most effi-
cient TE material Bismuth Selenium Telluride (Bi,,Sb,;Te)!*
However, their electric properties are superior,'®2!] and they
are abundant, non-toxic, and low cost, all of which make them
attractive candidates for large-scale production. Their compati-
bility with complementary metal-oxide-semiconductor (CMOS)
and ultra-large-scale integration (ULSI) is an added advantage,
as those technologies are widely used in the semiconductor
industry.[?223

In this study, we synthesized, via epitaxial growth, monocrys-
talline relaxed Ge, ,Sn, thin film epilayers, with Sn con-
tents up to 9%, on underlying Si substrate via a relaxed
Ge buffer layer. We demonstrate, through experiments, that
these Ge,_,Sn, epilayers exhibit the lowest thermal conductiv-
ity value among all group-IV semiconductors, at room tem-
perature; which happens to be comparable to one of the best
TE materials and we expect that it could be lowered even
further.

2. Results and Discussion

2.1. Structural Properties

Epitaxially grown Ge,_,Sn /Ge/Si (001) heterostructures were
characterized by a combination of techniques including high-
resolution X-ray diffractometry (HR-XRD), cross-sectional trans-
mission electron microscopy (XTEM) and scanning electron
microscopy (SEM) to obtain information about the state of
strain in each epilayer, Sn content in the intentionally undoped
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Ge,_,Sn, alloy, the epilayer’s thickness, density of defects, and
images of micro-fabricated wires. Figure 1 shows results of
the Ge,_,Sn, /Ge/Si(001) heterostructure characterization by HR-
XRD; with w—20 scan (as in Figure 1a) containing peaks orig-
inated from Si(001) substrate at 34.56°, Ge buffer epilayer at
33.04°, while those of Ge,_, Sn, at 5% and 9% Sn content
are at 32.64° and 32.15° , respectively. A shoulder peak from
Ge,_,Sn, epilayer with 9% Sn content is visible with a Bragg’s
angle at 32.38° (Figure 1a) and that corresponds to an epilayer
with 7% Sn content; and could be related to strain relaxation
of the epilayer. During growth, Sn content increased gradually
as the layer relaxes, with an initial thinner layer of 7% Sn con-
tent. The intensity of the Si substrate peak is the highest due
to its thickness of ~600 um, while the Gey, Sn,,s epilayer
peak (as in Figure 1a) is the lowest due to a thickness of just
~300 nm lower than the ~600 nm of the Ge buffer layer. Our
Ge,_,Sn,/Ge/Si (001) heterostructures have the same Bragg peak
positions (w—26) for Si and Ge, while the Bragg peak position
for Ge,_,Sn, epilayer is subject to the change in the amount
of Sn content in Ge,_ Sn_ epilayer. The in-plane and out-plane
lattice constants (aﬁe”xsnx and a$*™), and the degree of re-
laxation in Ge,_,Sn, epilayer at 5% Sn content was obtained
from the analysis of symmetric (004) and asymmetric (224)
HR-XRD reciprocal space maps (RSM), shown in Figure 1b,c,
with those of 9% Sn content presented in the experimental sec-
tion (Figure 5). The Ge,_,Sn, epilayers exhibit ~80% degree of
relaxation.

We note that the incorporation of Sn into the Ge lattice yields
a larger lattice constant compared to the single element of Ge.
The thickness of each Ge, ,Sn,/Ge/Si (001) epilayer was ob-
tained by analyzing the dark field and bright field images ob-
tained from XTEM, as presented in Figure 1c,d. High density
of misfit dislocations is clear at the Ge/Si interface due to the
lattice mismatch of 4.17%, as reported elsewhere.[**! The addi-
tional 111 plane into the lattice structure of the relaxed Ge, s
Sn, s epilayer, seen in Figure 1f, is a Lomer dislocation (an edge-
like dislocation), which tends to induce relaxation in Ge,_,Sn,
epilayer.>/l Meanwhile, the Ge,_ Sn, at 5% Sn content has
a lattice mismatch of x0.7%, with respect to relaxed Ge buffer
epilayer, and that increases to ~1.3% for the alloy with 9% Sn
content. As Sn concentration increases, so does the out-of-plane
lattice constant until the epilayer reaches critical thickness, al-
lowing relaxation through the generation of dislocations. Con-
sequently, the dislocation density is proportional to the amount
of lattice mismatch strain in the epilayer. However, there is not
sufficient evidence to say that all dislocations reach the Ge,_,Sn,
surface. The threading dislocation density (IDD) in the Ge buffer
layer is estimated to be ~4.7 x 10°%cm™2, in agreement with
previous reports.?#2%1 The TDD in Ge,_,Sn, at 5% and 9% are
estimated to be ~7.0 x 10°cm~2and ~9.5 X 10°cm™2, respec-
tively, as obtained from XRD coupled scan analysis using Debye
Scherrer formula.l?) Paul et al reported, through their theoret-
ical physical simulations that the thermal conductivity of some
group IV materials (p-channel Si,_ Ge,, Si, and Ge quantum
well) remains relatively stable at threading dislocation densities
<10°cm~2B! This indicates that the low dislocation density ob-
served in our relaxed Ge,_,Sn, epilayers cannot be responsible
for the significant reduction in the thermal conductivity of the
material.
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Figure 1. Results of Ge;_,Sn,/Ge/Si heterostructures characterization by
heterostructure, b) the symmetric (004) and c) the asymmetric (224) HR-XR

HR-XRD and XTEM. a) HR-XRD w-26 scans of relaxed Ge g5Sng o5/Ge/Si
D RSMs showing the degree of relaxation of Gej 95 Sng o5 epilayers. d) XTEM

dark field (DF) image of relaxed Geg g5Sng g5 sample along the 004 direction, with the arrows showing the interfacial defect at the Si/Ge interface and

their propagation, due to their lattice mismatch, and e) its equivalent brig

ht field (BT) image of the relaxed thin film along 004 plane. f) The inverse

Fast Fourier Transform (FFT) filtering pattern image of relaxed Ge 5Sng o5 sample from High Resolution (HR) lattice imaging analysis with the red oval
dotted line showing an additional 111 plane and the white rectangular shaped portion showing slight stacking fault in the lattice structure.

2.2. Raman Spectra

Typical Raman spectra of Ge,;_,Sn_/Ge/Si heterostructures, ob-
tained at room temperature, are shown in Figure 2a, with o, _ ¢,
Raman shift peaks at 297.38 cm™! and 293.12 cm™! correspond-
ing to Ge-Ge modes originated from Ge,_,Sn, epilayers with Sn
content at 5% and 9%, respectively. Low intensity w,, peaks are
located at 260 cm™ and 256 cm™' and can be compared to what
was obtained elsewhere.[*”] Low Sn contents of Ge,_, Sn,_ epilay-
ers have given rise to high intensity of w,_ ¢, vibration mode
peaks from the Ge,_,Sn, epilayer in the Raman spectra of sam-
ples; and so this mode peak was used in subsequent measure-
ments. A shift to lower cm™ number in Ge,_,Sn, peaks for the
9% Sn content compared to the sample at 5% Sn content was
observed, which is usually identified by the peak analyzer us-
ing appropriate software. The shift in the Raman peak is due to
higher Sn content in the relaxed Ge,_,Sn, epilayer. A similar shift
in the peak attributed to Ge,_ Sn, epilayers has been reported
elsewhere.l*?]

2.3. Raman Thermometry
The temperature-dependent Raman spectra were acquired from

each Ge,_, Sn /Ge/Si heterostructure separately as their temper-
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ature dependencies are dissimilar (see Figure 2b). The Ge-Ge
mode shifts are temperature-dependent, due to phonon interac-
tion in the Ge,_, Sn, epilayer, so they can be employed to measure
variations in temperature. This variation can be used to extract
the thermal conductivity of a material. A non-heating laser power
density of ~25 kWcm™2 was applied, and a temperature monitor-
ing sample stage was used to ensure the temperature equilibrium
was reached at the sample’s surface during each measurement.

The wc, _ ¢, peak from the Ge,_,Sn /Ge/Si heterostructures
decreases linearly with the increase in temperature at the sur-
face of material (Figure 2b), indicating an increase in the lat-
tice constant with the temperature. The peak shift is due to tem-
perature rise only and is not related to Sn content or strain
in the epilayer. The slope, # = Aw/AT, from the temperature
dependent micro-Raman measurements is calculated to be
—0.01868 +0.00027 cm~! K~! and —0.02002 + 0.00022 cm~! K~!
for Sn content at 5 and 9%, respectively. These values are com-
parable to similar reports for Ge/Sil*}l and Ge,_, Sn_/Ge/Sil”! ob-
tained elsewhere.

2.4. Isolation of a Single Epilayer from Multilayers

In order to measure thermal conductivity of a single epilayer,
thermal isolation from substrate and other layers is necessary;

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 2. Raman spectra of Ge;_,Sn, a) spectrum at 293 K of Ge;_,Sn,/Ge/Si heterostructure, showing Ge-Ge, Ge-Sn, and Sn-Sn vibration modes at
297 cm, 261 cm™! and 187 cm', respectively for 5% Sn content, while corresponding shift in the peaks to 293.4 cm’, 256 cm™! and 176 cm'.was
observed with 5% Sn content. The inset shows the cross-section schematics of heterostructure (left) and an HR-TEM image of the Geg ¢5Sng 5/Ge
interface region with no visible threading dislocation propagating from Ge to GeSn epilayer. b) Temperature-dependent thermometric data of bulk
Geq_,Sn, /Ge/Si at Sn content of 5 and 9%. The lowest possible power density of <25 K W cm~2 was applied to the sample surface to obtain the

temperature-dependent data to avoid overheating.

otherwise, underlayers will act as a heat sink. Isolation becomes
possible by way of suspending Ge,_,Sn, microwires, as shown
in Figure 3. First, Ge,_,Sn,/Ge/Si microwires are patterned into
the mesas, see Figure 3a. Then the surface of Si substrate un-
derlayer was selectively removed (etched) in order to suspend
Ge,_,Sn,/Ge epilayers (Figure 3b). Finally, Ge was selectively
etched to completely suspend Ge,_,Sn, epilayer (Figure 3c), as
verified by SEM imaging (Figure 3e,f), and the appearance of the
etch pit after release (Figure 3g). Thermal isolation of Ge;_ Sn,
epilayers is essential for all subsequent measurements of thermal
conductivity, as this step is crucial in eliminating any parasitic
thermal effects, from other epilayers or the substrate.[>*] There-
fore, an optimized thermoelectric device structure!® is required
in order to minimize thermal losses in the device and to increase
its efficiency. Hence, our microfabrication approach to obtain
such anovel Ge,_,Sn, thermoelectric device structure is shown in
Figure 3c.

2.5. Thermal Conductivity

Thermal conductivity was extracted from Raman spectra, ob-
tained from non-suspended Ge,_,Sn, /Ge/Si heterostructures, as
well as suspended Ge,_, Sn_/Ge heterostructure, and suspended
Ge,_,Sn, microwires. Our analysis is based on the radial Gaus-
sian heat distribution model.*>37] Thermal conductivity for each
sample, at 5 and 9% Sn content, was calculated using measure-
ments of the sample’s surface temperature, AT = Aw/n, ob-
tained from temperature dependency of Ge-Ge mode shift, seen
in Figure 2b. Local temperature was measured at the surface of
the sample by applying the heating laser power density to cause
peak shift, ignoring any wide peak shifts associated with over-
heating.

Figure 4 summarizes thermal conductivity at room temper-
ature, as a function of Sn content in the Ge;_,Sn, alloy, ob-
tained in this work and those available from literature. Values of

Figure 3. 3D schematics of the characterized structures and their corresponding SEM images of patterned a,d) Ge,_,Sn, /Ge/Si heterostructure,
b,e) suspended Ge;_,Sn, /Ge and c,f) suspended Ge;_,Sn, microwires. The dimensions of the microwires are 10 — 50 um in width by 1000 pm in
length. Figure 1e represents suspended Ge;_,Sn, /Ge tilted by 55°, while f) shows a suspended single layer Ge,_,Sn, when Ge buffer layer was selec-
tively removed. The sample’s surface and etch pit of suspended Ge;_,Sn, microwires (f) are also shown in (g).
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Figure 4. Summary result of Sn content dependent thermal conductiv-
ity, at room temperature, of non-suspended Ge,_,Sn, /Ge/Si, suspended
Ge;y_,Sn,/Ge and suspended single layer Ge;_,Sn, epilayer compared
to reference data of Gel'l, the most efficient TE material, Biy;Sbg;Te
(brown),[2] recent report on Geg ¢5Shg o5 theoretical data (orange),[®], and
relaxed bulk (green)!”] Ge,_,Sn, /Ge/Si. The inset shows the schematic of
our suspended single-layer Ge;_,Sn, microstructure (red), and the unsus-
pended Ge;_,Sn,/Ge/Si (red/blue/ash) from the reference report.l’]

20.1+2.8 and 18.2+2.6 W m~! K~ attributed to the unsuspended
micro-fabricated Ge,_,Sn_ /Ge/Si heterostructures microwires at
5 and 9% Sn content, respectively. When the underlayer Si ma-
terial was removed, by selective etching, the thermal conduc-
tivity was reduced by more than half. Values for Ge,_,Sn /Ge
microwires with 5% and 9% Sn are measured to be 9.07 and
6.9 W m~! K71, respectively. This is a demonstration that the par-
asitic thermal effect imposed by Si substrate contributes to more
than ~2 times the thermal conductivity obtained from the sus-
pended Ge,_,Sn, /Ge microwire, see Figure 4. Thermal loss in the
Ge,_,Sn, /Ge/Si heterostructure is dissipated to the highly ther-
mally conductive Si substrate (149 W m~! K1), hence substan-
tially increasing apparent thermal conductivity. It is noted that
the decreasing trend in thermal conductivity continues as the Ge
buffer layer is selectively removed from Ge,_,Sn, /Ge, leaving the
Ge,_,Sn, single epilayer suspended. Similar thermal loss in the
suspended Ge,_,Sn, /Ge epilayer was found to be dissipated to
the Ge buffer layer, resulting in thermal conductivities ~2x and
~1.5x larger than values obtained from the suspended Ge,_,Sn,
epilayers at 9% and 5% Sn content, respectively.
Micro-fabrication approach (suspending the microwires)
along with Sn alloying, eliminates the thermal loss in the epi-
layers and lowers the thermal conductivity. The Ge/Si substrate
is etched, strain is released in the suspended Ge,_,Sn, epilayer,
and as a result, thermal losses to the buffer layer and the Si sub-
strate are removed, thus revealing the measurement accuracy of
the alloy epilayers. Due to this, monocrystalline relaxed Ge,_,Sn,
material exhibits extraordinarily low thermal conductivity, which
has been revealed. Thermal conductivity of Ge,_,Sn_ in this work
cannot be associated with the low density of threading dislocation
(Figure 1f) or rather the misfit dislocation observed from Ge/Si
and Ge,_,Sn /Ge interfaces (Figure 1d), where the TDD reaching
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the Ge,_,Sn, epilayer is minimal. The specific geometry layout
in the microfabrication has helped to remove misfit dislocations
and the few existing lattice distortions, and may not have con-
tributed much to the phonon vibrations that naturally suppress
the intrinsic lattice component of the thermal conductivity, k;. Ac-
cording to the obtained results, we report that the phonon vibra-
tions in the binary alloys of Ge,_,Sn, increase, compared to Ge,
due to Sn incorporation into the Ge lattice structure, as spacing
between the neighboring atoms increases. As a result, a linear
decrease in thermal conductivity down to 2.5 W m~! K~! with Sn
content up to 9% is observed. Moreover, the linear extrapolation
of obtained results can help anticipate that the thermal conductiv-
ity of Ge,_,Sn, alloy could be further reduced, even lower than the
best thermoelectric material (Bi,,Sb,;Te), to ~1 W m~! K! for
Sn contents of up to 13% in a relaxed Ge,_,Sn, alloy, as marked
(by the dashed red lines) in Figure 4.

Thermal conductivity of the unsuspended Ge,_, Sn, /Ge/Si mi-
crowire at 5% Sn content, 20.1 W m~! K~!, is comparable to
the 18 W m~! K~! obtained experimentally by Spirito et al from
Ge,_,Sn,/Ge/Si heterostructures.l’”l The obtained thermal con-
ductivity of 9.1 W m~! K~! (as can be seen in Figure 4) for the
suspended Ge,_,Sn, /Ge microwire at 5% Sn content, is in agree-
ment with the 9.7 W m~! K~! calculated theoretically elsewhere
for Ge g5 ST 05!°

The incorporation of Sn into Ge lattice significantly lowers
thermal conductivity of Ge,_,Sn, alloy by increasing the in-plane
lattice constant of the relaxed alloy and additional crystal disor-
dering of the binary alloy. In our experiment, we vary the k; com-
ponent of the thermal conductivity only, because all epilayers are
intentionally undoped. Recent studies have shown that alloying
of group IV semiconductors such as Si, Ge, or Sn with other el-
ements can significantly reduce their thermal conductivity by re-
ducing the lattice component, k; which can be attributed to in-
creased crystal disorder by alloying and introduction of defects
and possibly other structural changes that contribute to phonons
scattering and disrupt their propagation.l®7:38-40] Ag expected, the
thermal conductivity in Ge,_,Sn, drops with increasing Sn con-
tent from 5 to 9%, as shown in Figure 4. Similar behavior was
reported by Spirito et all”l However, a considerable difference be-
tween the thermal conductivity of the same relaxed Ge,_,Sn, epi-
layers measured in our experiment and that reported by Spirito
et al”l is observed, and may be explained by the absence of heat
loss in our suspended Ge,_,Sn, epilayers. Also, our measured
thermal conductivity in Ge,_,Sn; alloy with 5% Sn content is
~1.5 times lower than what was recently reported theoretically
by Khatami and Aksamijal®! The thermal conductivities of 2 and
1.31 W m~! K~! were reported elsewhere for a polycrystalline
Gey93S1,; (at 7% Sn content) and most efficient TE material
(Biy,Sby;Te) that are lower than our 2.5 W m™' K~! obtained
at 9% Sn content. It is important to note that polycrystalline
materials have unstable thermal conductivity (having both in-
plane and cross-plane thermal conductivity), and thus the corre-
sponding values are relatively lower due to the high volume of
defects in their planar structures. Polycrystalline materials also
have poor electrical properties and therefore, are not suitable for
thermoelectric applications. Finally, it is worth adding that the
Bi, ,;Sb, ;Te with the lowest thermal conductivity is non-CMOS
compatible, costly, and less abundant. Overall, it is apparent that
an increase in Seebeck coefficient is expected from Ge,_ Sn_
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Figure 5. a) Symmetric (004) and b) asymmetric (224) HR-XRDRSMs of Ge;_,Sn, /Ge/Si heterostructure at 9% Sn content.

alloy as the effective mass, m*, will increase in the alloy (see Equa-
tion 2) with Sn incorporation into the Ge, which will lead to a
higher thermoelectric efficiency.

3. Conclusion

The use of alloys has proven to be a promising approach in
achieving low thermal conductivity, as apparent from this study
of a single crystal relaxed Ge,_,Sn, binary alloy epilayers with Sn
contents up to 9%. The optimization of our unique microfabri-
cation process is essential for eliminating thermal losses and al-
lowing the extraction of true thermal conductivity of the epilayer’s
material. Incorporation of @-Sn atoms into the smaller lattice con-
stant of Ge tends to reduce the energy band gap at the " point.!**!
It also creates crystal disorder within the alloy, and this disor-
der is proportional to Sn concentration. Although not verified,
the crystal disorder is speculated to contribute to the increase in
the phonon vibrations, resulting in low thermal conductivity. The
growth of Ge,_,Sn, alloy material is scalable and can be manu-
factured using Si-based technology, which is an advantage over
the non-scalable, toxic, and expensive conventional thermoelec-
tric materials like Bi, Te;, Bi,Se;, PbTe, etc. In contrast, Ge,_, Sn,
alloys exhibit enormous potential for energy generation applica-
tions by thermoelectricity at around room temperature and could
be used to manufacture TE devices atlow cost and mass volumes.

4. Experimental Section

The intentionally relaxed Ge;_,Sn, epilayers up to 2400 nm thick were
epitaxially grown on 100 mm diameter 525 um thick Si (001) wafers via
undoped relaxed ~600 nm thick Ge buffer layer in an industrial type ASM
Epsilon 2000 reduced pressure chemical vapor deposition (RP-CVD) cold
wall system.[473] The Si wafer was loaded into the CVD growth chamber
at 900 °C. Then the temperature was rapidly raised up to ~1000 °C at
which native silicon oxide was thermally desorbed from the Si surface. The
precursors used for the growth of Ge;_,Sn, epilayers are Tin-Tetrachloride
(SnCl,) as Sn source, and Germane (GeHy) as source of Ge. Purified H,
at reduced pressure below 600 Torr was used as the carrier gas. Lattice
mismatch between Si substrate and Ge,_,Sn, epilayer was minimized by
the growth of the Ge buffer layerl#4]

XTEM analysis was carried out using the JEOL 2700 to measure the
epilayer thicknesses of the Ge,_,Sn,/Ge/Si heterostructures. Types and
densities of defects in the relaxed epilayers were obtained from the high-
resolution TEM images and diffraction images. The micro-fabricated wires
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from the non-suspended Ge;_,Sn, /Ge/Si, suspended Ge,_,Sn,/Ge, and
suspended single layer Ge;_,Sn, epilayers were visually verified by the
SEM imaging using the Supra 55 Zeiss. Suspension of both twin layers
of Ge;_,Sn,/Ge and a single layer of Ge;_,Sn, epilayers was verified by
tilting the structure by 55°.

HR-XRD analysis was carried out using a Pan-analytical X'Pert Pro
MRD diffractometer with CuKa radiation (4 = 0.15418 nm). Crystallo-
graphic structure of the epitaxial films of Ge;_,Sn, up to 9% was exam-
ined via the ®—26 scan. Symmetric (004) and asymmetric (220) recipro-
cal space maps (RSMs) were obtained to extract information about the
in-plane and out-plane lattice constants and then used to calculate Sn
content and state of strain in each epilayer. Sn content in Ge;_,Sn, epi-

layer was calculated using the following equation age"xsnx = age (T=x)+

ag"x+bces"x(1 —x),[#4] with the lattice constants, age = 5.6579 A,

a3" = 6.4892 A, and the bowing parameter, b%°S"=0.041 Al**l. Sn content
is represented by x. Figure 5 shows symmetrical (004) and asymmetrical
(224) HR-XRRSMs of Ge,_,Sn,/Ge/Si heterostructure at 9% Sn content.

Microwires were fabricated by exposure of design pattern using a Hei-
delberg micropattern generator, developed in an AZ326MIF developer, and
etched using a mixture of H,0,:NH,OH:H,O to create Ge;_,Sn, /Ge/Si
mesa structure . The mesa was then suspended from the substrate by
an anisotropic Si wet etch process using 25% TMAH at 90 °C with an
etch rate of 0.5 um per minute, and then selectively etched to create a
free-standing suspended Ge,_,Sn, layer microwire. Scanning electron mi-
croscopy (SEM) was carried out to directly measure the dimensions of the
fabricated microwires and to ensure their suspension. It is noted that the
measured thermal conductivity from these fabricated microwires is inde-
pendent of dimensions.

Thermal conductivity of the heterostructures and the individual
Ge,_,Sn, epilayers were obtained with the help of Raman spec-
troscopy via the micro-Raman thermometry of the temperature-calibrated
Ge,_,Sn,/Ge/Si bulk samples. Raman spectra were obtained from sam-
ples at the optical excitation laser wavelength of 633 nm with a non-
induced heating power density of ~25 kW cm~22] This is equivalent to
10% of 10 mW laser power applied, with a focused ~1.03 um spot size
at the sample surface, through the aperture of 50x objective lens with an
installed single-stage monochromator of 1800 lines mm~" grating. The
spectroscopy was operated at 0.3 cm™! spectral resolution.

Raman thermometry measurement of Ge;_,Sn, /Ge/Si epilayer was
taken in vacuum between 180 and 550 K using a temperature-controlled
LINKAM stage, which was monitored by a computer-based system. The
sample stage was cooled down to below room temperature by liquid Ni-
trogen.

Thermal conductivity measurement of a thin film was usually very chal-
lenging due to the thermal influence of the substratel?*] Its measurement
at the micro or nanoscale levell*647] was demonstrated over the years us-
ing the contactless in situ Raman technique, where Raman laser acted
as both the heat source and the thermometry sensor of the localized
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Figure 6. Thermal flow model in a) typically grown multilayer materials up to nth layer on substrate, b) with increasing thermal conductivity down to the
substrate layer, d) demonstrating thermal diffusion toward other layer and substrate with highest thermal conductivity. c) Multilayers with decreasing
thermal conductivity from nth layer to the substrate, ) demonstrating thermal confinement within the layer with the highest thermal conductivity.

heating effect. Obtained temperature dependence of Raman peak shiftl43]
from the sample could be used to determine the material’s thermal con-
ductivity. The accuracy in the thermal conductivity measurement could not
be ascertained when the film's thickness was less than its substratel34]
which then becomes difficult to extract such measurement of individual
thin film material. The earlier approach of the surface coating of film ma-
terial to enable constriction resistancel requiring the substrate having
higher thermal conductivity or the film material having higher thermal con-
ductivity did not consider the thermal effect of such coating on material
and had still not been found possible solutions to ensure measurement
accuracy. Another approach presentedl®®] was to ensure that the film's
thickness was higher than the laser diameter to remove the thermal ef-
fect imposed by the substrate, which thus, limits such measurements
from thinner film materials. Although, a theoretical model and numeri-
cal solutionl”3637] were presented to address these difficulties in thermal
conductivity measurement of thin film material via Raman spectroscopy by
thermally isolating the effect of the substrate from the film material, how-
ever, the behavior of such substrate acting as a heat sink to the film mate-
rial on top was not considered as could be evidenced in a typical model of
heat transfer in any multi-layer material (Figure 6).

Measurement of thermal conductivity of an epilayer material from
multi-layer could either be underestimated or overestimated depending
on the circumstances of other layers or substrates. In this work, first, a
reliable microfabrication approach to isolate the film from either the ther-
mal effect or strain of the buffer layer or substrate was presented. Second,
the measurement model for a radial Gaussian distribution as contained
in the textbook on conduction of heat in solids!3>3¢] was utilized in the
calculation of thermal conductivity. Thermometric measurement which
was responsible for the temperature-dependent vibration mode for sam-
ple surface temperature was made from relaxed bulk Ge,_,Sn,/Ge/Si epi-
layers via the in situ micro-Raman spectroscopy at 633 nm excitation laser
wavelength at a non-heating power density. Assuming the surface of a ma-
terial behaves isothermally, and that the Raman laser beam with a spot
radius a, was of radial Gaussian distribution vertically down the material,
the partial derivative of such surface temperature was expressed as[>’!

-Q

oT _ _
2zak(a? — r2)1/2’

5 =0

a>r>0,z=0 (5)

Integrating both sides gave a solution to the differential equation as
contained in the book on conduction of heat in solids[>*! and can be re-
expressed as,

(6)

Applied laser power density was relative to the obtained peak shift in
material. The peak shift due to temperature change at the surface of ma-
terial gave information about the material’s temperature dependence Ra-
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man peak and could be used to measure its thermal conductivity. Consid-
ering the surface material as a perfect isothermal body, such that the laser
beam (centered on the objective aperture) was a representation of radial
Gaussian distribution function, the absorbed heat flux by the surface of
material contained within the hemisphere under the laser beam spot can
be expressed as follows[®']

22
Paps = Po <1—8_0)_2> )

The measured laser power after the objective used in the experiment is,
Py. Where, the radius of the laser spot, r, equals the Gaussian beam radius
(beam waist), w, the expression becomes,

Paps = Po(1—€72) = 0.865 « P, 8)

Sample reflectivity of the incident laser power was measured after deter-
mining the refractive index, n, and the extinction coefficient, k as expressed
as,

-1 2 _ k2
Reflectivity = (=1 =X )
(n+ 12 +k2
The absorbed power density of the sample can then be expressed as
follows, considering the laser spot size,

P —-)2-K
9bs . absorptivity = (0.865 * Py) * (1— (L
27 (n+ 1)+ k2

Q= ) (10)

The laser beam spot size was determined from the Airy disc approach
which is dependent on the numerical aperture (NA) of the objective lens
and the laser wavelength, 4, used in an experiment for measurement. For
a radial Gaussian distribution of heat flux on sample, the equation repre-
senting the laser spot diameter is stated as below.

a=(1.22x 1)/NA (an
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