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Large-scale-applicable thermoelectric materials should be both self-sustaining, in order to survive long-
term duty cycles, and nonpolluting. Among all classes of known thermoelectric materials, these criteria
reduce the available candidate pool, leaving silicon as one of the remaining options. Here we first review
the thermoelectric properties of various silicon-related materials with respect to their morphologies and
microstructures. We then report the thermoelectric properties of silicon sawing wastes recycled from
silicon wafer manufacturing. We obtain a high power factor of ~32 pWcm ™K 2 at 1273 K with 6%
phosphorus substitution in the Si crystal, a value comparable to that of phosphorus-doped silicon-
germanium alloys. Our work suggests the large-scale thermoelectric applicability of recycled silicon that
would otherwise contribute to the millions of tons of industrial waste produced by the semiconductor
industry.
© 2018 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction: thermoelectric, zT, and power factor

The concepts of the smart electric grid and distributed energy
resources require supplying power to customers in a clean, efficient,
and tailored fashion, along with partial replacement of the
centralized grid. Great challenges must be overcome to realize such
innovations. For example, the availability of clean energy from
multiple sources such as solar, wind, geothermal, etc. is restricted
by natural conditions such as nighttime, wind inconsistency, and
reservoir depletion. Although assisting technologies such as
supercapacitors, phase change materials, and advanced batteries
can be installed to mitigate the instability of the power supply,
these clean energy technologies still cannot compete with the
central grid in terms of reliability and stability. Additionally, in
remote areas such as the polar regions, deserts, isolated islands, and
tropical rainforests that the central power grid cannot reach and
where infrastructure construction is difficult, long-term reliable
and maintenance-free power generation is highly desired.

Thermoelectric (TE) generators (TEGs) have proven their reli-
ability in generating power. When used in conjunction with an
operating device, they can convert some of its wasted heat into
electricity, thereby improving its efficiency, and reducing its fuel
consumption. In comparison to other candidate techniques for
waste-heat recovery, such as organic Rankine cycles [1,2] or ther-
mogalvanics [3,4], TE devices are unique due to their solid-state
nature. They are reliable, noiseless, scalable, and maintenance-
free. As a practical application, radioisotope thermoelectric gener-
ators (RTGs) have powered space missions for decades without a
single failure, which demonstrates the extraordinary reliability of
TEGs in power generation. The drawback of the TEG is its relatively
low efficiency due to the limited performance of TE materials and
high material costs. Therefore, it is crucial to boost the performance
of TE materials or to significantly reduce their costs.

For an ideal TE device in which the heat can be supplied and
removed effectively and with negligible contact losses, the heat-to-
power conversion efficiency () can be expressed as

n_TH—TC V1+2T -1
Th  V1+2T+f
where ZT is the average TE figure of merit (zT) between the hot-side

temperature (Ty) and the cold-side temperature (T¢) of a TE ma-
terial, and is defined as

(1)

PF

PF :52/p (3)
K = K[ + Ke + Kpjp (4)

where PF, T, k, S, p, k1, ke, and kp; are the power factor, absolute
temperature, total thermal conductivity, Seebeck coefficient, elec-
trical resistivity, lattice thermal conductivity, electronic thermal

conductivity, and bipolar thermal conductivity, respectively.
Consequently, a higher zT corresponds to higher conversion
efficiency.

Despite the recent developments in TE materials research,
however, commercially available TE devices are still based on a
limited material set, mostly the Bi;Te; compounds [5]. Therefore,
TE applications are currently restricted to niche markets where the
need for reliability outweighs the need for conversion efficiency. To
realize further zT improvement, approaches are necessary to sup-
press the thermal conductivity (x), especially the lattice thermal
conductivity (k;), or to boost the power factor (PF). In the past
decade, zT enhancement has been mainly achieved by suppressing
the x; using methods such as point defect scattering, nano-
structuring, and lattice anharmonicity [6—10]. However, the low «
often originates as the result of weak chemical bonding, and
therefore the mechanical strength of many TE materials is an
inherent aspect to be considered. Moreover, the thermal conduc-
tivity of many TE materials is already approaching the amorphous
limits, so its further suppression seems unrealistic.

In comparison to the reduction of phonon thermal conductivity,
improving zT by boosting the PF has not been widely studied
[11—15]. Unlike the approach of lowering thermal conductivity,
increasing PF yields no adverse effects. The output power density w,
which is as important as zT, is determined by the average PF as

2
(TH _ TC) PF

4] )

W =
where [ is the leg length. The importance of high PF was recently
experimentally confirmed in half-Heusler compounds, where
output power density of ~22 W cm~2 has been realized [14,16].

In recent years, there have been reports of significant im-
provements in the zT values of a variety of TE materials such as
BiyTes [8,17—22], Skutterudites [23—28], IV-VI compounds [29—40],
half-Heuslers [41-51], Mgy(Si,Ge,Sn) [13,52—55], Zintl phases
[15,56—65], MgAgSb [66—72], AgSbTe, [9,73,74], Liquid-like mate-
rials [75—78], etc., as summarized in Fig. 1a and b. Peak zT exceeding
2 and average zT exceeding 1 have been frequently reported. On the
other hand, the applicability of many TE materials, such as SnSe, is
limited due to the low PF values, as shown in Fig. 1c and d. The
successful combination of both high PF and high zT has been real-
ized in only a limited number of material systems, such as half-
Heuslers, SiGe alloys, Skutterudites, Bi;Tes, and GeTe compounds.
However, the applicability of these materials is further restricted by
factors such as the chemical stability of the compounds, as well as
the scarcity of the related elements (Hf, Bi, Te). Based on these
considerations, the half-Heusler and SiGe alloys would be the first-
choice candidates for possible power generation applications at
mid-to-high temperatures.

Meanwhile silicon (Si), the second-most abundant element in
the earth's crust, shows impressive potential for being an appli-
cable TE material because of its low price, excellent chemical and
mechanical stability, non-toxicity, and high industrial compati-
bility. As a widely studied semiconductor, both n- and p-type
properties have been realized in Si, which greatly facilitates the



R. He et al. / Journal of Materiomics 5 (2019) 15—33 17

3.5 T T T T T
a) |
3.0 —=—BiTe, 1
—o—HH
257 Mg, (Ge.Sn) |
~ 20 —'—gPTe
N I
15} -
e
10} = ]
0.5+ 4
n-type |
0.0 _ vp
200 1000 1200
C) 100 | Si ot * —=BiTe,
e g:(ie /, o— HH |
qf" 80 | o SnSe /‘_" Mg,(Ge,Sn)_
X prd —v— PbTe
T el —e—CuNi |
£ o ' —%— Zintl
o /" o Ty
; 40 - 1
2
Ww 20 4
Q o
998 9_ {
ol ert oottt 1
n-type
i L 1L L 1 L J
200 400 600 800 1000 1200

T (K)

3.5

—<4—SiGe A ' '
b) Sl MoAGSb  _a—pi,Te,
3.0 & Encio v— PbTe HH ;
GeTe .
2.5 —*—Zintl . |
o AgSbTe, % fl’ -
: 2,09 CuSe ,,1 py 4 i
| " ) "’fo ' |
1.5 .- @ ;j . - . o®
1.0f S el
o /.,./ ‘ /"*,/ e oy *_‘_¢4
- ’,,*’_.—.’/ -
051 A e S 1
"4 ga’
0.0 1 L L p-tyxpe
200 400 600 800 1000 1200
T (K)
d) 100} *, —=—Bi,Te,
] —e—HH
& 80l Sku t MgAgSh |
Y —e—SnSe —y—PbTe
\y 60 —&—Zintl ‘ G'eTe
£ " —e—AgSbTe, e —4SiGe |
; a0l O CuSe e
& P daiaten oo = 3
W 20 o M . 4 4 ¢tHttteq
o Emib e
L e d
¢ *  petype
200 400 600 800 1000 1200

T (K)

Fig.1. Comparisons of a-b) zT and c-d) power factors of selected a,c) n-type and b,d) p-type TE materials above room temperature. N-type: repressed BiyTe; 7Seq 3 [20], CusgNiszMny
[81], Mg2Sng 75Geg 25 [53], Si [79], 0.2%Co/Bag 3Ing 3C04Sby; [Skutterudite (Sku)] [27], Mg31C00.1Sb1.5Big.49Teo 01 (Zintl) [58], Hfg 5Zro sNiSng.99Sbo o1 [half-Heusler (HH)] [82], PbTe-4%
InSb [83], SnSe-Bi [84], and SigoGe,oP, [85]. P-type: AgSbTe, [74], liquid-phase-sintered Big5SbysTes [19], Cuq.945€0.5S0.5 [75], GeogsPbo1Bio.04Te [33], Nby (Hf, Ti)xFeSb (HH) [14,48],
SnSe [35], Mgo.goLio.01Ag0.97Sbo.gg [69], PbTe-SrTe [86], LagsTio1Gao1Fes3C00.7Sb1z [25], Eup2Ybo2CaosMgaBiz (Zintl) [56], and SigoGezoBs [87].

engineering process in building TE devices. In terms of TE proper-
ties, excellent PFs of ~50 yW cm™~! K~2 were realized with phos-
phorus (P)-doping in a wide temperature range from 500 to 900 °C
[79], as shown in Fig. 1c. Such PF is much higher than that of many
other good TE materials. However, single-crystalline Si is barely
considered as a promising TE material due to its high thermal
conductivity (k) of ~150 W m~'K~! at 300K [80]. Suppressing the
thermal conductivity of Si is of utmost importance to enhance its TE
performance, and, as will be discussed below, this has been realized
through approaches such as Ge-substitution, nano-bulk struc-
turing, low dimensionality, etc.

In the 1990s, the concept of nanostructuring was proposed by
Dresselhaus and Hicks [88,89], and has subsequently achieved
continued great success in the TE field up until now. The nano-
structuring concept has mainly two branches. The first is utilizing
the quantum confinement effect, where the electronic density of
states can be adjusted to enhance PF [90]. The confined interfaces
present individual scattering behavior to electrons and phonons,
thus allowing at least partial decoupling of the transport of both.
The second is constructing nano-bulk structures so that the bulk
material contains nano-sized structures that can impede phonon
transport [79,91]. By applying the first approach, Si nanowires
showed ultrahigh zT values of ~1 at a relatively low temperature of
~200 K—300 K [92,93]. Such high values of zT were mainly achieved
through a substantial suppression of k by two orders of magnitude
with intensified phonon scattering from the nanowire boundaries.
On the other hand, nano-bulk structures also showed the potential
to intensify the phonon scattering, with an improved zT value of
~0.7 reported in nano-bulk-structured n-type Si at ~1200K [94].

These studies not only demonstrate the effectiveness of phonon
scattering, but have also greatly encouraged the TE community to
apply the nanostructure concepts to further enhance the perfor-
mance of TE materials.

In this article, we dedicate section 2 to summarizing the TE
performance of Si-related materials. Approaches such as Ge alloy-
ing, nano-bulk structuring, modulation doping, and dimension
manipulation, as well as the corresponding effects, especially those
for phonon impeding, will be discussed in detail. This review will
mainly focus on the experimental results, and theoretical discus-
sion will be introduced only when necessary. In section 3, we
discuss the TE performance of recycled Si obtained from the wire
sawing waste from the production of single-crystalline silicon
wafers. A high PF of ~32 pW cm~! K2 is realized through heavy P—
doping, and a peak zT value of ~0.33 is obtained at 1273 K. We
highlight the promising potential of recycled Si for TE applications
at high temperatures considering the thermal stability, high
abundance, and very low cost of the source material.

2. TE properties of Si-related materials
2.1. Alloying with Ge

Although the pure elemental Si and Ge single crystals possess
high thermal conductivity, as shown in Fig. 2a, SiGe alloys show
strong effects in impeding phonon transport. Typically, these alloys
were prepared by zone leveling in the 1960s [95—97], and have
been prepared by hot pressing (HP) beginning in the 1970s due to
the simplicity and time effectiveness of the method [98—103]. The
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prepared samples are polycrystalline with grain size on the order of
millimeters to centimeters. Fig. 2b shows the thermal conductivity
of Si;_xGey alloys prepared by such an approach. A huge suppres-
sion of thermal conductivity was obtained with a Ge concentration
up to 30%. Further substitution of Ge does not yield a significant
change in thermal conductivity until x>70%, when the thermal
conductivity increases again. Klemens [104] and Abeles [105]
concluded that the dramatic decrease of the lattice thermal con-
ductivity originates from the mass fluctuation between Si and Ge,
as well as from an increased anharmonicity of phonon-phonon
interaction due to the alloying effect.

The suppressed thermal conductivity in SiGe alloys suggests
great beneficial effects in boosting the TE performance. N— and p-
type properties of SiGe alloys could be realized by doping with
elements such as phosphorus (P) and boron (B), respectively. The
typical TE properties for both types of SiggGe,g alloys are shown in
Fig. 3 [103]. As shown by Dismukes et al., doping not only increases
the number of carriers, but also intensifies phonon scattering
through electron-phonon interaction [95]. Such an effect was also
calculated from first-principles in Si by Liao et al. [106]. Peak zT
values reaching ~0.65 and ~1 in p- and n-type SigoGeyo, respec-
tively, were repeatedly realized at 900°C—950°C in different
studies [95,102,103,105,107—110]. Additionally, in another compo-
sition, SigsGe1s, with less Ge content, peak zT values of ~0.74 and ~1
were realized in p- and n-type alloys at ~1200K [95,111,112].

2.2. Nano-bulk structure

2.2.1. Nano-bulk structure in SiGe alloys

We previously mentioned three mechanisms for blocking
phonon transport: anharmonic phonon-phonon scattering, point-
defect scattering, and electron-phonon interaction. However, the
thermal conductivity values of SiGe alloys (~4 Wm~! K~!) remain
much higher than the amorphous limit of ~1Wm~!K~! reported
by Cahill and Pohl [113]. Further thermal conductivity suppression
requires additional scattering centers, such as grain boundaries. In
fact, the strategy of boundary scattering to impede phonon trans-
port trace back to Goldsmid and Penn [114], and the first experi-
mental evidence was provided by Rowe et al. who sintered n-type
Sig35Gese.s with a similar carrier concentration (1 x 102°cm—3) and
high density above 98%, but with different grain sizes varying from
less than 5 um—25 pm [102]. The sintered alloys with grain sizes of
less than 5 pm possess decreased lattice thermal conductivity of

28% at 300 K compared to the zone-leveled materials. An exhaus-
tive study was subsequently performed by Vining et al., in which 28
SigoGeoo samples that were heavily doped with either P or B were
synthesized with grain sizes varying between 1 pm and 100 pm
[103]. The phonon thermal conductivity showed a drop as large as
~37% in the sample with the smallest grains in comparison with the
zone-leveled sample. However, the zT did not increase accordingly
due to the simultaneously enhanced scattering of charge carriers.

Thus it seemed that grain-size reduction is not beneficial to the
TE performance of SiGe alloys. However, in 2008, Wang et al. and
Joshi et al. reported substantial improvement in TE performance of
the n- and p-type SigoGeyo alloys, respectively, by constructing
nanocrystalline-structured bulk (nano-bulk structure) materials in
which the grain sizes were decreased down to the sub-micron level
[85,87]. In a typical experiment, the elemental Si, Ge, and dopant (B
or P) were weighed according to stoichiometry, and then a high-
energy ball milling process was applied to the elements to syn-
thesize the alloy powders as well as to decrease the grain size. As
shown in Fig. 4, the synthesized powders are single-phase with
typical grain sizes of less than 20 nm [87]. Subsequently, the ball-
milled powder was sintered in a quick hot-press process, usually
at 950—1200°C and under 60—80 MPa for 2—5 min. The sintered
composites have a grain size of ~20 nm, as shown in Fig. 5a and b.
Moreover, the nanograins of the sintered samples are highly crys-
talline, randomly oriented, and closely packed, and have very clean
boundaries (Fig. 5c and d).

Fig. 3 shows the TE properties of both types of nano-bulk
SiggGeyo alloys. The nano-bulk structure only slightly affects the
resistivity (Fig. 3a) and the Seebeck coefficient (Fig. 3b), while it
greatly suppresses the thermal conductivity (Fig. 3c). Thus the zT
values of these alloys are significantly improved, with peak values
reaching 1.3 and 1.0 for n-type and p-type materials, respectively
(Fig. 3d). In comparison to the bulk SiggGeyo alloy, the relative
enhancement reaches 30% and 70% for n- and p-type materials,
respectively.

It was proposed that the suppressed thermal conductivity in
nano-bulk structured SiGe alloys emerges from the difference in
the mean-free path between electrons (~1—10 nm) and phonons
(~1—10 pm) [108]. Therefore, the grain boundaries are expected to
strongly scatter the phonon transport while only slightly impeding
the electron transport. This explanation sounds plausible, but it
does not match the results obtained by Vining et al., who found that
the grain boundary scatters electrons to the same extent that it
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Fig. 3. Typical thermoelectric properties, a) resistivity, b) Seebeck coefficient, c) thermal conductivity, and d) zT, of typical n- and p-type bulk and nano-bulk SigoGe,q [85,87,103].

scatters phonons, even though the grain sizes are much larger
(5 um and above) than the electron mean-free path [103]. Instead of
treating the boundary region as inertial to electron transport, we
suggest that it is more reasonable to consider the boundaries as
transport channels for charge carriers. Therefore, the increased
number of transport channels for the charge carriers may
compensate for the stronger boundary scattering when grain sizes
are small enough, i.e. the surface-to-volume ratio is larger. Indeed,
boundary charge transport is widely known in Si [115]. However,
further investigation is required to experimentally analyze such
trade-offs.

2.2.2. Nano-bulk structure in Si

Even without alloying Si with Ge, the nano-bulk concept alone
boosts the TE performance of elemental Si. Bux et al. experimen-
tally synthesized Si with phosphorus (P) doping through high en-
ergy ball milling and sintering [94]. Powders with grain size of
~20nm were obtained. The subsequent sintering increased the
grain size to ~50—100nm, while nanocrystalline domains of
10—20 nm were still present. As a result, the lattice thermal con-
ductivity was significantly suppressed to 6.2 W m~!K~! at room
temperature, and to 3Wm~ 'K~ at 1200K. The suppression of
lattice thermal conductivity is remarkable in comparison to the Si
single crystal (150 W m~! K~! at room temperature). As shown in
Fig. 6, the low lattice thermal conductivity leads to a high zT value
of 0.7 at 1200 K. A similar high zT of 0.6 was obtained at 1125 K with

6% P substitution in Si by Zhu et al. [116]. It should be noted that it
was predicted that maximum zT values of nearly 1.0 could be
achieved if the grain size could be further reduced to 10 nm [117].
Considering the high price of Ge, further reducing the grain size of
nanocrystalline Si to enhance its TE performance deserves
investigation.

Although milled Si material exhibits good TE performance, the
milling process route has some drawbacks such as the potential risk
for unwanted incorporation of impurities and a limit due to the
lowest achievable particle size. As an alternative method,
Schierning et al. used the gas-phase process to obtain nano-sized Si
powders [120—122]. The schematics of the gas-phase synthesis are
shown in Fig. 7. This bottom-up technique is an economical way to
manufacture nanocrystalline powders without the intermediate
steps of milling a bulk material. Most importantly, gas-phase syn-
thesis has the advantages of controllable particle sizes from a few
nm up to the pm size, as well as homogeneous doping within a very
broad range during the synthesis. It thus opens the way for direct
synthesis of materials with an optimized composition and size with
respect to their TE properties. An upscaling of the applied gas phase
synthesis for industrial processes has already been demonstrated,
with nanopowder output on the order of kgs per day [123].

The as-prepared Si nanopowders were further processed by
using a spark plasma sintering (SPS) machine. A peak zT of 0.5 was
obtained at 950 °C for a sample sintered at 1060 °C with a mean
crystalline size of 46 nm [120]. Similar results were reported by
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Claudio et al., who found that the sintered sample preserved the
nanocrystalline character with grain size varying between 48 and
264nm from TEM observation [118]. The samples present a
significantly decreased lattice thermal conductivity to
25Wm~!'K~!, which, in combination with a very high carrier
mobility, resulted in a zT with a competitive value that peaks at zT
~0.57 at 973 °C.

For the p-type counterpart, Kessler et al. produced boron-doped
silicon nanoparticles by a continuous gas-phase process and com-
pacted the nanoparticles into nanocomposites by SPS sintering. The
maximum zT value of the p-type Si nanocomposites is ~0.3 at
700 °C with an average crystalline size between 40 and 80 nm [119].
The zTs of nano-bulk Si from several studies are summarized in
Fig. 6.

2.3. Modulation doping

High-performance thermoelectric materials, including SiGe

alloys, are usually heavily doped semiconductors in which guest
atoms replace the atoms of the base compound, change the carrier
concentration, and therefore tune the TE performance. However,
the ionization of dopant atoms yields the ionized centers, which
inevitably scatter electrons so that the carrier mobility is sup-
pressed. This disadvantage can be overcome by the concept of
modulation doping. Modulation doping has been widely used in
thin-film semiconductors that separate the charge carriers from the
ionized dopants to reduce the charge scattering and to increase the
carrier mobility. This ultimately leads to an increased electrical
conductivity [124]. Zebarjadi et al. and Yu et al. introduced the
concept to three-dimensional bulk SiGe alloys and improved their
power factor as well as their figure of merit [125,126]. As sche-
matically shown in Fig. 8, modulation-doped samples are made
from two types of nanograins (a two-phase composite), where
dopants are incorporated into only one type. Band engineering
allows charge carriers to be separated from their parent grains and
moved into the undoped grains, which results in enhanced mobility
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Fig. 5. Transmission electron microscopy (TEM) images of the typical dc hot-pressed
nanostructured dense bulk samples at (a) low, (b) medium, and (c,d) high magnifi-
cations [87]. Reprinted with permission from Giri Joshi et al., Nano Lett., Vol. 8, No. 12,
2008. Copyright 2008 American Chemical Society.
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Fig. 6. Comparison of zT as a function of temperature for different Si materials. The zT
of single-crystalline n-type Si is also plotted for comparison [94,116,118—120].

of the carriers in comparison to uniform doping due to a reduction
of ionized impurity scattering.

Comparisons of the electrical conductivity, the Seebeck coeffi-
cient, and the power factor of the modulation-doped and the
equivalent uniformly doped SiGe alloys are shown in Fig. 9 for both
n-type (a, b, and c) and p-type (d, e, and f) compounds [125]. The
corresponding compositions are (SigoGe20)s0(Si100P3)20,
Sig4Ge16Pos, (SigoGe20)70(Si100Bs)30, and SigsGei4B15 for n-type
modulation doping, n-type uniform doping, p-type modulation
doping, and p-type uniform doping, respectively. Clearly, the elec-
trical conductivity of modulation-doped compounds is significantly
higher than that of the uniformly doped ones (Fig. 9a and d). As
reported by Zebarjadi et al., the increase in electrical conductivity
originates from an enhanced carrier mobility [125]. Although the
Seebeck coefficient drops slightly with modulation doping (Fig. 9b
and e), the power factor still increases, which is clearly due to the

overcompensation from the increased electrical conductivity
(Fig. 9c and f). However, in the study by Zebarjadi et al,
modulation-doped compounds also possess higher thermal con-
ductivity with pure Si being employed as the matrix [125]. There-
fore, the overall zT did not enhance significantly [125]. In another
study by Yu et al., the alloy SizoGes, rather than Si, was employed
as the doped compound and SigsGes as the matrix [126]. This
combination is effective in both improving the power factor as well
as suppressing the thermal conductivity. The zT is thus enhanced
from 1.0 to 1.3 at 900°C in comparison to the uniformly doped
Sigs25Ge13.75P105  and  modulation-doped  (SigsGes)o.65(Sizo-
GesgP3)o.35 that have identical elemental constitution.

2.4. Low-dimensional Si

The strategy of using low dimensionality to enhance the TE
performance was theoretically initiated by Hicks and Dresselhaus
[88,89]. Soon afterward, concepts such as carrier pocket engineer-
ing [127,128], energy filtering [129], and the semimetal-
semiconductor transition [130] were realized in material systems
such as SiGe, PbTe, and Bi, and the beneficial effects were experi-
mentally observed. These reports stimulated great interest in the
study of TE performance of low-dimensional materials. Various
nano structures of silicon have been realized and their TE proper-
ties have been studied, including nanowires, nanolayers, phononic
structures, etc.

2.4.1. Si nanowire

In 2008, Hochbaum et al. and Boukai et al. reported high zT
values of ~0.6 and ~1 at 300K and 200K, respectively, in silicon
nanowires [92,93]. These enhanced zT values mainly originate from
a huge suppression of k by ~2 orders of magnitude with a low value
reaching ~1 Wm~! K~! at 200—250 K, which is even lower than the
amorphous limit of Si [131]. The mechanisms for such reductions in
k were not fully understood, but possible reasons were proposed,
including 1) increased boundary scattering, 2) an altered phonon
dispersion relation, and 3) quantization of phonon transport due to
the decreased characteristic sizes [132]. It should be noted that
these exceptionally low thermal conductivity values were also the
subject of a critical discussion in the TE community [133]. To un-
derstand the underlying mechanisms, Li et al. measured the ther-
mal conductivity of Si nanowires with diameters from 22 to 115 nm.
They found that between 20 and 60K, the exponent of the tem-
perature dependence in « changed from ~T° for thick nanowires
to~T! for thin nanowires [132]. The x~T? relation in thick nano-
wires suggests a dominant role for boundary scattering in phonon
transport, such that the thermal conductivity follows the temper-
ature dependence of the specific heat. However, the observed k~T'
relation in nanowires as thin as 22 nm suggests that other scat-
tering mechanisms dominate. The k~T' relation was theoretically
reproduced by Chen et al. by incorporating the frequency-
dependent phonon-boundary scattering that originates from the
surface roughness [134]. In addition, a variety of models and sim-
ulations were subsequently built to rationalize the experimental
data, yielding a general consensus that surface roughness in-
fluences the conduction of phonons [135—143].

While these theoretical investigations shed light on the
roughness-dependent « of Si nanowires, the final experimental
evidence was provided by Lim et al., who quantified the effects of
surface roughness on phonon transport using TEM observations
[144]. Lim et al. drew the following conclusions: 1) the root-mean-
square of surface roughness exhibits a more pronounced impact on
the thermal conductivity than the diameter, and 2) the thermal
conductivity clearly shows a variation trend with a parameter ag,
which is obtained from a power law behavior of the roughness
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Fig. 7. a) Sketch of the gas-phase synthesis for doped silicon nanoparticles. The precursors silane (SiH4) and phosphine (PH3;) decompose within a microwave-induced Ar/H,
plasma. The shape of the nanoparticles can be tailored by parameters such as gas pressure, flow rates, microwave energy, and chemical composition of the gas mixture [120]. b)
Photograph of the reactor in operation. It should be noted that the plasma itself can hardly be seen (purple luminescence at the bottom), and that the bright glow originates from
the hot nanoparticles leaving the plasma zone and cooling down rapidly [122]. Reprinted from Nils Petermann et al., J. Phys. D: Appl. Phys. 44 (2011) 174034, with the permission of

IOP Publishing Ltd.
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Fig. 8. Schematics of modulation doping [112].

power spectrum by Fourier transformation of the spatial correla-
tion function [144].

Despite the feasibility of suppressing the thermal conductivity,
it is challenging to translate the Si nanowires into applicable TE
devices without the growth of large-area Si nanowire arrays. In
recent years Si nanowire arrays (SNA) were successfully synthe-
sized and the TE performance was studied [145—150]. Zhang et al.
synthesized boron-doped Si nanowire arrays with an area of
30 x 30 mm? using a simple metal-assisted chemical etching
method with controllable morphologies such as lengths, porosities,
and heterogeneous diameters [151]. The TE properties of the SNA-
Si-SNA sandwich-structured composites were measured at room
temperature and zT values for the corresponding porous Si nano-
wire arrays were obtained. The results suggested beneficial effects
from the increased nanowire porosity such as enhancing the See-
beck coefficient and reducing the thermal conductivity to

1.68Wm 'K 1. As a result, a high zT of ~0.5 at 300 K was obtained
[151], which is a promising result with regard to the applicability of
Si nanowire arrays.

2.4.2. Si nanolayer

In comparison to the measurement of thermal conductivity of Si
nanowires that can be realized through suspending the wires with
micro-fabricated microstructures [93,132], measurements of ther-
mal conductivity of Si nanolayers require different techniques such
as Raman spectroscopy [152,153], time-domain thermoreflectance
(TDTR) [154], frequency-domain thermoreflectance (FDTR) [155],
and thermal transient grating (TTG) [156]. Similar to the results in
Si nanowire, the thermal conductivity of Si nanolayer/film/mem-
brane follows a general trend: the thinner the layer, the lower the
thermal conductivity and the higher the zT [157—160]. Single-
crystalline Si shows room-temperature thermal conductivities of
75Wm 'K 1 22Wm 'K ! and 9W m~! K1 at layer thickness of
74 nm, 20 nm, and 9 nm, respectively [161—163]. In polycrystalline
Si nanolayers, the suppression of thermal conductivity was also
observed. Zhou et al. showed a suppressed thermal conductivity of
12Wm 'K! in a poly-Si nanolayer with 52 nm thickness [157],
and zT values of 0.067 and 0.024 were obtained at room tempera-
ture with n- and p-type doping, respectively. In comparison, the
poly-Si layers with a thickness of 0.5 um and above possess a zT of
~0.02 and ~0.01 in n- and p-type compounds, respectively
[157,164,165].

Bennett and co-authors proposed another strategy to enhance
the thermoelectric performance of Si nanolayers [166]. In their
work, dislocation loops and extended crystallographic defects were
introduced in p-type Si nanolayers through ion-implantation.
These defects yield reductions in electrical conductivity, carrier
concentration, and carrier mobility. However, the Seebeck coeffi-
cient increases dramatically, possibly due to the energy filtering
effect caused by the defects. As a result, an improved power factor
of ~66 yW cm~' K2 was obtained at 300K, which is 70% higher
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Fig. 9. Temperature dependence of thermoelectric properties of n-type (a, b, and c¢) and p-type (d, e, and f) modulation-doped and uniformly doped SiGe alloys. a) and d), electrical
conductivity; b) and e), Seebeck coefficient; and c) and f), power factor. The corresponding compositions for n-type modulation doping, n-type uniform doping, p-type modulation
doping, and p-type uniform doping are (SigoGe20)so(Si100P3)20, SigaGe16Po.s, (SisoGe20)70(Si100Bs)30, and SigeGe14B1s, respectively.

than that of bulk silicon [ 166]. Notably, this strategy of power-factor
enhancement has the potential to be employed for bulk Si materials
if the high-density dislocations can be introduced.

2.4.3. Phononic structure

Along with nanowires and nanolayers, the phononic structure of
Si also shows non-trivial TE performance. A few research groups
have studied the thermal conductivity of Si with phononic nano-
mesh structures, which can essentially be considered as acoustic
metamaterials [167—171]. In general, materials with phononic
structures show lower thermal conductivities, as one would expect
from Boltzmann transport equations, including solely the boundary
scattering. For example, Tang et al. synthesized holey Si from Si
membranes by either nanosphere or block-copolymer lithography
with different pitches of hexagonal holey patterns down to 55 nm
[171]. They demonstrated a phonon-glass behavior with great
suppression of the thermal conductivity to as low as
114 W m~' K~ !in 55 nm pitch holey Si at room temperature and, as
a result, zT of ~0.4 was realized at room temperature. According to
Dechaumphai and Chen, the unusual reduction of thermal con-
ductivity can be understood by treating phonons with a mean-free
path smaller than the characteristic size of phononic crystals as
particles, whereas phonons with a mean-free path larger that the
characteristic size of phononic crystals are treated as waves [172].
Subsequently, phonons with short wavelengths were analyzed by
using the Boltzmann transport equation incorporating the bound-
ary scattering, while long wavelength phonons are affected by the
zone-folding effects. This model successfully reproduced the
experimental results and thus highlighted the importance of the
zone-folding effect on thermal transport in phononic crystals,
which is essentially related to the periodicity of the micro
patterning.

Instead of nanomesh structures that periodically remove a part
of the Si membrane, effects of additive patterning were also studied
on the phonon transport. For example, Davis and Hussein calcu-
lated the phonon dispersion relation and thermal conductivity of Si

thin films with and without periodic pillar extrusions [173].
Although the number of phonon modes increases with the added
pillars, the final thermal conductivity is suppressed by ~50%.
Recently, Maire et al. reported the reduction of thermal conduc-
tivity in fishbone-structured Si by 20%, with the possible reason
being the trapping of phonon vibration in the wings [174].

2.4.4. Other structures

The reduction of thermal conductivity was also realized in Si/Ge
superlattices that consist of periodically alternating layers of Si and
Ge. In general, the thermal conductivity of superlattices is compa-
rable to that of the homogeneous alloy with an equivalent
composition in the in-plane direction [175], and significant
reduction of thermal conductivity in superlattices is usually real-
ized in the cross-plane direction [176—178]. Yang et al. observed the
thermal conductivity ratio of ~5 between the in-plane and cross-
plane directions at 480K [179]. The cross-plane thermal conduc-
tivity of Si/Ge superlattices was suppressed to 1-2 W m~' K2 from
80 to 400K [176]. Despite the reduction in thermal conductivity,
there are no conclusive results on zT because of difficulties in
measuring the electronic transport properties of very thin films.

Meanwhile the in-plane thermal conductivity can be further
decreased by applying the rolling-up techniques [180,181]. Li et al.
reported the in-plane thermal conductivity of the Si/SiOx hybrid
nanomembrane superlattices'®’. Fig. 10a shows the schematic
procedures of synthesizing such rolled-up structures. The Ge
sacrificial layer was pre-deposited on the substrates, and the Si/SiOx
superlattices were deposited subsequently. The interface between
Ge and the Si/SiOy are strained due to the mismatch of lattice
parameter. Upon removing the Ge sacrificial layer, the rolled-up
structure forms through releasing the strain. Specifically, the
rolled-up superlattices with 5 windings were mechanically com-
pressed into a planar structure, as also shown in Fig. 10a. Fig. 10b
shows the morphologies of the structures through SEM observa-
tions. Fig. 10c shows the micro-device for thermal transport mea-
surement. As shown in Fig. 10d, The in-plane thermal conductivity
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Fig. 10. a) Schematics of the synthesis procedure and structures of rolled-up and planar Si/SiOy hybrid nanomembrane superlattices. b) SEM image of rolled-up (left) and planar
(right) Si/SiOy superlattices. c) SEM image of a representative device for thermal conductivity measurement. d) Temperature-dependent thermal conductivities of rolled-up Si/SiOx
superlattices with 1, 2, and 5 windings, and planar superlattices with 5 windings [167]. Reprinted with permission from Guodong Li et al., ACS Nano 2017, 11, 8215—8222. Copyright

2017 American Chemical Society.

was reduced from 7.64Wm™'K~! to 328 Wm~'K~! at 300K by
increasing the winding number from 1 to 5 [167]. The planar
structure has slightly higher thermal conductivity. This can be
understood by the fact that the thermal adhesion among different
windings becomes better after mechanically compressing the tubes
into the planar structures. Tight adhesion among different layers
improves the phonon transport processes at the interfaces and
hence the corresponding in-plane thermal conductivities increase.
It should be noted that the reported in-plane thermal conductivity
is the lowest among the silicon-based superlattices. Moreover,
unlike the situation of the cross-plane direction, measurement of
electrical conductivity and Seebeck coefficient is feasible for the
rolled-up superlattices, and thus their thermoelectric properties
deserve further investigation.

3. Turning waste into profit: TE properties of recycled Si
3.1. Introduction
The global photovoltaic module production capacity was over

100 GW in 2017, and the Si-wafer-based photovoltaic technology
accounted for more than 90% of the total production of all absorber

Si Crystal /

materials [182]. Due to the escalating market requirements, the
production of Si wafers has been increasing by 25—50% each year
since 2000 [183]. On the other hand, in 2017, about 31% of the total
cost for a photovoltaic module originated from the manufacturing
and material costs of the Si wafers [182,184]. Meanwhile, cutting
silicon wafers from the single-crystalline or multi-crystalline ingots
relies on either a loose abrasive cutting technology in which silicon
carbide (SiC)-based sawing slurries are used together with a mov-
ing steel wire or a fixed abrasive cutting technique in which resin-
bonded or -plated diamonds are fixed directly on the moving steel
wire [185]. The schematic of silicon wafer manufacturing is shown
in Fig. 11. During wafering, a so-called Si kerf is produced, yielding a
loss of about 40% of the Si feedstock [186,187]. Depending on the
wafering approach employed, different kinds of used Si slurries are
obtained. The obtained Si slurries contain impurities such as SiC or
diamond particles from the abrasives, metals from the steel wire,
and, in most cases, oxidized silicon. In total, more than 100,000 tons
of this Si kerf is generated worldwide annually [188]. Taking into
account an initial price of about 15—20 US$ per kg for the original
high-quality Si feedstock used for crystal growth, it could be stated
that Si material of around 2 billion US$ per year is ground down to
small Si particles in form of the Si kerf. Therefore, the cost of Si

Cutting

Sintering

Recycled Si

Fig. 11. Wafer manufacturing steps and waste silicon recycling.
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Fig. 12. XRD measurements of silicon slurry with different amounts of P content.

wafer production could be partly recovered upon turning these
wastes into profits. Currently, the research direction regarding
recycling these sawing wastes is mainly focused on the recovery of
the used coolant (water or polyethylene glycol) as well as the used
SiC particles. In recent years, some attention has also been paid to
the recycling of the Si particles [188].

The use of recycled Si in thermoelectric applications has also
been proposed as another potential strategy to reduce the cost of
silicon wafer manufacturing. The high cost of TE-generated power
might be mitigated by using low (close to zero)-cost feedstocks for
the TEGs, stimulating interest in recycled Si as a material for TE
applications. For example, Akasaka et al. and Honda et al.

(000)
ain @

investigated the TE properties of Mg,Si synthesized using Si ob-
tained from recycled sawing waste and peak zT values of 0.5—0.6
were obtained at 800—860 K [189,190]. Recently, Isoda et al. [191]
and Mesaritis et al. [192] synthesized Mg;(Si,Ge,Sn) compounds
using purified Si kerf as the starting material. They obtained similar
TE performance in comparison to that of compounds synthesized
from commercial-grade high-purity silicon. These reports demon-
strated the great potential of using Si kerf for thermoelectric ap-
plications. Here we report the direct translation of recycled Si into
TE materials using techniques that are industrially mature, such as
mechanical alloying and SPS. As a result, a high PF of
~32 uW cm~! K2 is obtained at 1273 K with 6% P substitution of Si.
The obtained PF is comparable to that of the SiggGeyg alloys that are
widely synthesized for building TEGs. Additionally, the obtained
peak zT reaches ~0.33, suggesting the potential of recycled Si kerf
for TE power generation applications at high temperatures
considering the abundance and low cost of the source material.

3.2. Results and discussion

The Si obtained from recycling of the sawing waste was origi-
nally produced by a European wafer manufacturer that used the
loose abrasive technique based on SiC particles and the coolant
polyethylene glycol. The as-obtained Si batches after recycling are
mixtures of several elements/compounds. Depending on the
detailed recycling process technology, the mixtures typically
contain Si (70—85 wt%), SiC (15—30 wt%), metals (up to 5 wt%), and
oxidized silicon or metal phases. In this study, the Si recycling batch
consists of 78 wt% Si and 22 wt% SiC, which converts to the mole
ratio of 71.66% Si to 28.34% SiC, and to the volumetric ratio of 83% Si
to 17% SiC (for details of the batch composition comparison, see
Table S1 in the supplementary information). Phosphorus (P) was
chosen as the dopant to tune the carrier concentration. It should be
noted that the solubility of P in SiC is negligible in comparison to
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Fig. 13. TEM characterization of the recycled Si mixture with 10 at.% P substitution. a) Morphologies of Si and SiC grains. b) The morphologies of P precipitates, which are clarified by
the diffraction patterns in c) and d). The reflections in c) and d) are compared with the calculated diffraction patterns of P crystals (space group 64) assuming a [134] and [001] zone

axis, respectively.
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Fig. 14. High-resolution scanning transmission electron microscopy (HR-STEM) and EELS measurements of the Si slurry sample with 10 at.% P. a) Annular dark field image with
marked area for local EELS measurements. b) Overview EEL spectra with marked element edges used for elemental mapping. c)-g) Color-coded elemental maps of Si-L, P-L, C-K, O-K,

and Fe-L, respectively.

that of Si [193]. Therefore, we assume that all of the ionization of P
occurs only in the Si grains and that no dopant enters the SiC lattice.
To study the influence of the dopant atoms on the thermoelectric
properties, we selected P amounts of 0.1 at.%, 0.2 at.%, 1 at.%, 2 at.%,
3at%, 6 at.%, 8 at.%, and 10 at.%. As a reference, we also synthesized
a pure Si sample with 2 at.% P substitution. The experimental details
can be found in the supplementary information.

Fig. 12 shows the X-ray diffraction (XRD) patterns of all of the
compositions after sintering, where obvious peaks of Si and SiC are
present. Also, increased peaks of SiP are evident with higher con-
centration of P, suggesting the limited solubility of P in Si. There are
also several minor peaks that cannot be identified, possibly
belonging to some metallic compounds. TEM results, as shown in
Fig. 134, indicate that Si and SiC have grain sizes of ~500—800 nm.
Moreover, a considerable amount of precipitates is also observed.
As shown in Fig. 13b, these precipitates typically possess sizes of
10—50 nm. Electron diffraction patterns of these precipitates sug-
gest that they are phosphorous crystals (space group 64,
a=0.331 nm; b =1.048 nm; c = 0.436 nm), as shown in Fig. 13c and
d with comparisons to the calculated diffraction patterns of P
crystals assuming a [134] and [001] zone axis, respectively. Local
electron energy loss spectroscopy (EELS, Fig. 14a and b) in-
vestigations of the P-L edge show clearly the P incorporation into
the Si matrix (Figs. 3.4c-d). P seems to be less present in regions
with higher C concentration (Fig. 14e), which is in agreement with
the reduced solubility of P in SiC. Additionally, the presence of O
and Fe (Fig. 14f and g) in the Si matrix lead to more complex
compounds and might explain the unknown minor peaks in the
XRD patterns.

We observe an increasing trend of sample density with respect
to the phosphorus content (see Table S2 in the supplementary in-
formation). This is probably due to the sintering process: the con-
ductivity is lower in the less-doped samples, and therefore less
current passes through the powder, which is unfavorable for
obtaining high density samples. A low density is usually disad-
vantageous for TE performance since the electrical conductivity is
significantly reduced.

In Fig. 15, the carrier concentration ny is plotted against the P
content. The carrier density increases from 1.7 x 10 cm™3 to
2.1 x 10%° cm~3 with 0.1 at.% and 2 at.% P substitution, respectively.
By increasing the phosphorus concentration to above 2%, the
charge carrier density changes little. By subtracting the SiC volume,

the saturation carrier density in Si reaches ~2.53 x 102°cm~3,

which is lower than the saturation value of ~3.5 x 102° cm 3 in Si as
reported by Zhu et al. [116]. The decreased solubility of P in our
compounds possibly originates from the compressively strained Si
lattices due to its mixture with SiC.

The temperature-dependent TE performances of the composi-
tions in this study are shown in Fig. 16. Upon the addition of P,
electrical resistivity decreases dramatically, as shown in Fig. 16a.
Additionally, with 0.1% doping, the resistivity decreases with higher
temperature; on the other hand, the resistivity increases with
temperature when the dopant concentration is higher. The re-
sistivity variations suggest a gradual transition from a semi-
conductor to metallic behavior upon P doping. In addition, the
resistivity of the 2 at.% P-doped silicon is much lower than that of
the recycled Si. This is due to the presence of SiC that scatters
charge carriers, as well as the decreased carrier concentration
(Fig. 15) in comparison to pure Si. It should be noted that at tem-
peratures higher than 1000 K, the resistivity drops again for these
highly doped compositions. This is because of the bipolar effects
where the intrinsic excitation of electron-hole pairs enhances the
overall charge carrier concentrations in these compounds.

Fig. 16b shows the temperature-dependent Seebeck coefficients.
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Fig. 15. Carrier concentration with respect to the phosphorus concentration.
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Fig. 16. Temperature-dependent thermoelectric properties, a) electrical resistivity, b) the Seebeck coefficient, c¢) power factor, d) thermal conductivity, e) lattice plus bipolar thermal
conductivity, and f) zT, of recycled Si with 0.1 at.%, 0.5 at.%, 1 at.%, 2 at.%, 3 at.%, 6 at.%, 8 at.%, and 10 at.% P substitution at Si. The TE properties of 2 at.% P-substituted Si is also plotted.
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As expected, the Seebeck coefficients are lower with higher
amounts of carrier density. This is in good agreement with the
single parabolic band assumption [194]. The combined electrical
resistivity and Seebeck coefficient yields the PF, as shown in Fig. 16c.
The peak PF value at 1073 K reaches ~28 pWcm ™' K2 for the
recycled Si with 2at.% P substitution, compared to the PF of
~37 uW cm~ ' K~2 for the 2 at.% P-doped reference Si. By further
increasing the temperature to 1273 K, we obtain a higher PF of
~32 uW cm ™! K2 with 6 at.% P substitution, which is comparable to
doped SiGe alloys [85].

Fig. 16d shows the thermal conductivity. In general, the value of
k decreases with higher concentration of P. It should be noted that
the samples with 0.1% and 0.5% doping have abnormally low «. This
is because of their relatively low densities, as shown in Table S2 in
the supplementary information. By subtracting the electronic
thermal conductivity (k.) using the Wiedmann-Franz law k., =
LT/p, where L is the Lorenz number determined from the single
parabolic band (SPB) model with an approximate equation [195],
L=15+ exp( — % , we plot the sum of lattice and bipolar
thermal conductivity (k;+xpip) in Fig. 16e. Clearly, the reduction of k
originates from the decreased k;, with the possible mechanism
being an enhanced electron-phonon interaction, which has been
widely proven in Si [95,106]. Finally, we obtain a peak zT value of
~0.33 in recycled Si with 6 at.% P substitution at 1273 K, as shown in
Fig. 16f. The obtained peak zT is comparable to that of Si with 2 At.%
P doping. Considering the high abundance of Si available from
recycled sawing wastes as well as the industrial exigency to turn
these “waste” products profitable, we conclude that the recycled Si
is an applicable TE material.

4. Summary and outlook

Despite the recently reported ultrahigh zT values exceeding 2 in
a variety of materials such as GeTe, SnSe, PbTe, etc., the use of
environmentally unfavorable elements in these materials such as
Te, Se, Pb, etc. that are scarce, expensive, toxic, or unstable impedes
their large-scale applicability. Here we revisited the experimental
TE properties of a variety of Si-related materials as potential can-
didates to overcome these disadvantages, such as SiGe alloy, nano-
bulk structured Si, Si nanowire arrays, etc. Due to the excellent
electronic transport properties, we highlight the potential of Si as a
promising TE material for applications, provided that a great
reduction of the thermal conductivity can be achieved. Approaches
such as nano-bulk structuring and large area nanowire arrays show
some promising advances and deserve further investigation, such
as on controllable growth of grain sizes and wire diameters. Ulti-
mate confinement of crystalline size is desired for impeding
phonon transport, which might be realized by the emerging tech-
nique of flash sintering that is capable of sintering materials in just
several seconds at a lower temperature, consequently greatly
suppressing the grain growth. Additionally, hybrid structures such
as the amorphous-crystalline-core-shell silicon thin films also
demonstrate a thermal conductivity that is even lower than the
amorphous limit [196], without hindering the electron transport.
Therefore higher TE performance is expected upon successfully
transferring such structures into bulk silicon.

We also studied the TE properties of Si recycled from sawing
waste as a potential approach to translate these industrial wastes
into profits. A peak zT of ~0.33 and a peak PF of ~32 yW cm~ ' K2
were obtained through heavy P doping. The obtained PF is com-
parable to the n-type SiGe alloys that have been used in modules for
power generation applications. We suggest the large-scale appli-
cability of recycled Si due to its high chemical stability, decent

electrical properties, high abundance, and especially low material
cost.
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