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Bi,Tes or SboTes are the materials most widely used in thermoelectric genera-
tors (TEG) operating near room temperature. These materials are, however,
environmentally harmful, expensive, and incompatible with complementary
metal-oxide semiconductor (CMOS) technology, in contrast to silicon (Si), ger-
manium (Ge), or silicon—germanium (SiGe). Although the thermopower (S) and
electrical conductivity (o) of Si and Ge are high, use in thermoelectricity is
severely hindered by their high thermal conductivity (x). By altering the phonon
band structure of this Si films by use of an artificial phononic pattern, specta-
cular reduction of x by two orders of magnitude has been demonstrated. To take
full advantage of phonon band modification and scattering in thin films, con-
verter structure based on thin-film membranes is proposed for x reduction. To
consolidate the position of Si-based materials, coupled charge and heat-trans-
port simulations have been conducted to demonstrate the potential of the
materials for thermoelectric conversion compared with such widespread
materials as BisTes. The effect of contact resistance on generator performance
has been carefully taken into consideration to reflect integration constraints at
the TEG level. For a temperature difference AT = 30 K, the maximum electrical
power density reaches approximately 6 W/cm? for Si and Ge, and approximately
3 W/em? for Sig 7Geg. s, values which are similar to those for BisTes. Finally, it is
emphasized that the proposed approach is compatible with conventional Si
technology and naturally provides augmented mechanical flexibility that sub-
stantially widens the field of application of thermal harvesting.

Key words: Thermoelectric conversion, thermal conductivity reduction,
CMOS compatible materials, harvested power density,
thin-film, performance simulation

INTRODUCTION

Current thermoelectrics suffer from a lack of
materials with sufficiently high conversion efficiency.
Moreover, environmentally harmful, complex, and
expensive materials and materials incompatible with
complementary metal-oxide semiconductor (CMOS)
technology are commonly used,"? making fabrication

(Received May 31, 2013; accepted January 2, 2014;
published online January 22, 2014)

costs relatively high. For all these reasons, applica-
tions of thermoelectric generators (TEG) are mainly
limited to niche and sophisticated fields, e.g. automo-
tive power generators,3 spaceship generators,4
industrial sensor feeders,” temperature measure-
ments,’® or advanced medical care.”®

Thermoelectric conversion requires materials
with low thermal conductivity (x), high electrical
conductivity (o), and thermopower (S) as large
as possible. On the basis of these criteria, the
performance of thermoelectric materials is com-
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monly evaluated on the basis of the dimensionless
figure-of-merit (z7):°

2 2

=0 p_ S0 (1)
K Ke + Kp
ke(T)=L-0-T, (1a)

Kp =Ug - Ch - 2/3, (1b)
where x can be separated into two contributions
associated with heat transport by electrons and
holes (x.) and by phonons (i), T is the absolute
temperature, L is the Lorenz factor, v, is the velocity
of sound, C}, the specific heat, and 1 is the mean free
path of phonons.

Figure la depicts, non-exhaustively, the state-of-
the-art of conventional thermoelectric materials.

It is apparent that the operating temperature
range of the converter is crucially important in
choosing a thermoelectric material. To maximize
conversion efficiency the material with the highest
zT in the region of the targeted operating tem-
perature should be used. The relationship between
2T and the efficiency of an ideal converter is:'!

_ Tuwor —Tcop  v1+2T-1 @)
1 Txor x/1+zT+TTCH—OOLf.

Conversion efficiency as a function of temperature
is shown in Fig. 1b for different z7T values. Red
markers are representative of the highest efficiency
for a given material. According to Tritt et al.,'® the
quest for both n-type and p-type materials with:

1 reduced thermal conduction losses;
2 2T in the range 2-3; and
3 small fabrication costs

still constitutes a “Holy Grail” for more widespread
use of thermoelectrics. S and ¢ of semiconductors
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can be easily controlled by adjusting the doping le-
vel. However, the thermal conductivity due to
charged carriers (k) is also closely related to elec-
trical conductivity by the Wiedemann—Franz law
formalized by Eq. 1b. This observation therefore
reveals inherent material optimization conflicts
insofar as increasing the electrical conductivity
negatively affects both S and . Nevertheless, pho-
non heat transport (ix,) dominates in most bulk
semiconductors and is responsible for over 95% of
thermal conduction. To reduce x without changing
electrical properties substantially, x, must there-
fore be reduced without altering «.. Although silicon
(Si) and germanium (Ge) have high S and o, their
use in thermoelectricity is severely hindered by
their high x, which dramatically reduces zT'. Inter-
estingly, bulk SiGe has a significantly lower (8 W/m/
K)'3 thermal conductivity than bulk Si (148 W/m/
K)'* and bulk Ge (60 W/m/K)*® over a wide range of
Ge content (between 20% and 80%), as shown in
Fig. 2a.

It has been demonstrated that if the phonon band
structure of Si thin films is altered by use of an
artificial phononic pattern, x is spectacularly
reduced by two orders of magnitude;'®® this is
depicted in Fig. 2b.

In this paper, particular emphasis is placed on
use of Si, Ge, or SiGe combined with thin-film pho-
nonic engineering to reduce the phononic thermal
conductivity x, (Eq. 1b) below that of the electronic
counterpart x.. In this situation, the properties of
Si, Ge, and SiGe phononic membranes approach the
ideal property of a phonon glass/electron crystal®
for which ZT converges toward S%L, the asymptotic
limit that ensues directly from Eq. 1 when «x, is
small compared with ..

STRUCTURE

The possibility of introducing in-plane mem-
branes to TEG was discussed more than a decade
ago®® and was further developed for co-evaporated
V-VI compounds.?"*?> This work was conducted to
investigate how the performance of clean, safe, and
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Fig. 1. (a) Dimensionless figure-of-merit for different materials as a function of temperature (after Minnich et al.'® and Snyder et al.").
(b) Temperature dependence of conversion efficiency for different zT values. Red dots show the highest efficiency for a selection of materials.



Unconventional Thin-Film Thermoelectric Converters: Structure, Simulation, and Comparative Study

(a) 30 ; ; ; ; :
‘T— Ge k=59.9 W/m/K Si k=148 W/m/Kj l

\ Total « for bulk material I
20 1 \

K (W/m/K)

\ >> j
T Lp* /

0 20 40 60 80 100
Si contents (%)

2111

(b) - 1 1 2 1
Bulk -ouk=148W/m/K
20 ulk Si ksi.pu=148W/m/I v%gw vvvvv
v v v
v
16 o
- Silicon Thin-Film
% v —
= 121 ’ ~2
£ e
=
v 87
4] . Silicon Nano-Wires ‘Y:%;‘,—LE/‘JU//
B T I T WO
0 S Silicon Nano-Mesh
0 100 200 300

Temperature (K)

Fig. 2. CMOS-compatible materials and their thermal conductivity. x (a) Si,Ge,_, thermal conductivity as a function of Si content for different
temperatures (based on Ref. 13), (b) reduction of the thermal conductivity of silicon (from Ref. 16).
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Fig. 3. Structure of a membrane Seebeck generator with use of CMOS-compatible thin-film membranes. xyax = 10 um (single membrane length

5 um), ymax = 150 nm (50 nm membrane thickness), zyax = 1 um.

abundant materials, for example Si, SiGe, and Ge,
used in mainstream CMOS technology, could be
elevated to a level similar to that of thermoelectric
materials containing lead, antimony, and other
harmful substances. The structure of a membrane-
based Seebeck generator is presented in Fig. 3. One
prerequisite for benefitting from enhanced phonon
scattering is use of a thin-film membrane. A second
condition for further reduction of «, is to superim-
pose a phononic crystal pattern on this membrane to
obtain the above-mentioned «, reduction.
Following this strategy, it is worth noting that the
horizontal membrane structure also redirects heat
flow from the vertical to the lateral direction. From
a practical perspective, this structure also leads to
converter geometry with extremely low thickness.
This remarkable feature renders this type of con-
verter readily able to accommodate flexure.

Mechanical flexibility can be a crucial property if
generators are installed on, e.g., hot pipes, exhaust
systems, or textiles etc.

SIMULATION MODEL

To investigate performance of the proposed con-
verter structure, simulations based on coupled res-
olution of carriers and heat-transport equations
were performed. In our simulation current densities
follow the non-isothermal drift—diffusion model:**

Ja(T) = =0u(T) - [Vopp,(T) = Su(T) - VT | .

—

Jo(T) = =0y(T) - [Vor,(T) = S,(T) - V|

where
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onT) =9~ T
on,T) =9+ 5 Tm | B
{an(T)q i (T) - n(T) and @
0o(T) = q - 1,(T) - p(T)
E[3 . (NJ(T)
Sn(T) ‘a'[i“n(nmﬂ
E[3 . (N,T)
5D =3 [5““(,,@)”

The constitutive current relationships given in
Eq. 3 enable such temperature-dependent properties
as carrier mobility (u,, 1p), electrical conductivity (o,
op), carrier concentrations (n, p), or quasi-Fermi
levels (¢rn, ¢rp) to be taken into account. Here, the
temperature considered is the local lattice tempera-
ture (7).

RESULTS

Effect of Doping Level on I-V Characteristics
in the Generator Zone

According to Fig. 3, a metallic ohmic contact is
located at every PN junction to act as an electrical
short. Figures 4a and b show the I-V characteristics
of Si membranes with high (10’ cm ) and low
(10" em™®) doping levels, respectively. Only the
fourth quadrant of the I-V chart is represented,
because it corresponds to the generator mode.
Although thermopower is higher at low doping lev-
els, Fig. 4b reveals a dramatic current limitation for
lightly doped membranes.

Harvested Power Density for Si, Ge, and SiGe

To compare the harvesting capabilities of Si, Ge,
and SiGe with those of widely used materials, for
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example BiyTes alloys, the power density was cal-
culated as a function of the voltage generated,
assuming that the temperature gradient across the
generator is constant. By following this method, it
is, therefore, possible to compare the aforemen-
tioned materials on the basis of Seebeck and elec-
trical conductivity performance, irrespective of their
thermal conductivity. Naturally, one prerequisite
that legitimates this method is to consider that
phononic engineering of thin membranes can be
independently used to cut thermal conductivity for
Si and Ge. Beyond the electrical conductivity of the
intrinsic thermoelectric material, the metal-semi-
conductor contact resistance must be taken into
consideration to properly reflect electrical perfor-
mance.?* In the calculation of the power density, we
have assumed a specific contact resistivity of
5 x 1077 Q em? for Si and SiGe. Given the maturity
of Ni and Pt-based silicide and germano-silicide
technology, this figure realistically corresponds to a
worst-case analysis.?>?% Although contact resis-
tance to n-type Ge has long remained a problem,
because of strong Fermi level pinning close to the
valence band, recent work has shown that this effect
is spectacularly alleviated by inserting an ultra-thin
dielectric layer between the metal and the semi-
conductor.?” For this reason, the same value of
specific contact resistivity, i.e. 5 x 1077 Q cm?, can
be reasonably assumed for Ge. The situation differs
for BigTes, for which common values of specific
contact resistivity are between 1.45 x 10~7 Q cm? %8
and 10° Q cm?, the latter value being identified in
Ref. 29 as a representative figure when standard
processing techniques are used for contact realiza-
tion. In our analysis, simulations associated with
Bi,Tes have been performed for the two extremes of
this range, and Seebeck and electrical conductivity
were taken from the modeling work described in
Ref. 30. This model is temperature-dependent and
follows with good precision data measured for
Bi;Te; at the same temperature difference.?=3°
Variation of the harvested power density as a
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Fig. 4. Harvested current density as a function of voltage for different temperatures differences (s = 50 nm x 1 um) in the generator zone (fourth
quadrant) for (a) heavily doped silicon thin-film membranes and (b) lightly doped silicon thin-film membranes.
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Fig. 5. Harvested electric power density as a function of generator output voltage for membrane Seebeck generator, (a) membranes made from
silicon, (b) membranes made from germanium, (c) membranes made from Si;g.,Gezos,, and (d) membranes made from bismuth telluride with
thermoelectric properties in accordance with Ref. 30 Isolated markers correspond to maximum harvested power density for AT = 30 K calculated
from the measured values of ¢, o, S, S, quoted in each of the associated literature references.

function of output voltage for different tempera-
tures is presented in Fig. 5 .

Figures 5a—c depict the harvested power density
as a function of output voltage for the proposed
generator topology based on CMOS core materials.
For comparison purposes, Fig. 5d also depicts the
power density associated with BiyTes for the same
generator geometry. Depending on contact quality,
it can be observed that harvested power density for
Si, SiGe, and Ge is slightly lower than that for
Bi,;Tes, the performance of which depends critically
on the specific contact resistivity achievable. This
conclusion is consolidated in Fig. 6, in which the
maximum harvested power densities for the mate-
rials are compared. This figure was obtained under
load-matching conditions®® for which the load and
internal generator resistances were equal.

Although Si, Ge, and SiGe harvest a lower power
density than Bi;Tes for a same temperature gradi-
ent, it is worth emphasizing that they are compati-
ble with conventional CMOS technology, making
integration of TEGs possible. It is note worthy that
SiGe harvests less power than Si or Ge for the same
AT. This can be readily explained by the lower
electrical conductivity of SiGe compared to Si and
Ge at identical doping level. However, because of a
lower k (Fig. 2a), it is expected that SiGe will con-
vert heat with higher efficiency than Si or Ge.
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Fig. 6. Maximum electric power density as a function of temperature

difference for membrane Seebeck generators with membranes

made from the materials investigated taking into account the para-
sitic effect of contact resistance.

CONCLUSIONS

Si, Ge, and SiGe have interesting thermoelectric
properties and could be turned into good thermo-
electric materials by a significant reduction of their
thermal conductivity. For this purpose, recent
advances in Si membranes fabrication and phononic
engineering are promising technology. Reduction of
the thermal conductivity of Si, Ge, and SiGe by two
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order of magnitude can be achieved, making those
materials very attractive for future TEG. In this
paper, we have proposed the innovative topology of
a Seebeck membrane generator based on thin-film
single-crystal CMOS-compatible materials that
could exploit such effects. Our results show that the
electric power density of Si, Ge, and SiGe and
Biy;Tes membrane-based TEGs are of the same order
of magnitude. Moreover use of Si, Ge, and SiGe
enables compatibility with the production technol-
ogy used for conventional semiconductor devices.
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