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Abstract A microfabrication process has been developed
to elaborate microscale thermoelectric modules with high-
aspect-ratio pillars assembled in a glass micromold, whose
multi-channels are formed by combining mechanical
machining and hot-pressing processes. This paper describes
how to fill the multi-channel glass molds with thermoelec-
tric materials by introducing a patterned electrochemical
deposition method, in which a deposition cathode with two
series of interdigital electrodes is designed. A reverse-
pulsed electrodeposition method is found effective to
overcome the difficulty for deep-filling that is required for
fabricating thermoelectric pillars with high aspect ratios. A
pulse circle of =200 mV for 4 s, +500 mV for 1 s, and
0 mV for 3 s (vs. saturated calomel electrode) was
determined for preparing N-type Bi,Te; arrays with a high
aspect ratio exceeding ten from a solution containing
0.0075 M Bi*" and 0.01 M HTeO,". The as-deposited
pillars show reasonable electrical resistivity as compared
with common bulk Bi,Te; materials.

Keywords Thermoelectric module - Microfabrication -
High aspect ratio - Patterned electrodeposition - Bi, Te;
Introduction

Shrinking feature sizes is becoming a top issue for today's

integrate cricuit (IC) and microelectromechanical systems
technology. Thermoelectric devices, which can work either
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in “Seebeck effect” and “Peltier effect” model, are thought
to be the most promising candidates as micro-transfer
components for thermal and electric energy [1-3]. That is
because thermoelectric devices that work without any
moving parts can be easily miniaturized for the integration
into micro-systems [4—8]. As reported, thermoelectric
micro-devices can be utilized as micro-sensors and temper-
ature stabilizers [5, 6] or can be used as energy resources
for micro-systems [7, 8].

A typical thermoelectric device comprises couples of P-
and N-type pillars that are connected electrically in series.
How to reduce the size and increase the conversion output
power and efficiency are the critical topics to realize the
applications of thermoelectric components to micro-
systems. Because higher output power and efficiency can
be achieved with a larger temperature difference, increasing
the aspect ratio of thermoelectric pillars is a direct way to
enhance the thermoelectric performance when the thermo-
electric materials for the device are already chosen [9].

Conventionally, thermoelectric elements are prepared by
mechanically dicing thermoelectric bulk materials. Because
most thermoelectric materials are mechanically weak,
conventional mechanical machining has its limitation to
miniaturization. Many efforts have been made to develop
the fabrication technology of micro-thermoelectric pillars.
In recent years, the molding method, which is filling P- and
N-type thermoelectric materials alternately into molds with
micro-channel arrays to make thermoelectric modules, has
attracted much attention [2, 3, 6, 8]. With the molding
method, miniaturization can be much easier, and some
groups have developed their ways of fabricating thermo-
electric micro-devices, such as alumina nano-templates and
polymer templates filled by electrodeposition [2, 3, 10] and
RIE (reactive ion etching)-etched silicon micro-templates
filled by powder hot-pressing [8]. However, neither
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alumina nor polymer templates can be made very thick to
achieve high aspect ratios unless using the expensive LIGA
technology. Although RIE-derived silicon templates can
solve this problem, a template-removing process is required
after filling because the thermal conductivity of silicon is so
high that will reduce the energy conversion efficiency. In
the present work, we developed a low-cost glass molding
method. Since the glass template is low in thermal
conductivity and electrically insulting, it can be retained
even after having been filled. Therefore, using a glass mold
not only simplifies the fabrication process but also helps to
enhance the rigidity of thermoelectric modules. Neverthe-
less, the point is the mold-filling process, for which an
electrodeposition method was considered to be suitable
because it is an environmental-friendly and IC-compatible
technology.

The thermoelectric materials we chose for electrodepo-
sition are Bi-Sb-Te system (Bi,Te; for N type and
BigsSb; sTe; for P type) because of their good room
temperature thermoelectric performances that are preferred
by micro-devices [11]. Although the electrodeposition of
Bi-Sb-Te system materials have been studied for several
years, the reported works are mainly focused on films or
nanowires [12—16]. The electrodeposition of high aspect
ratio and large-scale (about 1 mm high) array is still a
challenging topic for most thermoelectric materials. In the
present work, we focus our attention on the study of Bi,Tes
(N type) into the glass templates.

Experimental procedures

Designation of glass molding and patterned
electrodeposition process

The whole fabrication processes for thermoelectric micro-
devices are shown in Fig. la—i. About ten to 20 flutes are
mechanically scored on glass slices 150 pum in thickness
(Fig. 1a) by a commercial automatic cutting machine
(ZSH306D, Shenyang, China). The flutes are about
30 pm in width and 70 pum in depth and separated by
about 120 pm. In the next step, several slices with flutes are
piled up and localized perpendicularly with a homemade
clamp, and then they are heated up to 600 °C for 2 h in a
furnace with mechanical constraint from top and bottom
(Fig. 1b). During sintering, the glass slices join with each
other in the contacted area, and a template with straight
channels forms (Fig. 1c). The as-fabricated template is
about several centimeters in length, which is too large for a
thermoelectric micro-device. The template is then cut into
required length (about 1 mm) by the cutting machine as
mentioned (Fig. 1d). After that, the substrate-free glass
template has been made. The electrodeposition electrodes
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are then made on a silicon wafer by photolithograph and
patterned magnetron sputtering, as shown in Fig. le. The
electrodes are a series of interdigital metal lines (two groups
of parallel electrode lines that are connected with each other
in one end), which are a little wider than the channels of the
glass template. In each group, the distance between each
line is twice as large as the distance between two channels
on the glass template. The two groups of electrode lines just
correspond to the positions of channels on the glass
template that will be filled with P- or N-type thermoelectric
materials. After that, the substrate with electrodes is
assembled and welded with the glass template using
metal—glass bonding technology [17] (Fig. 1f).

The next process is filling the template with P- and N-
type thermoelectric materials alternatively, which takes two
steps of electrodeposition. P- or N-type materials are
electrodeposited from two baths of electrolytes separately
by controlling which group of electrodes is connected to the
cathode (Fig. 1g—h). This method is suitable for electrode-
position because the elements only get crystallized from
ions and grows where the electrons can be provided. After
filling, the last step is to remove the substrate by
mechanical polishing and to make the connection electro-
des for the thermoelectric module on both top and bottom
sides of the template by photolithograph and patterned
magnetron sputtering (Fig. 11).

Electrodeposition of Bi,Te; into glass templates

The schematic illustration of electrodeposition cathode is
shown in Fig. 2a; silver paste is used as both an electrically
conducting layer and adhesive between the template and
substrate. In order to control the cathodic current precisely,
we use melted paraffin to cover the entire exposed electrical
conductive surface on the cathode. A stirrer is used to
enhance the mass transfer of ions during electrodeposition.
The electrolyte contains 0.0075 M Bi** and 0.01 M
HTeO,", and all other cell conditions are consistent with
our previous work [18].

The morphologies of the deposits are investigated by using
both optical microscopy and scanning electron microscopy
(SEM). The phase structure is examined by X-ray diffraction
(R-Axis Spider, Rigaku, Japan). The I-U plot of a single pillar
is measured by contacting two micro-probes (10 pum in
diameter at tip) on each end of the pillar from cross-section
and with a PC-controlled voltage source and ammeter.

Results and discussions

The glass template that fabricated with the method mentioned
above is shown in Fig. 3. Glass slices are well welded to each
other without any crack after bonding, and the channel array
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Fig. 1 Schematic illustration of
the fabrication process for ther-
moelectric micro-modules:
make flutes on glass slices by
cutting (a), pile up and sinter the
glass slices with press from top
and bottom (b), cut the as-
sintered glass template into
required length (¢, d), magne-
tron sputter the deposition elec-
trodes on a silicon wafer (e),
bond the template with the
wafer (f), electrodeposit N-type
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is formed as designed. In a cross-section area of 1x3 mm,
about 50 micro-channels can be fabricated for molding.

Although DC or on—off pulsed current/potential electric
source can successfully deposit Bi,Te; thin films or
nanowires, it fails to fill microscale array with high aspect
ratios. Under the same deposition condition used for
fabricating films, only a few channels can be filled even
after a very long time (over 60 h). With more negative
potentials, electrodeposition is much faster, but the chan-
nels are all poorly filled with large and roughly grown
grains. On—off pulsed deposition also could not improve the
filling quality. This trouble is caused by the strong dilution
of ion concentration Cy; in high-aspect-ratio channels, as
shown in Fig. 2a. Because the channels are very deep and
narrow, contra-flow and three-dimensional diffusion inside
are suppressed, and one-dimensional diffusion is the only
way to transfer the ions for deposition [19-21]. In this way,
the ion concentration gradient near the cathode is very
large, which causes the dendritic growth of Bi,Te; during
the electrodeposition [18]. That is why the templates cannot
be well-filled with large constant currents.

To reduce the intensive ion dilution near the cathode, a
reversed pulse has been introduced in addition to the on—off
pulsed potential, as shown in Fig. 2b (three cycles). Such a
modification is proved to be very effective relative to
normal on—off pulsed electrodeposition since the ion
concentration gradient can be released greatly by reversed

pulse. Previous studies show that Bi,Te; begins to deposit
from solution when the cathode potential is negative than
—40 mV and dissolves around +500 mV [18]. According to
that, one cycle is divided into three steps: deposition
(=200 mV, 4 s), dissolving (+500 mV, 1 s), and off
(0 mV, 3 s). At the dissolving step, the as-deposited Bi,Te;
partly dissolves into the solution. Consequently, the as-
dissolved ions increase the ion concentration near the
cathode, which helps to release the ion concentration
gradient and provides more evenly distributed ions for the
next deposition step [19, 20]. In addition, if some columns
grow faster than others during the previous deposition step,
they will also dissolve faster in the following reversed step.
This is because higher deposition speed leads to stronger
dilution, which increases the reaction rate of dissolving.
Therefore, the inhomogeneity in Bi,Te; columns is reduced
during the dissolving step. In Fig. 2b, the response current of
each step is the same within different cycles from the
beginning, which suggests that the ion concentration gradient
is almost released during the dissolving and off steps.

The filling results are shown in Fig. 4, in which « is from
top view under an optical microscope right after the
deposition, b and ¢ are from top view by SEM after surface
polishing, and d is from cross-section view by SEM. The
black “caps” in Fig. 4a are the deposits that grow out of the
pores, which show that most of the channels were filled up
after electrodeposition. Some channels at the fringe of the

@ Springer



482

J Solid State Electrochem (2011) 15:479-484

1. copper substrate

2. Silver paste

3. paraffin cover

4. Bi-Te deposits

5. glass template

6. reference electrode

Y:ion : :
concentration | : :

» X:position
Cio C G

L]
~Y
o

LW yw / Aiseq jusuing apoyied

-200

T~

200

400

R e
=
8

600 M 1 M 1 s L N 1
0 5 10 15

Cathode Potential (vs. SCE)/ mv &

]
(=]

Time For Deposition / s

Fig. 2 The cathode of electrodepositing Bi,Te; array: the schematic
illustration (a), and the record of cathode potential (solid line) and
response current density (dot line) during reversed-pulsed electrode-
position (b)

template were not filled by the deposition probably because
they were unintentionally covered with paraffin when
fabricating the cathode; we will improve it in the future.
Moreover, the sizes of the “caps” are almost the same,
which suggests that the filling process of each channel is
almost finished synchronously. After mechanically polish-
ing the top surface, the deposits “caps” are removed,
leaving a dense and smooth surface of Bi,Te; deposits, as
shown in Fig. 4b, c. The cross-section morphologies in
Fig. 4d show that the template has been well filled-up with
nano-scale polycrystal Bi-Te deposits. However, preparing
a cross-section sample is very difficult because Bi,Te; is
much softer and weaker than the glass template due to its
layered crystal structure [1, 12]. As a result, a few deposits
fell from the template as shown in Fig. 4d during the
polishing process. That is, the defect-like points observed in
Fig. 4d should be “artificial”.

The EDS results show that the deposits inside channels
from bottom to top are comprised of Bi(; g5_1 95)Tes alloys,
whose eclement ratios are very close to Bi,Te;. The
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composition variation in deposits ([Bi] = 1.85 ~ 1.95) is
caused by the small shifting of Cg;/Cr, ratio at the interface
between solution and deposits during deposition. In fact, in a
longer unfilled channel, the ion concentration drops more
quickly during the cathodic pulse. Therefore, the average Cjy,
(asin Fig. 2a) within each cathodic pulse increases when the
channel is gradually filled-up. Since the diffusion rates of
[Bi**] and [HTeO,'] are different, an increase in Cjy, will
result in the shifting of Cg;/Cr, ratio. The phase structure of
the deposits is shown in Fig. 5. The peak-packet near 20=
30° represents the glass template, and other sharp peaks
identify the existence of Bi,Tes.

The I-U plot of a single pillar is shown in Fig. 6. A linear
fit of the data shows a slope coefficient (k) of 0.086 with an
error (e) of 9.1x 107, which can deduce a resistance (R) of
11.6 Q for the micro-pillar. If calculated with a resistivity of
1x107 (as common Bi,Te; dense bulks), the pillar with
0.85 mm in length and 30x70 wm in cross-section has a
resistance of 4.05 €2, which is comparable to the measured

Fig. 3 The glass template: from fop view under SEM with different
magnification (a) and in real scale (b)
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Fig. 4 The micrograph of a
glass template after filling by
reversed-pulsed electrodeposi-
tion: from top view under opti-
cal microscope (before
polishing) (a), from top view
under SEM (after polishing) (b),
under SEM with high magnifi-
cation (c¢), and from cross-
section view under SEM (d)

value in consideration of the resistances of contacting areas
and probes.

The above results demonstrate that miniaturized thermo-
electric modules with high-aspect-ratio Bi,Te; micro-pillars
can be fabricated by patterned electrodeposition into a
multi-channel glass template. A similar procedure can be
also applied to the fabrication of P-type Bi-Sb-Te alloy
micro-pillars, which can be filled into the alternative lines
of channels, as shown in Fig. 1h. Although more efforts are
required to accomplish the whole process for manufacturing

i (1010 m Bi,Te,
PDF#15-0863
=
c
=
£ [Glass templat
ass tempiate
2 (0015)
=y 0021
Bl (015) (0021) (5449
2
£ (2020)
T T n L]
20 40 60 80

20 / Degree CuKa.2

Fig. 5 X-ray diffraction pattern of filled templates from top view

the modules, the present study shows that the key problems
were already resolved.

Conclusion

We have proposed a glass molding and electrodeposition
method for fabricating thermoelectric micro-modules with
high-aspect-ratio thermoelectric pillars. The present study
firstly showed how to make multi-channel glass micro-
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Fig. 6 [-U plot of a single pillar (inverted filled triangle) that
measured from cross-section with two probes, and a linear fit of the
data (straight line)
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molds by combining mechanical cutting and hot-pressing.
By using this technique, glass micro-channel templates with
arbitrary high aspect ratios were facilely prepared even
without use of deep reactive ion etching as required for
silicon micro-molding process. This study also found a
reverse-pulsed electrodeposition to fill the micro-channels
in the glass micro-molds with Bi,Te; compound thermo-
electric materials. It was confirmed that the filled arrays
have a chemical composition close to the designed Bi/Te
ratio, which also shows reasonable electrical properties.
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