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ABSTRACT: CMOS-compatible materials for efficient energy
harvesters at temperatures characteristic for on-chip operation and
body temperature are the key ingredients for sustainable green
computing and ultralow power Internet of Things applications. In
this context, the lattice thermal conductivity () of new group IV
semiconductors, namely Ge,_,Sn, alloys, are investigated. Layers
featuring Sn contents up to 14 at.% are epitaxially grown by state-
of-the-art chemical-vapor deposition on Ge buffered Si wafers. An
abrupt decrease of the lattice thermal conductivity («) from SS W/
(m-K) for Ge to 4 W/(m-K) for GeygsSny;, alloys is measured
electrically by the differential 3w-method. The thermal con-
ductivity was verified to be independent of the layer thickness for
strained relaxed alloys and confirms the Sn dependence observed
by optical methods previously. The experimental x values in conjunction with numerical estimations of the charge transport
properties, able to capture the complex physics of this quasi-direct bandgap material system, are used to evaluate the thermoelectric
figure of merit ZT for n- and p-type GeSn epitaxial layers. The results highlight the high potential of single-crystal GeSn alloys to
achieve similar energy harvest capability as already present in SiGe alloys but in the 20 °C—100 °C temperature range where Si-
compatible semiconductors are not available. This opens the possibility of monolithically integrated thermoelectric on the CMOS

platform.
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B INTRODUCTION

Waste heat, as a result of industrial processes and human
activity, represents a significant opportunity for valorization.
While most industries successfully recover high- (>400 °C)
and medium-grade (100—400 °C) waste heat, valorizing low-
grade waste heat (<100 °C) remains extremely challenging
technologically, economically, and is not yet common in
practice.” Its conversion into a usable form of energy has a
poor thermodynamic efficiency and is difficult to implement.
At the same time, the generation of heat is a major bottleneck
of Si-based electronics and optoelectronics, especially when
high data processing and transmission are considered, and
results in the need for external cooling, which in turn,
consumes more energy. Consequently, it is becoming
necessary to develop new material platforms that could be
adopted in the manufacturing of Si-integrated optoelectronic
devices, enabling the recovery/saving of energy consumption
via built-in energy harvesters.

At the European level, around 1.2 EJ/year of low-
temperature heat is available from urban sources such as

© 2024 The Authors. Published by
American Chemical Society

7 ACS Publications

4394

data centers, metro stations, wastewater treatment plants, and
service sector buildings.” Thermoelectric (TE) materials
appear to be an ideal solution to fulfill this task since they
can provide electrical power gain and/or cooling of critical
devices.” However, TE features a poor-to-inexistent presence
in integrated circuit consumer products, where temperatures
below 100 °C are typical. This is due to one major shortfall:
there are no Si-compatible semiconductors with TE
capabilities at typical integrated circuit (IC) working temper-
atures. As such, their development could make a significant
contribution to the reduction of IC energy consumption.
The major drawback for thermoelectrics with Si and Ge
elemental semiconductors, the workhorses of Si-electronics

EEAPPLIED
ENERGY NATERIALS

EWI

https://doi.org/10.1021/acsaem.4c00275
ACS Appl. Energy Mater. 2024, 7, 4394—4401

Received: January 31, 2024
Revised:  April 4, 2024
Accepted: May 6, 2024
Published: May 15, 2024



https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Omar+Concepcio%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jhonny+Tiscaren%CC%83o-Rami%CC%81rez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ada+Angela+Chimienti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+Classen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Agnieszka+Anna+Corley-Wiciak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Agnieszka+Anna+Corley-Wiciak"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrea+Tomadin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Davide+Spirito"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dario+Pisignano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patrizio+Graziosi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zoran+Ikonic"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zoran+Ikonic"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qing+Tai+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Detlev+Gru%CC%88tzmacher"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giovanni+Capellini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefano+Roddaro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michele+Virgilio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michele+Virgilio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dan+Buca"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.4c00275&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c00275?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c00275?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c00275?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.4c00275?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aaemcq/7/10?ref=pdf
https://pubs.acs.org/toc/aaemcq/7/10?ref=pdf
https://pubs.acs.org/toc/aaemcq/7/10?ref=pdf
https://pubs.acs.org/toc/aaemcq/7/10?ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaem.4c00275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ACS Applied Energy Materials

www.acsaem.org

T 5.85 v 5.85 ) s
(a) 1 Ge,gsSNy g, (b) | Geye;SNyg ( R
E=715meV | | 5.80 E -635meV | 5.80 .
— H Pie — ' .
— Pid — | e
E, = 656 meVt <" lsss E,=650 meV, R -
T g G [F
E,=-44meV g 7 < E,,=80mevV ! . .
= § 570 e Tomev 1 .7 370 8
E.—34meV 1o s WA 1, 5
' 3 D | 565 3
Q Ge 1565 % . Ge 65
e 1 mo L :
¥ 5.60 PR | 5.60
’a’\; b ’,60 EI
- 0 T ln- : T T 5.55 < > L T I v s 5.55 I;IVA]'r:WlII'I,IX. l'l'l)lll:l:lfilixllllli‘)lllll!l,l'l‘l1
555 560 565 570 575 580 555 560 565 570 575 580 S L
a (A a__ (A
in-plane in-plane
5.85 : 5.85 107 (f) Ge signal (not to scale)
c ' ' Ge,,.Sh
) E, =650 me\] Geo.sssno.m (d) ! 0.86™"0.14 »
— 1580 E, =645 meV ,15.80 £
E=550meV ! P : s 2.0 x 10" cm?
— ; ‘ ; E=520meV 1 -~ B ,
i 15.75 T— i 575 & | e
—_ i ,” - ; Y, MM eI
E,4,=130 meV i L $ ! . e 210" A A ViAW
— v, 1570 o En=150mev ¢ ¢ L5.70 g 8
Em=110mev  |.° § L — : 2 7x10%em? 45 10" cms
s = me 1 5.65 o [+%
Q Ge 585 £ " ¢ Ge © 3
2 o @ < o 3
- 5.60 A2 g L 5.60 10 b
By Y s
Lo ‘ 'E i ‘ ' 555 L0 ' g . 555 n-type doped Ge, 4,Sn, ., 38
555 560 565 570 575 580 555 560 565 570 575 580 310" = i :
8y, tane (A) 8 ne (A) 100 150 200 250
Depth (nm)

Figure 1. GeSn material: (a—d) Asymmetric XRD-RSM scans of GeSn layers with different Sn content as used in this work along the (224) crystal
plane, indicating the shift of GeSn peak toward higher lattice parameters. The cubic line and the pseudomorphic one (PM) are indicated by dashed
lines. The electronic band energies are also given. (e) HR-TEM micrograph of a 300 nm Geg3Sn, ;, layer evidencing the high crystalline quality of
the layer. (f) SIMS profile of n-GeSn layers doped with different concentrations of phosphorus, showing a uniform doping level throughout the full

layer.

and Si-photonics, is their large lattice thermal conductivity of
160 W/(mK) and 60 W/(m-K), respectively, resulting in a
poor thermoelectric figure of merit and, in the best case of
their SiGe alloys, high-temperature (above 800 °C) TE
operation.”> Recently, the GeSn alloy, a new artificially
developed group IV semiconductor," ® which proved to be
extremely promising for monolithic integrated Si-based
optoelectronics, has been proposed as a thermoelectric
material.”'® Alloying atoms with a larger mass difference is a
successful strategy to improve the TE performance as the large
mass fluctuation generates a strong scattering of phonons, thus
suppressing the lattice thermal conductivity. However, the
alloying atoms should best have a small difference of radii to
reduce the perturbations induced in the periodic potential and
not deteriorate the charge carrier transport, which is also a
fundamental requirement for a good TE material. Both these
conditions are fulfilled in the GeSn material system since the
Sn atoms have a mass 70% higher than that of Ge atoms, while
there is only an 18% atomic radius difference between them.
Consequently, the incorporation of only a few percent of Sn
into the Ge lattice can decrease the Ge host lattice thermal
conductivity by more than 1 order of magnitude, to values 200
times lower than that of Si.”'" If one also considers the good
electrical conductivity typical for Si-group semiconductors, this
may potentially lead to good thermoelectric figure of merit and
power factors in the low-temperature range below 100 °C,
required for electronic chips or wearable energy harvester
electronics." '

The group IV elements, Ge and Sn, are already intensely
studied for thermoelectric, but usually in combination with
group VI elements like tellurium and selenium, e.g. SnSe,
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GeTe, GeSe,”>™"° which cannot be integrated into a Si
foundry. On the contrary, the success in epitaxial growth of
GeSn alloys with high crystalline quality already led to the
development of advanced vertical nanowires field effect
transistors,'°™'® CMOS invertors,"'* optically pumped
laser,'”~** electrically pumped laser””** or the fabrication of
efficient photodetectors and infrared imagers.”> Nevertheless,
there are only a few scattered investigations on the thermo-
electric properties of the GeSn material system, both
experimentally and theoretically.' >~

As a step in this direction, in this work, one major
thermoelectric parameter, namely the lattice thermal con-
ductivity K, is investigated for a relatively large set of GeSn/
Ge/Si epitaxial heterostructures featuring Sn contents up to 14
at.%. The emphasis is here put on the electrical experimental
technique, ie., the so-called “3w-method” which is then
compared with an alternative optical method based on micro-
Raman thermometry. The obtained values, phenomenologi-
cally parametrized as a function of Sn content and layer
thickness, are then used to numerically predict the relevant
thermoelectric figures of merit for n-type doped GeSn alloys in
the temperature range of interest, <100 °C. For this purpose, a
multivalley-bipolar Boltzmann transport model is used. The
results highlight the potential of GeSn alloys as a thermo-
electric material for energy conversion at low-grade heat and
body temperature.

B MATERIAL AND DEVICES

The GeSn samples were grown on prime-grade 200 mm
Si(100) wafers in an industry-compatible reduced-pressure
chemical vapor deposition reactor equipped with showerhead

https://doi.org/10.1021/acsaem.4c00275
ACS Appl. Energy Mater. 2024, 7, 4394—4401
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Figure 2. 3w methodology: (a) Schematic of a 3w device and (b) heat wave propagation into the substrate. The sample is heated by driving a 1w
AC current through the metallic stripe. The temperature-dependent resistance of the stripe leads to a voltage drop V3, at the wire edges. (c) Vj,
voltage and (d) temperature variation AT.g, for GeSn layers with different Sn contents showing a typical linear dependence as a function of
log(®). (e) Thermal conductivity versus the SiO, thickness for 350 nm GeggSny ;, layers and different stripe geometries. The insets show the
average thermal conductivity and (f) a zoom into « for various stripe dimensions. (g) The average thermal conductivity for different Ge;gsSng;,
layer thicknesses. The Ge buffer is 300 nm thick in all cases except for the very thick 700 nm GeSn layer where the buffer is a very high crystallinity
1500 nm thick Ge layer. The values obtained by micro-Raman thermometry are marked in green.

technology that ensures uniform gas precursor distribution
over the whole wafer. Due to the large lattice mismatch
between Sn and Si, a Ge buffer layer was grown prior to the
GeSn deposition to improve the crystal quality. Details on the
epitaxy can be found elsewhere.'”*” The Sn content and the
layer thickness were extracted by fitting the Rutherford
backscattering spectra”®* (not shown). The layer thickness
of GeSn alloys of different stoichiometries was between 250
and 300 nm, except for the 12 at.% Sn, where a set of
thicknesses, between 50 and 700 nm, was grown. A set of
asymmetric (224) X-ray diffraction reciprocal space mappings
(XRD-RSM) corresponding to GeSn layers with Sn concen-
tration between 4 at.% and 14 at.% are shown in Figure la—d
as a function of the real space in-plane and out-of-plane lattice
parameters. The GeSn layer peak position shifts to larger
lattice parameters as a result of the incorporation of Sn atoms
into the Ge lattice. The Ge peak is below the cubic line,
meaning that it is slightly tensile strained, typically +0.15% for
thermally treated Ge on Si(100), while the GeSn peaks are
above the cubic line, indicating biaxially compressively strained
material. The residual in-plane compressive strain is caused by
incomplete stress relaxation and amounts to —0.1% for the 4
at.% Sn layer and reaches —0.3% for the 12 and 14 at.% Sn
compositions. The energies of the electronic bands of the
Ge,_,Sn,/Ge buffer including the lattice strain were calculated
using the methodology given in Supporting Information of ref.
21, and are given as insets in Figures la—d. With increasing the
Sn content, the energy of the I'-valleys decreases faster than
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the L-valley energy leading to a transition from indirect to
direct semiconductor,”"** as seen in Figures 1c,d for the cases
of 12 at.% and 14 at.% Sn. The high crystalline quality of the
epitaxial layers is evidenced in Figure le where a high-
resolution transmission electron micrograph (HR-TEM) taken
in the middle of the Ge;ggSny,, layer is shown.

The GeSn layers are not intentionally doped, but the
presence of crystalline point defects, typically vacancies, linked
to the plastic relaxation of the heteroepitaxial strain led to an
electrical p-type behavior with an acceptor-like state density
estimated to be lower than 1—5 X 107 cm™>. For low doping
levels, the calculated carrier thermal conductivity33 K, is <0.01
W/m-K, and thus has a negligible contribution to the total
thermal conductivity Kgeg,= Kjo + Ko Consequently, or in the
case of unintentional doped GeSn layers, the measured thermal
conductivity values Kg.g, are regarded as the lattice thermal
conductivity k. To address the role of doping on the TE
properties, a set of samples was grown under identical
conditions but with different flows of the PH; gas precursor
flux. This codoping process resulted in phosphorus concen-
trations in the 1 X 10'® to 2 X 10" at/cm® range with a
uniform spatial distribution through the layer as measured by
secondary ion mass spectrometry (SIMS) (see Figure 1f). For
such doping levels, the k is becoming larger and cannot be
neglected. The experimentally measured thermal conductivity
is regarded as total thermal conductivity kg,

The thermal lattice conductivity of GeSn epitaxial layers and
its Sn dependence are measured using the differential 3w-

https://doi.org/10.1021/acsaem.4c00275
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for different device stripe geometries.

method.”* To implement this technique, metallic stripes are
formed by standard lithography and lift-off processes on an
insulating SiO, layer deposited on the GeSn samples under
investigation (see Figure 2a, b). The metallic stripes, composed
of S0 nm Cr/250 nm Au, with different lengths (/= 1.0 and 1.5
mm) and widths (w = 10, 15, and 20 pm) are used to generate
heat in the GeSn sample by Joule effect and, at the same time,
as a local thermometer.

The 3w-method exploits the temperature dependence of the
stripe’s electrical resistance to measure the local lattice
temperature. Joule heating takes place by driving an AC
current of frequency @ through the metallic stripe. A heat wave
of frequency 2w is then induced into the sample. The heat
dissipation, and consequently the local temperature variation
AT,,, at the sample top interface depends on the thermal
conductivity and thickness of each layer in the sample stack.
The local sample temperature variation is extracted from the
measured voltage oscillation V3, at frequency 3w, arising due
to frequency mixing of the driving current and the resistivity,
which follows the temperature oscillations. The lattice thermal
conductivity of the GeSn layer is then deduced by fitting this
temperature variation as detailed below. To this aim, the stripe
temperature coefficient of resistance (TCR), a, has been
preliminary measured in the 275—295 K temperature range,
obtaining a value of @ = (2.24—3.01 + 0.05) X 107* K™! as
measured in two different laboratories.

The 3w device design consists of a stripe with a width much
larger than the epilayer thickness, allowing a 1D model
description of the heat transport in this region and the usual
cylindrical heat diffusion in the substrate.”””® In this
theoretical framework, the AT,, in a multilayer structure is
related to the measured V3, and V), signals via the thermal
conductivity «, and layer thickness t, of each n-th layer in the
heterostructure (here the Ge buffer and the GeSn epilayer) by
the following relation:

4397

ATéws /Ge/Si —
esn e a‘/lw
B 1, [ ow? 3 T
= ——=In[— |+ = +y - i~
mlkg,| 2 \2Dg 2 4

tGe tGeSn

A |
l (1a)

where P, is the total electrical input power over the stripe, y is
the Euler constant, kg, = 160 W/(m'K), and Dg; = 8 X 107> m?
s are the thermal conductivity and diffusivity of the Si
substrate, respectively. Using a differential approach based on
separate measurements on Ge/Si and GeSn/Ge/Si hetero-
structures and relying on the above equation, k¢.g, is estimated

usmg
{ }

Note that eqgs 1a, 1b hold provided that the heat flow in the
epilayers can be considered as uniform, meaning that the

conditions t, < w < A and d > A, where 4 = /Dg;/2w is the

thermal wavelength and d is the overall sample thickness, must
be simultaneously satisfied, as is the case here for the frequency
range of 1000—10000 Hz.

WKGe WKGesn

t
20 _ 20 20 _ GeSn
ATGeSn - ATGeSn/Ge/Si - ATGe/Si -

WKGesn

B THERMAL CONDUCTIVITY OF GESN ALLOYS

A set of typical V,, signal amplitudes for GeSn layers with
different Sn content are presented in Figure 2c as a function of
applied AC frequency. The data for the Ge/Si virtual substrate
is used as a reference (0 at.% Sn). As predicted by the model,
V;,, amplitudes show a linear behavior as a function of log(®)
in the frequency region 1000 Hz < w < 10000 Hz. The
corresponding temperature oscillation amplitudes AT,,
induced in the GeSn/Ge samples are shown in Figure 2d. It
is apparent that the temperature of GeSn epilayers increases
with the Sn content, pointing to a significantly lower heat
dissipation through the GeSn material compared to the Ge
reference.

To put our estimation of K¢, on solid ground, different
preliminary measurements were performed. First, the impact of

https://doi.org/10.1021/acsaem.4c00275
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Figure 4. TE parameter modeling. (a) Electronic thermal conductivity k., (b) electrical conductivity o, and (c) the Seebeck coefficient S, as a
function of Sn content for different n-type doping concentrations at 300 K. (d) The charge transport coefficients for different Sn contents for n-type

doping of 1.5 X 10" cm™, indicating the opposite behavior of ¢ and S. (e, f) ZT at a carrier density of 1.5 X 10" cm~

3 versus Sn composition, for

p-type and n-type GeSn alloys at temperatures of (e) 300 K and (f) 600 K.

the SiO, insulating layer thickness on the predicted value of
KGesn 18 investigated. To this aim, a set of devices was fabricated
from the same GeygeSn,,/Ge heterostructure wafer, with
different thicknesses of the SiO, electrical insulating layer (see
Figure 1a, b). The Kg.g, values, obtained from eq 1b are shown
in Figure 2e. As observed, the extracted value of Kz, is
unaffected for an oxide thickness larger than 100 nm, while a
lower thermal conductivity is obtained for the 50 nm SiO,
sample. This is in full agreement with literature reports ref. 35
and is attributed to an anomalously large SiO, interface
thermal resistance. For all further experiments reported here,
the SiO, thickness was chosen to be 200 nm. The data shown
in Figure 2e, f also highlight that upon variation of the lateral
width of the stripe w as well as the length ], stable values of
KGesn are obtained.

The thermal conductivity of Ge,gsSny ;, alloy is constant for
layers with thicknesses in the range of 100—700 nm, for which
the k values are in agreement with previous Raman
thermometry’ data (green area in Figure 2g). This layer
thicknesses are above the critical thickness for strain relaxation,
and the GeyggSny , layers are then highly strain relaxed. At a
thickness of 50 nm, the GeggSny ;, layers are pseudomorphic
grown (lattice matched) on the Ge buffer layer and, as a
consequence, under a very large biaxially compressive strain of
about —1.6%, which may contribute to a lower thermal lattice
conductivity. In addition, Khatami et al.'’ theoretically
predicted a decrease of the thermal conductivity with the
GeSn layer thickness due to a reduction of the phonon mean

free path.
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The lattice thermal conductivity extracted using the 3w-
method for a set of GeSn samples with Sn content varying
between 4 and 14 at.% is plotted in Figure 3. The two sets of
data (blue and red points) represent the same devices
measured in two independent laboratories. Each data point
was obtained by averaging the results from six different devices.
These results will be discussed in-depth later, and here we just
point to the clear and consistent decrease of kg.g, with the Sn
content.

The electrical 3w-method data are compared with literature
reported values’ measured using an optical method, #-Raman
thermometry (green dots in Figure 3a). The thermal
conductivity values of GeSn alloys obtained by both electrical
and optical methods are in good agreement, offering clear
evidence of a significant decrease in thermal conductivity by
alloying Ge with Sn. The trend is commonly observed in
binary alloy materials, e.g, SiGe,*® and is ascribed to large
phonon scattering rates induced by the alloy disorder, resulting
in a “U-shaped” form for kg, versus Ge content, with a large
plateau in the central Ge concentration region.

Differently from pure random SiGe alloys, the 3w-method
indicates slightly increased kg, values for Sn content over 12
at.%, which deviates from the trend discussed above. This
effect is part of the peculiarities of GeSn alloys and is likely
related to the atomic short-range ordering (SRO) at increased
Sn concentration. The SRO was first observed in SiGeSn
alloys®” and recently both theoretically and experimentally in
GeSn alloys.”™*” Two types of SROs coexist in SiGeSn alloys,
as predicted by DFT calculations: E-SRO (Enhanced-SRO)
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and R-SRO (Regular-SRO), with a strong impact on the
electronic band structure.”® For GeSn alloys, there is only one
type of SRO, namely regular SRO, that is shown to effectively
increase the thermal conductivity of GeSn alloys.*’

The rather low measured values of thermal lattice
conductivity indicate the great potential of the GeSn system
for low-heat thermoelectric applications. As already stated
above, the measured thermal conductivity is essentially the
lattice contribution, since for unintentional doping levels <5 X
10'7 cm™ the calculated electron thermal conductivity is at
least 1 order of magnitude lower than the lattice conductivity.
However, in view of TE applications, both the thermal part
Kgesn as well as the electrical part 65 of the figure of merit ZT
= 06S8?/k must be optimized. In this context, a set of GeSn:P
layers has been grown (Figure 1f), and only their measured
total thermal conductivity, shown in Figure 3b, is in the scope
of this manuscript. A slight increase in thermal conductivity, by
~15%, is measured up to carrier densities of 1 X 10" cm™
(inset Figure 3b), above which a significant decrease of kg.g, is
observed. This looks like being in contradiction with the
theory that suggests an increase of k,; with increasing doping
(see Figure 4a). Actually, this behavior is related to an increase
of the phonon scattering, as has been reported for different
material systems.”"** Indeed, in some large bandgap 11—V
semiconductors the room-temperature thermal conductivity
decreases with the logarithm of the carrier density.** In group
IV at large doping levels, the activation rate of the dopants
varies between 50% and 70%,*** leading to a large number of
impurities that are not active electrically and do not contribute
to the expected increase of the electron lattice thermal
conductivity. The activated dopants, according to recent
experiments, may also enhance the electron—phonon scatter-
ing," leading to an overall lower thermal conductivity. The
above results indicate that an optimum doping concentration
has to be found between the negative influence on the thermal
conductivity and the positive influence on the electrical
properties of the GeSn alloys.

B THERMOELECTRIC PARAMETERS MODELING

Combining the measured values of thermal conductivity with
theoretical predictions of the electronic transport properties,
the figure of merit ZT and the optimum Sn content range for
p- and n-type-doped Ge,_,Sn, alloys can be estimated. To this
aim numerical simulations based on the Boltzmann transport
equation,*™*”*® exploring the parameter space spanned by
doping, Sn concentration, and lattice temperature were
performed. To capture the impact of the intervalley scattering
process occurring in the conduction band of this quasi-direct
material, the carrier occupancy of the lowest minimum in the
conduction band and of the other Brillouin-zone minima close
in energy, as well as the related intervalley scattering events
have been taken into account. The scattering mechanisms
included were (i) electron—phonon coupling with acoustic and
optical lattice excitations; (ii) the Coulomb scattering induced
by charged impurities; (iii) scattering on neutral, point-like
defects; and (iv) alloy disorder scattering.

The core of the simulation results is presented in Figure 4,
where for n- and p-type GeSn alloys the Sn content
dependences of the electron thermal conductivity k, electrical
conductivity o, and Seebeck coeflicient S, are shown for
different doping levels and lattice temperatures. Figure 4b, c
indicates that in n-type GeSn ¢ and S feature opposite trends
upon varying the Sn content and the doping concentration,

resulting in a maximum ZT. Indeed, ZT values initially increase
with Sn content, driven by the improvement in o, but with
further increase in Sn content ¢ boost flattens and S decreases,
leading to the peak in ZT observed in Figure 4d for a fixed and
illustrative value of carrier density. This behavior is driven by
the relative charge carrier occupation of the L and I'
conduction valleys. In the high-Sn content region, due to the
small DOS of the I'-valley, the Fermi level energy shifts up into
the conduction band, therefore reducing the Seebeck
coeflicient which overcompensates the increase in electrical
conductivity. On the other hand, in the low-Sn content range
where the bottom of the conduction band is at the L point, it is
just the dynamics of & which dominates the positive ZT trend.
This results in the peak-like trend in ZT observed in Figure 4d.

This effect is not observed in p-type materials, where the
hole occupancy at the top of the broad valence band maximum
depends only slightly on the doping concentration. In this case,
ZT increases monotonically as a function of the Sn content,
driven by the reduction of the lattice conductivity, as can be
observed in Figures 4e, f for a p-GeSn atom with the same
carrier concentration and at two different temperatures. The
plots indicate that large ZT values can be obtained for GeSn
layers with Sn contents of 10—12 at.% at 1—1.5 X 10" cm™
doping, and such layers can be epitaxially grown with the
required high crystalline quality,'”'® making the group IV
alloys ready for testing for TE device applications.

B CONCLUSIONS

The thermal conductivity of GeSn alloys was measured for a
large range of material parameters such as stoichiometry, layer
thickness, and doping. The data show that Sn incorporation
leads to bulk thermal conductivities ~30 times lower than that
of Si and 10 times lower than that of Ge. The GeSn alloys with
Sn content of 12 at.% with thicknesses between 100 and 700
nm show a constant thermal conductivity, as low as S W/(m-
K). These data clearly indicate that the k reduction obtained
by alloying Ge and Sn boosts the TE performance of GeSn
alloys above that of other CMOS and MEMS compatible
materials, namely SiGe alloys or tensile strained Ge when
operated at low temperatures. Large ZT values for n-type GeSn
samples can be obtained by optimizing the phosphorus
concentration to epitaxially achievable values. The presented
data indicate that GeSn alloys represent a very viable
alternative to other IV—VI semiconductors, traditionally used
for TE applications, due to their nontoxicity, abundance, and
compatibility with the CMOS standard. Furthermore, this
compatibility adds another major advantage: scalability and
miniaturization, which is not achievable by leveraging conven-
tional thermoelectric materials.
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