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1. Introduction

Bismuth, antimony and tellurium compounds (Bi/Sb/Te) are known as the best thermoelectric
materials for room temperature operation. Despite thermoelectric devices with these materials being
used for many years in macro-scale dimensions (millimetres sized devices), only few attempts were
done to reduce these devices to the micro-scale (micrometers sized devices). The deposition of
thermoelectric films was reported before using techniques like electrochemical deposition (ECD),
metal-organic chemical vapour deposition (MOCVD), pulsed laser deposition (PLD), sputtering and
thermal evaporation [1-8]. Each technique has its vantages and disadvantages, and a summary can be
found in the table 5.1. In this table, CVD and ECD present opposite characteristics: While CVD films
present high figure of merit (ZT), but a low deposition rate and expensive and complicated equipment
is required (specific gases are needed for the deposition), ECD is a simple process, allowing high
deposition rates (tens of um can be achieved) but resultant films present low ZT. However, ECD
allows the creation of structures during the deposition process, using the LIGA process (from German
“Lithographie, Galvanoformung, Abformung”, meaning Lithography, Electroplating and Molding). In
this chapter, the deposition of Bi,Te; and Sh,Te; thin films by thermal co-evaporation is described.
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Table 5.1: Resume of deposition techniques for thermoelectric films.

Technique Advantages Disadvantages
CvD Very good materials: High ZT. Low deposition rate.
Expensive and complicated equipment.
ECD Very high deposition rate. Low ZT.
Patterning can be done during deposition
(LIGA).
Sputtering Good deposition rate. Annealing (or substrate heating) improves
Average ZT value. ZT.
Composition can be controlled with co- | Composition difficult to control (depends on
sputtering. power).
Thermal High ZT. Needs substrate heating.
co-evaporation | Good deposition rate. Needs precise control of deposition rate and
Control of film composition. crucible temperature.
Simple/inexpensive equipment.

The conventional techniques used in the fabrication of macro thermoelectric devices cannot be used in
the micro devices. Few pattern techniques have been demonstrated in the fabrication of thermoelectric
micro devices, with feature size bellow tens of micrometers. These techniques were imported from the
fabrication of MEMS (micro-electro-mechanical systems) techniques, namely wet-etching, lift-off
(with SU-8 photoresist), reactive ion etching (RIE) and lithography-electroplating-molding (LIGA).
The wet etching patterning process assisted with UV photolithography is presented in this chapter,
using thermoelectric Bi/Sb/Te films, in a planar device structure. Applications for micro cooling and
energy harvesting are also presented in the end of the chapter.

2. Thin film deposition

The figure of merit of Bi/Sb/Te thermoelectric materials is always related with composition and
crystalline structure of materials, despite the technique used. And these properties are related with
deposition variables. Previous work [1-3] showed that the optimum composition to maximize the
figure of merit is obtained with Te content in the range 60%-65% (atomic). Some of the deposition
techniques presented in table 5.1 allow the composition control of the film during growth, thus the
figure of merit can be improved. When evaporating directly either Bi,Tes, Sb,Te; or Bi,Sh,,Tes the
materials decompose and the final composition of the film does not match the initial composition of
the evaporant, due to the different vapour pressure of the elemental substances Bi, Sb and Te. When
heated, these materials decompose, the tellurium evaporates faster than bismuth or antimony, and a
composition gradient is expected when thicker films are deposited. The composition differs from the
surface layers (Te rich in the first fabricated layers) into the bulk and the last fabricated layers (Bi and
Sb rich). A detailed study of composition along thickness was presented by Silva [1]. To overcome
this problem, a composition control during film growth is necessary, mainly in thermal evaporation
techniques, but also in sputtered films. Using co—evaporation, the deposition rate of each element (Bi,
Sb or Te) is controlled independently, and an optimal composition can be achieved [1-4]. The same
technique is also used in co-sputtering [5,6].
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Fig. 5.1: Vacuum chamber prepared for co-evaporation.

A thermal co-evaporation system is presented in fig. 5.1. A pressure bellow 5x10° is required in a
vacuum chamber. The evaporation sources (boats) are in two Molybdenum baffled boxes with volume
higher than 4 cm®. A large volume is required in the boat to maintain deposition properties along the
evaporation process, mainly if thick films are pretended. The baffled boxes are used for better stability
of deposition rate, compared with typical boats. The power applied to each boat is controlled
independently, using a deposition controller (ex: IC6 thin-film deposition controller from Inficon
company). The deposition rate of each boat is also measured independently, with a crystal oscillator
for each evaporation source. Each crystal sensor is placed carefully in the chamber, in such way that it
receives the material evaporated only from the boat it is expected to monitor. A metal sheet is placed
between the two boats to partially separate the flows from the two sources, fully preventing mixing of
both materials at the quartz crystals (fig. 5.1). The deposition controller [9] computes in real time the
power to apply in each boat, using two PID (Proportional Integral and Derivative) algorithms in order
to maintain the deposition rate at a fixed value, different for each material. For better results, each
deposition monitor should be calibrated considering its position. For this propose, a film should be
deposited in the substrate, for each material, and the measured thickness in the monitor corrected to
obtain the real thickness of the film (measured with a profilometer or by SEM imaging). A rotating
substrate reduces thickness and composition non-uniformity of the films. In the deposition of
Bi/Sb/Te films, the substrate should be heated to temperatures (Tsyg) in the range between 200 °C and
300 °C. Table 5.2 compares the Seebeck coefficient (), the resistivity (p), the power factor and the
figure of merit (ZT) of Bi/Sh/Te films at room temperature (300 K), deposited by different techniques.



Table 5.2: Properties of selected Bi,Te; and Bi,Sh,,Tes films

Material and type Deposition Seebeck Resistivity p Power factor ZT Reference  Obs
technique a VK @em)  10°WKZm?' @300K

Bi,Tez n Co-evaporation -220 10.6 4.57 0.91 [7]

Sh,Te; p Co-evaporation 188 12.6 2.81 0.56 [10]

Bi,Te; n Electrochemical -60 10 0.36 - [11]

Bi,Te; n MOCVD -210 12 3.7 0.74 [12] 1)
Sh,Te; p MOCVD -110 35 3.46 - [12]

Bi,Tes p MOCVD 190 78 0.46 0.75 [13] (1)
Bi,Tes n MOCVD -218 6.9 6.9 - [14]
BigsShysTes p Flash 230 17 3.1 0.87 [15]

Bi,Te, 755603 n Flash -200 15 2.7 - [16]
BiysSh.sTe 5 p Flash 240 12 4.8 - [16]

Bi; gSho,Te,7S€p3 N Sputtering -235 47 1.2 - [17] (2
Bi,Tes n Co-Sputtering -160 16.3 1.6 - [6] 3)
(BiSh), Tes p Co-Sputtering 175 121 25 - [6] 3)
Bi, Seg3Te,; n Sputtering -160 20 1.3 - [18]
BiysShisTe 5 p Sputtering 210 25 1.8 - [18]

Bi,Tes n Co-Sputtering -55 10 0.3 - [5]

Bi,Tes n Co-evaporation -228 13.0 4.0 0.81 [19] 1)
Sh,Te; p Co-evaporation 171 104 2.8 0.53 [19] 1)
Bi,Tes n Co-evaporation -228 28.3 1.8 - [3]

Sh,Te; p Co-evaporation 149 12.5 1.78 - [3]

Obs:

1) Z estimated by the author.
2) Doped with CuBr.

(3)  The power factor of de 3x10° WK?m™ and 4x103 WK™2m, respectively for type n and type p was reported latter by
the same authors [20] but no reference of other thermoelectric properties was found.

Good thermoelectric Bi,Tes films are obtained by co-evaporation, with an evaporation rate of 2 As™ at
Bi source (Ergj) and evaporation rate in the range 3-9 As™ in the Te source (Err.). The evaporation
flow-rate ratio, Rg; = Ere / Erg;, is defined as the number of atoms of Te divided by the number of
atoms of Bi that arrive in unit time at the substrate during deposition. The power factor is defined as
PF = o?/p, calculated using the measured Seebeck coefficient (o) and electrical resistivity (p).
Substrates are heated to the temperature set point in the range between 190 °C and 270 °C. All films
were deposited in flexible polyimide (Kapton) substrates (fig. 5.2).



Fig 5.2: Thermoelectric thin film deposited on top of a flexible polyimide (Kapton) substrate [4].

In-plane electrical resistivity, carrier concentration and Hall mobility were measured at room
temperature using the conventional four probe van der Pauw geometry in a 5 mm side square
arrangement. A DC magnetic field of 80 mT was applied for Hall measurements. The Seebeck
coefficient was measured by connecting one side of the film to a heated metal block at a fixed
temperature and the other side to a heat sink kept at room temperature, with a temperature difference
between both sides below 10 °C.

The fig. 5.3 compare the thermoelectric properties of 1 um Bi,Te; films, as function of Rg;, (different
evaporation rates of tellurium (Err), maintaining the evaporation rate of bismuth Erg; = 2 As™). These
properties (Seebeck coefficient, resistivity and carrier concentration) were measured at room
temperature, for films deposited with different Rg; and different substrate temperatures (Tsys).
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Fig. 5.3: Seebeck coefficient, electrical resistivity, carrier concentration and power factor of Bi,Tes
thin films as a function of Te/Bi evaporation flow ratio, Rg; (lines are guides to the eye)[7].

At each Ty, the maximum absolute value of the Seebeck coefficient is obtained at a value of Rg; that
depends on Ty, Maximum PF is obtained at Rg; = 2, 2.5 and 3.5 respectively for T, = 190, 230 and
270 °C. Films with compositions in Te richer than stoichiometric have lower carrier concentration (<
10%° cm™), higher mobility (> 50 cm?V's™), and higher Seebeck coefficient, leading to a higher power
factor. Films obtained with Rg; < 1.2 are Bi-rich and have high carrier concentration. This results in a
decreased value of power factor. High power factor correlates with a high absolute value of Seebeck
coefficient, with a low carrier concentration, and with a relatively low electrical resistivity. Since the
observed PFs dramatically decrease as the carrier concentration and electrical conductivity increase,
one is forced to conclude that these increments are the result of major changes in the band structure
and position of the Fermi level in the density of states (DOS). These changes are also responsible for
the observed decrease in a. In fact, according to the Mott theory of the Seebeck coefficient a,
critically depends on the derivative with respect to the energy of the DOS at the Fermi energy [7].

An equivalent behaviour is also found in Sh,Te3 films. Fig. 5.4 plots the main thermoelectric
properties of 1 um Sh,Te; films, when deposited at different substrate temperatures (Tsyg = 150, 180
and 220 °C) and Rs;, in the range 1.4 — 3.7, maintaining the Sb evaporation rate at 2 As™.



250
© Tsub=150°C
Tsub=180°C
200 -
ATsub=220°C o A
o~ Y
N v A A
S 150 + oo
5 A
S 100 + I
£ £
g 8
X 1
g 501+ ‘o
Q0
[<5] ]
(5]
& ]
0 T+t
100 150 2.00 250 3.00 350 4.00
Rsp
30
— <O Tsub=150°C
'g 25 1 a Tsub=180°C
S | ATsub=220°C
— 1
X 20 A ol o
c \
o ]
= \
b 15 T o \‘
g o
e \
S 10 A \
O o
- N\
8 \
S 57 o, © A
& " A
h Y
S Pt
0 4+ } —— —— I :
100 150 200 250 3.00 350 4.00
RSb

50
1 o Tsub=150°C
Jotsb=180c o ¢ . 0.
40 T A Tsub=220°C RN
E ] o o
Q30 t /
g 1 o
> J IO
=z S
220 T H°
220 1 y
a“Z ] ' A
_ 1
] ?,’ : ______ A __ A
10 T ’ -7 A
T s R A
0 4+ et t —
100 150 2.00 250 300 350 4.00
Sh
3.0
< Tsub=150°C A
“ 55 I OTsub=180°C e
E 251 A
Y A Tsub=220°C /A
- I,
; 20 1 K
5 BA
— 1
X [ H
N 1.5 ': ,I
% ll 0
c A "o
L1071 /
- l
[5) L
E 6 ol
0.5 T ’\l,/oo e o
[ %0,// -----
0.0 [ —TTT u,- T T T T T
1.00 150 200 250 3.00 350 4.00

Sb

Fig. 5.4: Seebeck coefficient, resistivity, carrier concentration and power factor of Sb,Tes thin-films
as a function of Te/Sb evaporation flow ratio, R, (lines are guides for the eye). [10]

The value of Seebeck coefficient and the value of electrical resistivity increases as Rgy, is increased.
The carrier concentration decreases with increase of Rsp. No dependence was found on the Seebeck
coefficient or the carrier concentration with the substrate temperature (Tsyg). However, the electrical
resistivity shows a strong dependence with Tsus. p < 15 pQm is obtained with the substrate
temperature above 220 °C. Films with compositions in Te richer than stoichiometric have lower
carrier concentration (n < 5x10* cm™), higher mobility (x > 100 cm®V™'s™), and higher Seebeck
coefficient (a > 150 uVK™), leading to a high power factor.

The influence of substrate temperature (Tsyg) in the power factor of co-evaporated Bi,Te; and Sb,Tes
films [21] is presented in fig. 5.5. The results presented by Zou [2] and Silva [3], also for co-
evaporated films, are also presented in the same figure.
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Fig 5.5: Power factor of selected Bi,Te; (left) and Sh,Te; (right) films plotted as a function of
substrate temperature Tsyg (lines are guides to the eye). Results from Zou [2] and Silva [3] are also
presented.

The chemical composition of the films and its structure were studied [23] by Energy-Dispersive X-ray
spectroscopy. The fig. 5.6 plots the power factor of co-evaporated Bi,Te; and Sh,Te; films, as
function of composition (atomic percentage of Te atoms in composition), for films deposited at three
different substrate temperatures (Tsug). The power factor of films deposited by Silva [3] using the
same deposition technique and the power factor of bulk single crystal of Bi,Te; and Sh,Te; [22] is
also presented in the same figure.
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Fig 5.6: Power factor of Bi,Te; (left) and Sh2,Te; (right) films deposited by co-evaporation plotted as
a function of composition and substrate temperature during deposition (Tsyg) (lines are guides to the
eye). Results obtained in co-evaporated thin-films from Silva [3] and from single crystals [22] are also
presented.

In the graph of fig. 5.6, Bi,Te; films present the maximum power factor at same composition (aprox.
65% Te) that single crystal Bi,Tes. However, the curve along the composition shows a broader peak,
probably due to polycrystalline structure of films. The power factor of Sh,Te; films also presents the
same behaviour to those of bulk single crystal, when composition varies. The smaller power factor of



Sh,Te; films, compared to bulk is probably due to polycrystalline structure that promotes high
electrical resistivity in interface regions.

Thermal conductivity (k) was measured (in a direction parallel to film) on Bi,Te; films (fig 5.7), for
temperatures between -20 °C and 110 °C, using the technique described by Vélklein [23]. k=1.3 Wm’
'K™* was obtained at room temperature. Thermal conductivity is due to electron and phonon
contributions, respectively k. and kp, and k = k. + K, [24]. Electron contribution was estimated using
Wiedemann-Franz law, k, = LT/pe, where L is the Lorenz number, T the temperature and p. is the
electrical resistivity. Considering L = 1.5 x 10°® V?K at 300 K [25], k. = 0.45 Wm™K™ is obtained
(for a resistivity of 10 pQm) and x, = 0.85 W m™ K. This value is smaller than «, = 1.03 Wm™K™ for
bulk Bi,Te; [26], due to reduced lattice contribution in polycrystalline structure. Using these values
and a Seebeck coefficient of 200 uVK™, a value of ZT near unity is obtained for the best Bi,Te; thin
films at room temperature.
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Fig. 5.7: Thermal conductivity and electrical resistivity of a Bi,Tes film, measured from -20 °C to 110
°C [7].

Despite de composition, the structure of the thermoelectric thin film is also important to maximize the
figure of merit, as demonstrated before [7]. Thermoelectric Bi/Sb/Te films can be amorphous or
polycrystalline. Bulk material can also be found in form of single crystal. The interface regions
between crystals in a polycrystalline structure create additional electrical resistance, but also reduce
thermal conductivity, in such way that films with larger crystal grain have usually a lower resistivity
and higher thermal conductivity. The structure of films can be controlled by the substrate temperature
during deposition or with post-deposition annealing under controlled atmosphere. Due to
decomposition of Bi/Shb/Te compounds with temperature and the low vapour pressure of tellurium
(compared with Bi or Sb), this heating process can also alter the composition of films. During
deposition (pressure bellow 1x10°° mbar), Te re-evaporates from substrate if temperature exceeds 200
°C. This can be compensated with a higher evaporation rate of tellurium (beyond stoichiometric
composition). A low deposition rate of the films also promotes the growth of crystalline films, and
most important in the first film layers (bellow 100 nm). A low growth rate (1 As™) in the first 100 nm
of film, and increasing up to 6 As™, with heated substrate (200 — 300 °C) achieves higher crystalline
structure (and decreases deposition time) than a constant deposition rate of 4 As™. In films thicker
than 1 pum, deposition rates can either go above 6 As™ [21]. Other techniques allow faster growth of
films. Bottner [6] reported a deposition rate of 5 um/h using co-sputtering and Snyder from the JPL
laboratory [8] fabricated a device with 20 um high thermoelectric columns by ECD. Fig. 5.8 and 5.9



shows the difractogram, obtained by X-ray diffraction (XRD) using copper Ko radiation
(A=1.54051A) of Bi,Te; and Sh,Te; films deposited by co-evaporation, respectively.
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Fig. 5.8: XRD diffractograms of Bi,Tes films deposited at substrate temperatures of 160 °C (top line)
and 240 °C (bottom line) [7].
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Fig. 5.9: XRD diffractograms of Sh,Tes films.

The observed peaks in fig. 5.8 agree with literature from powder diffraction spectra for polycrystalline
Bi,Tes, (card 15-863 [27]) or BigssTegsy (card 22.715 [27]) and are represented in dashed lines.
Similar results are also found in literature for the same thermoelectric materials [3,5]. The substrate
temperature and the composition influences the peaks found in each film. In Fig 5.8, the two
difractograms of Bi,Te; films were obtained with substrate temperatures of Tsyg = 160 °C and Tsyg =
240 °C.



Typical diffractograms of Sh,Tes films are presented in fig. 5.9 from films #1, #2 and #3, respectively
deposited at Tsyg = 220 °C, Tgyg = 150 °C and Tsyg = 220 °C and Ry = 1.7, Rgy = 1.7 and Rg, = 2.5.
The planes with the higher X-ray intensities obtained with Sb,Te; films deposited at Tsyg = 220 °C are
not the same as those from films deposited at Tsys = 150 °C or from bulk Sb,Tes. The substrate
temperature during deposition influences both the structure and the orientation of Sb,Tes thin-films.

Scanning electron microscopy cross-sectional and surface images of films, deposited at optimal
(substrate temperature and composition) conditions are presented in fig. 5.10. These images also
reveal the polycrystalline structure of film, and grains with dimensions above 500 nm are visible
[7,10]. With lower substrate temperature, the dimension of these grains is substantially reduced.
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Fig. 5.10: Surface and cross-sectional images of a Bi,Tes films with Ty, = 270 °C and %Te = 62% (A
and C) and Sb,Te; films with Ty, = 220 °C and %Te = 70% (B and D), deposited on glass. A and B
films have thickness of 1 um and C and D films have thickness of 5um. [7,10]



3. Patterning of microdevices

The techniques used in the fabrication of micro thermoelectric devices were imported from the
fabrication of MEMS. The must used are wet-etching, lift-off, RIE and LIGA. Micropelt and IPM
Freiburg [6] used the RIE technique to pattern thick films of Bi/Shb/Te compounds, using photoresist
as an etching mask, using an Oxford-Instruments Bi,Tes ICP etching process [28]. By other way, the
JPL laboratory [8] and Institut fir Halbleiter und Mikrosystemtechnik [29] fabricated micro-columns
of TE materials using a LIGA process, with patterned photoresist and ECD deposition. Lift-off
patterning was implemented by the University of Michigan [30-32] . In this technique, thermoelectric
films were deposited on top of patterned SU-8 photoresist. The photoresist is then removed, removing
also the TE material on top of it, defining the structures. The maximum working temperature of SU-8
photoresist (=180 °C) limits the substrate temperature during deposition, thus reducing figure of merit
of Bi/Sb/Te films. Shafai [33,34] has reported on the possibility of using nitric acid (HNOs) and
hydrochloric acid (HCI) diluted in water (H,0) for etching Bi,Tes, but that work was not extended to
full characterization of the process, and it was not applied to other tellurium compounds. Recent work
from Sedky [35] also showed suspended Bi,Tes microstructures fabricated by wet-etching. The use of
these etchants in the wet-etching patterning of thermoelectric structures was further studied [4,21,36],
using the structures of fig. 5.11. Thermoelectric Bi,Te; and Sh,Te; thin-films (1 um thick) were
deposited on Kapton substrate. Transene’s PKP negative photoresist was applied on the surface and
test structures were patterned by wet-etching in HNO3:HCI:H,O etchant (pure HNO3 and 37% HCI
dil. in water). The effects of etchant composition and dilution in the etch rate are presented in figures
5.12 and 5.13.
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in water (% in volume) [36].
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volume) [36].

The dilution of the etchant (% in volume) in water reduces the etch rate (fig. 5.12). Considering
dilutions bellow 70%, the etch rate is to fast (above 100 nm/s) and becomes difficult to accurately
control de etch time, occurring frequently over-etching. By the other side, if dilutions above 80% are
used, the large time needed for the film in the solution causes peeling of the film. Dilution around
70% is recommended [36]. Figure 5.13 shows the influence of etchant composition on the etch rates.
Higher percent of HCI (%HCI / %HNO; > 0.5) induces cracking of the film and peeling occurs. Best
results are obtained with etchant composition in the range 10:1:20 to 10:5:40 HNO3:HCI:H,0. The
etch rate of Sh,Te; films in diluted HNO; (solution without HCI) was more than 50 times smaller
when compared with the etch rate of Bi,Te; films in the same etchant. This is important in terms of
the selectivity of the process in the presence of both materials, etching Bi,Te; with HNO; while
leaving Sb,Te; films untouched. However, this method cannot be used when Bi,Sh,.,Te; replaces
Sh,Tes. The etching attack in this solution on Bi,Sh,,Tes is similar to that suffered by Bi,Tes, even
for small values of x.

For chromium and aluminium films using the same etching solutions used for tellurium compounds,
etch rates below 0.2 nm/sec were observed regardless of the etchant composition used. Both Bi,Tes
and Sh,Te; are slightly etched (<2 nm/s) by aluminium etchant (16:1:1:2 phosphoric acid, nitric acid,
acetic acid and water) or Cr etchant (Transene 1020). This selectivity between all films and etchants
allows the fabrication of metallic contacts and thermoelectric elements by wet etching. Table 5.3
gathers together all relevant etch rates.

Table 5.3: Summary of etch rates [36].

Material
Etchant Bi,Tes Sh,Te; Aluminium Nickel
Al — Transene type A 0.8 nm/s 0.5 nm/s 1-8 nm/s <0.01 nm/s
Cr - Transene 1020 ~2 nm/s <0.1 nm/s - 1-4 nm/s
3HNO3:1HCI (dil 70% H,0) 200 nm/s 80 nm /s <0.2nm/s <0.02 nm/s
HNO; (dil 70% H,0) 250 nm/s 5 nm/s <0.01 nm/s <0.01 nm/s

Considering the eatch rates and selectivity presented, the fabrication process of thermoelectric
converters of fig. 5.14 can be implemented [36]. P-type Sb,Te; film is first deposited followed by a
thin layer (100 nm) of nickel (a).The thin layers of nickel are used to avoid diffusion of thermoelectric



material into the next deposited layers, promoting adhesion and avoiding large contact resistance.
Photoresist (PR) is spun and p-type elements are patterned by photolithography (b),(c). Nickel is
etched in a chromium etchant (Transene 1020), thermoelectric film is patterned by wet-etching in
HNO4:HCI bath (d) and PR is removed. N-type film is then deposited, followed by a 100 nm nickel
layer (e). PR is applied and patterned by photolithography for n-type element definition (f),(g). Nickel
is etched in a chromium etchant (Transene 1020), n-type film is etched in HNO; (h) and PR removed
(i). Contacts are deposited, starting with a 100 nm layer of nickel, followed by 1 um of aluminium (j).
PR is spun and contacts patterned by photolithography (k). Nickel is etched in a chromium etchant
(Transene 1020), and aluminium with a standard aluminium etchant (Transene type A). PR is
removed (I). A protective layer of SisN4 can also be deposited by low temperature hot-wire chemical
vapour deposition (HW-CVD) [37] and patterned if required. Fig 5.15 shows a thermoelectric device
fabricated with wet-etching techniques.
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Fig. 5.14: Fabrication steps of thermoelectric converters [36].



Fig. 5.15: Left: Photo of n-type and p-type elements, before deposition of top contacts. Right: Photo
of microcooler with 8 pairs of thermoelectric elements, fabricated with bottom contacts [36].

4. Applications

Using a lateral (in-plane) configuration [38,39], thin-film techniques can be used to scale down the
thermoelectric coolers and generators to microdevice dimensions. Planar thin-film technology [4,36]
can be used to fabricate such devices. The conventional thermoelectric cooler, with the heat flux
perpendicular to hot and cold areas, cannot be scalable to microchip dimensions, using the same
fabrication methods used for macro-scale devices. A new design topology [40], a thin-film planar
device, as shown in Fig 5.16, has lower heat-pump capacity, but a simplified fabrication process,
since all contacts are in the same plane.

Thermoelectric junctions on the hot side

Kapton
substrate

n-type

] Metal contact pads
material

Thermoelectric junctions on the cold side

Fig. 5.16: Planar thermoelectric device (left) and array of thermoelectric devices, fabricated in
Kapton foils.

Despite using figure of merit to quantify the quality of a thermoelectric material, this parameter can
also be used to quantify the performance of a thermoelectric device [40]. The figure of merit of a
thermoelectric device is calculated with eq. 1. Req and K are the equivalent electrical resistance and
thermal conductance of the device, calculated with eq. 2 and eq. 3.
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n p m

Ly Lp, Wh, W, Hy, H, are respectively length, width and height of thermoelectric materials (n-type
and p-type) L. is the length of contacts between TE material and metal pads, o is Seebeck coefficient,
p electrical resistivity, A thermal conductivity and p. contact electrical resistivity. The device is
supported by an isolating membrane, with thickness H;, length L, width W, and thermal
conductivity An,. vy represents a coefficient to include radiation and convection losses, in the range 5 <
y <10 Wm?K™.

The previous equations can be used to predict the effect of reducing dimensions of a planar
thermoelectric device, from millimetres to micrometers. Besides the Seebeck coefficients (o, and ay),
the thermal conductivities (A, and ;) and electrical resistivities (p, and p,) of thermoelectric
materials, also the thermal conductivity of the supporting membrane (1) and the contact resistance
(pe) influences the performance of planar devices. And the effect of contact resistivity is more
pronounced (compared with electrical resistivities) as device dimensions get smaller.

The graph of fig 5.17 presents the effect of scaling down the dimensions of devices, in substrate plane
[40]. The scale factor f ” = 1 (in horizontal axis) represents a device with dimensions L = W =1 mm,
H =10 um and H,, = 10 um. Lower values of f represents devices where dimensions (L and W) were
reduced by a factor f, but same thickness (H) considered in thermoelectric materials and membrane.

252107

20107 -
F'}S . e, 210" Ot
N_ 15107 4 - Y =10°am?
5 o ——p =107
E 0™ :
(=]
[ee)
5 ; . Losses due to
o : HY .
i 5.0x107° o Losses due to % convection and

. i, radiation
contact resistance
DD i o e
i T

T
1E-3 0.0 041 1 10
scale pactor |

Fig. 5.17: Effect of scaling the device in substrate plane. The height of device and support membrane
are constant (H =10 um and Hm =10um), while other dimensions are scaled by the value on
horizontal axis.

Since the losses by radiation and convection are less relevant in lower dimension devices, figure of
merit increases when device is smaller. However, a low contact resistivity must be ensured, to keep
this higher figure of merit. Considering both effects, an optimum dimension exists where figure of
merit is maximized [40].

4.1. Cooling Applications

A microcooler was fabricated on flexible polyimide Kapton© substrate. The polyimide substrate is
excellent for thermoelectric microcoolers in the lateral configuration, because of its small thermal
conductivity of 0.15 Wm™K™ and its thermal expansion coefficient (about 20 x 10 K™) of the same



order of magnitude as that of the thermoelectric films, thus reducing thermal stresses induced during
cooling down from the temperature of deposition (200-300 °C). Fig. 5.15 shows a thermoelectric film
deposited on top of a polyimide substrate. Since Bi,Te; and Sh,Te; adhesion is higher on Kapton
films than on nickel metal pads, the use of top contacts process (as presented in fig. 5.14) avoids the
need of depositing additional layers to promote adhesion of thermoelectric films.

The performance of the microcooler was analysed [41] by use of a thermal image map generated with
a microscope equipped with an infrared image sensor. An image [4] under vacuum was obtained with
the device excited with a 4 mA current, and cold and hot sides were clearly identified (fig. 5.18). A
temperature difference of 5 °C between the hot and the cold sides was measured under vacuum (10
mtorr) and 4 °C in still air conditions.

500 520
Temperature ('C)

Fig. 5.18: Thermal image of n-type and p-type thermoelectric elements, powered with 4mA current,
under vacuum [4].

From the thermal image it is possible to conclude that thermal contact between the thermoelectric
elements and the metal pads is poor since the thermal gradient on this region is quite high, compared
with the gradient observed along metals or along thermoelectric elements. The 5 °C hot-cold side
temperature difference obtained was lower than the value expected from the simulations. This
difference is due to electrical contact resistance, which is much higher than expected. Contact
resistance in this device was of the same order of magnitude as the resistance of the thermoelectric
elements (2 Q). A small rectifying barrier voltage (less than 80 uV) was also measured on metal-
Bi,Te; contacts.

4.2. Energy Harvesting Applications

This same planar device can be used to implement a thermoelectric generator. Previous work [42-44]
has demonstrated the maximum amount of thermal energy that can be removed from human-body in a
wearable thermal-generator without compromising the comfort, and maximizing the thermoelectric
conversion. A thermal resistance of 100-300 KW cm? is expected in the wrist, where thermal flow
can be converted with a thermo-bracelet. Also, temperatures between 27 °C and 36 °C can be found on
different parts of body. The ambient air temperature and thermal-converter to air thermal resistance
also limits the maximum power available. Thermal resistance bellow 50 KW™cm? can be achieved
with a pin-heatsink. Maximum power output is obtained when the thermal resistance of the
thermoelectric generator is equal to the sum of human-body and heat-sink thermal resistances [45,46].



A thermal-resistance above 200 KW™cm? is desirable in the thermoelectric converter. Fig. 5.19 shows
the open-circuit voltage and maximum power that can be obtained in a 1 cm? Bi,Tes-Sh,Te;
thermoelectric generator, as function of length of the thermoelectric column (length L in fig. 5.16), in
a human-body generator, when a temperature difference of 10 °C (air to body) is available, with 4000
pairs of p-n junctions.

12.0 2 50E-05
‘_-10.0 2.00E-05  —
s e 3
@ 80 -
]
g / / 4 150E-06 =
= )
‘>3 6.0 < o
- ©
5 / / 4 100E05 8
g0 4 :
(o) ——\/omax 2
+ 500E-06 W

20 + —&— Pomax [~
0.00E+00
0E+00 2E-03 4E-03 6E-03 8E-03 1E-02

Thermoelectric leg lenght (m)

Fig. 5.19: Open-circuit voltage and maximum power that can be obtained in a 1 cm? Bi,Tes-Sh,Te;
thermoelectric generator, as function of length of the column (L), in a human-body generator, when a
temperature difference of 10 °C (air to body) is available.

Since each thermoelectric junction of Bi,Tes;-Sh,Te; can deliver an output voltage of 300 uVK'l, more
than 4000 junctions are necessary to obtain an output voltage (without load) of 10 V, under a
temperature difference of 10 °C, when body and heat-sink thermal resistances are considered. To
obtain the desired thermal resistance of 200 KW™cm?, the thermoelectric elements should have length
of about 4 mm. The array of fig 5.16 can be used as a human body energy harvesting device, since
many junctions can be stacked in a single device and fabrication process allows the required 4 mm
length. Moreover, one of the ribs of fig. 5.16 can contain a solid-state rechargeable battery and
another rib the electronic circuit to extract maximum power from the thermoelectric generator and
control the charge of the battery [45-48]. Since many of wireless sensors are powered in a peak basis
(e.g., the transmission of data needs much more current than standby or receiving mode) and the
temperature gradient could not always be present, the energy is stored in a rechargeable thin-film
battery of Li-ion type (integrated in the system). Ultra-low power electronics performs DC-DC
rectification with a variable conversion factor (using MPPT, maximum power point tracking
algorithm) and recharge the battery on optimal conditions. Electronic circuits to perform this task are
commercial available [49].
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are constant (H =10 pm and Hm =10um), while other dimensions are scaled by the value on
horizontal axis.

Fig. 5.18: Thermal image of n-type and p-type thermoelectric elements, powered with 4mA current,
under vacuum [4].



Fig. 5.19: Open-circuit voltage and maximum power that can be obtained ina 1 cm? Bi,Tes-Sh,Te;
thermoelectric generator, as function of length of the column (L), in a human-body generator, when a
temperature difference of 10 °C (air to body) is available.
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