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Modeling of a Bio-Thermo-Electric Micro-Cooler
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Abstract: This work is a part of an on-going research effort to fabricate a device consisting of an array of micro thermoe-
lectric coolers (WTECs) for highly localized control of temperature in biological systems. A preliminary lumped 1-D pa-
rameter model was developed and numerical simulations were carried out to identify the critical and optimal design pa-
rameters for a n”TEC operating under steady state conditions. The lumped parameter analysis revealed the presence of a
new limitation on the maximum possible current through the system, which we denoted as the secondary breakdown cur-
rent (as opposed to the primary breakdown current associated with Joules heating). To further understand the effect of
contact resistances (thermal and electrical), radiative effects, and lateral effects (interactions between wTECs) in our de-
vice, we developed a 3-D finite element model (FEM) using ANSYS®. The FEM analysis identified the optimal distance
between PTECs to generate discrete and distinct temperatures within the cells located in the extracellular matrix and thus,

generating the optimal design specifications for our device.

INTRODUCTION

Localized control of temperature at cellular level can be
achieved by fabrication of a micro thermoelectric cooler
(LTEC). The ability to control temperature locally has the
potential to impact many areas of research, including low
temperature storage of artificial and native tissues. Specifi-
cally, the precise temperature control and spot cool-
ing/heating features of the proposed pTEC makes it an ideal
choice for enabling temperature modulation of individual
cells embedded in an extracellular matrix. This represents a
significant advance in our ability to study biological systems
with carefully delineated temperature regimes. As a prelude
to fabricating this device, it is essential to predict the per-
formance of the integrated cooling object (i.e. biological
cell) and a pTEC. The performance of the proposed uTEC
can be enhanced a priori by determining the critical and op-
timal design parameters conditions and predicting the inter-
play amongst them.

The first attempt to mathematically describe the opera-
tion and the performance of a thermoelectric (TE) device
was done by using conventional design theory [1-6]. These
preliminary studies assumed that the Seebeck coefficient, o,
the thermal conductivity, £ and the electrical conductivity, ¢
of the TE material were invariant with temperature. Later
analyses [7-9] developed a “temperature averaging” method-
ology for the TE materials in an attempt to partially account
for the effects ignored by the conventional design theory.
Inaccuracies inherent in the “temperature averaging” meth-
odology were ameliorated by [10-12] who derived dimen-
sionless entropy equations that form a closed form expres-
sion for the TE system with heat sinks. This dimensionless
entropy model was later used to analyze the optimum design
conditions of a TE cooler, thereby forming the basis for most
of the design improvements for macro-TEC designs [13-17].
However, the above mentioned design methodologies disre-
gard the effect of the thermal and electrical contact resis-
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tances. Although, this assumption of negligible thermal and
electrical contact resistance is reasonable for macro TE cool-
ers (>100 pum) it’s inclusion is essential to accurately model
LTECs [18, 19]. A recent model of pnTEC accounts for con-
tact resistances [20] but is not applicable when the object to
be cooled or heated (i.e. passive load) is comparable in size
with the uWTEC. Thus, in the present study we present a
lumped parameter model of a pTEC interacting with a pas-
sive load of comparable size to the desired cooler i.e. inte-
grated biological cell and a single stage nTEC. Results from
the lumped parameter model were then incorporated into a 3-
D finite element model (FEM) using ANSYS® to identify the
optimal layout of the proposed pTEC device.

LUMPED PARAMETER MODEL

The lumped parameter model follows the approach out-
lined by [10] and is based on a set of rate equations describ-
ing one dimensional thermal dynamics through all interme-
diate layers, including the ceramics and metal interconnects.
Briefly, adiabatic boundary conditions are applied to four
side surfaces of the volume control and the symmetry condi-
tion is utilized to simplify the analysis of the device to a sin-
gle uTEC leg element sandwiched between two substrates
(i.e. ceramic layers) (Fig. 1). The biological cell to be sub-
jected to temperature modulation by the pTEC is simulated
as a layer of ice. Various design conditions of the proposed
micro TE cooler are analyzed to obtain optimum perform-
ance and two “free” variables are arbitrarily chosen: (1) con-
stant temperature difference, AT or a constant heat load, Q
and (2) the base or the hot junction temperature, Ty. The
problem formulation also accounts for the temperature de-
pendence of various pTEC parameters o, k and . A first law
analysis of heat transfer from the cold junction to the hot
junction of the TEC leads to the following set of modified
energy balanced equations:
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where Ty, T, and T,y are the temperatures of the hot junc-
tion, the cold junction and the surrounding environment (as-
sumed to be 300K), respectively. T; T, and Tz T4 are the
junction (interface) temperatures above and below T, and Ty
respectively. While k., and ka, are the thermal conductivities
of the lower (copper) and upper (gold) interconnects respec-
tively. Similarly, Kiowveer, Kupveer and Kice represent the thermal
conductivities of the lower ceramic (alumina), upper ceramic
(alumina) and ice respectively. The r,, is the electrical con-
tact resistance at the interface of the hot and the cold junc-
tions. Before proceeding to solve the energy balance equa-
tions, we chose several dimensions of the pTEC based on the
cellular system being cooled/heated and ease of microfabri-
cation (see Table 1). In this study, the five model parameters
that were optimized based on these initial constraints were
the heights of the upper and lower interconnects and the
height, width and length of the pTEC leg element.

Since, the maximum temperature gradient is experienced
in the pTEC leg element region, the pTEC leg dimensions
become an important parameter of design. For ease in mod-
eling (in both lumped and FEA model) the leg element was
assumed to be cubical in shape with its lateral dimension (i.e.
width) equivalent to the length of the each individual pTEC
leg element. Therefore only two pTEC leg parameters were
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varied: (i) height of pTEC leg element and (ii) length of
LTEC leg element. A simple analysis showed that minimiz-
ing the height of the pTEC leg element will increase the AT
across the device, i.e. (Ty-T.) is maximized. However, the
smallest achievable pnTEC leg height is limited by the ability
to electroplate the TE material (Bi-Te alloy) uniformly in a
recess and through experimentation this minimum height
was found to be 20 um with a corresponding AT of 4K (Fig.
2A). An analysis of the model equations with a fixed value
of WTEC leg height of 20 um shows that a further increase in
the predicted AT can be achieved if the width and length of
the pTEC are increased (Fig. 2B). However, the proposed
application of the device (i.e. attaining localized temperature
in biological cells spaced approximately 30 to 50 um apart)
places a design constraint on the width and length of the
proposed pTEC to a maximum value 10 pm.

Heat flow

Height

Table1. The Dimensions of the Proposed pnTEC Device (All
Values are in pm’s)
Height Width Length
Biological Cell (Ice) 3 12 40
Upper Ceramic (Alumina) 5 12 36
Upper Interconnect (Gold, Au) 3% 11 32
TE leg element (Bi-Te) 20%* 10* 10*
Lower Interconnect (Copper, Cu) 3* 11 13
Lower Ceramic (Alumina) 10 12 36
Distance between the TE legs 10**
*Based on an analysis of the lumped parameter model.
**Based on an analysis of ANSYS® FEM model.
|
Ice
Ceramic
Gold
Interconnect
TEleg
element
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Interconnect
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| Line of symmetry

Heatflow

Fig. (1). Schematic of a single stage TEC. In the model, any heat flow between the TE cooler and the ambient surroundings in the direction
perpendicular to the line of symmetry is ignored and only the heat transfer along the line of symmetry which accounts for the cooling capac-
ity in the cold end and heat rejection in the hot end is taken into consideration.
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Fig. (2). Influence of the uTEC leg element height (Fig. A, top) and uTEC leg element length (Fig. B, bottom) at zero external heat load.

After fixing the dimensions pTEC leg element (height 20
pum, length = width = 10pm) it is essential to explore the
effect of metal interconnect height on the system. It is ob-
served (Fig. 3A) that the temperature drop increases as the
height of interconnect decreases. However to allow for a

proper passage of current through the pTEC leg elements,
the minimum height of interconnects should be > 1/10™ of
the uTEC leg element, and was chosen to be 2 um. After
fixing the height of interconnects, we explored the effect of
electrical contact resistance due to the presence of intercon-
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nect on the predicted value of AT. As shown in Fig. 3B, a
small increase in contact resistance of the order 10° [ re-
duces the maximum achievable temperature drop by 25% to
3K. Since the exact value of this electrical contact resistance
is dependent upon the fabrication process and cannot be de-
termined a priori, it is expected that the actual AT in the fi-
nal device will be less than the model predicted AT.
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As evident from Equations (3) and (4) there exists a cer-
tain maximum value of current (I) at which the Joules effect
starts dominating i.e. the I’R power losses overcome the
thermoelectric cooling capacity of the device. The current at
which this breakdown occurs is denoted as the Joules break-
down current and is a well established phenomenon in the
literature [13-17, 20]. For our device dimensions, the Joules
breakdown current was found to be ~46 mA. However, more
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Fig. (3). Influence of the height of metal interconnects (Fig. A, top) and the electrical contact resistance (Fig. B, bottom) at zero external heat

load.
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importantly in the pTEC we found that imposing a current
significantly below the Joules breakdown current can still
lead to a thermal breakdown in the ceramic and metallic in-
terconnects (Fig. 4), although not in the pTEC leg element.
Thus, for pTECs the optimal maximum operable current is
much lower than the Joules breakdown current and is gov-
erned by the dimensions of interconnects rather than the
LTEC leg element. We denote this new breakdown current
as “secondary breakdown current” and found it to be 1.2 mA
(or ~2% of the Joules breakdown current) in the proposed
LTEC device. The identification of this secondary break-
down current can help to explain the observed discrepancies
between the expected and observed behavior of earlier
LTECs [16, 19, 20]. These studies assumed that Joules effect
is the limiting parameter and did not recognize the presence
of a secondary breakdown effect in the metallic intercon-
nects. Therefore for our application it is proposed to vary the
current within the range of 0.1-1mA, well within the secon-
dary breakdown current. Further work is being carried out to
verify this experimentally.

Though, the lumped parametric study described above
helped us identify the optimal dimensions and the operating
conditions for an individual pTEC (see Table 1), it does ne-
glect lateral effects (i.e. interaction between UTECs). Since
the proposed device will eventually consist of an array of
individually addressable n'TECs adjacent to each other it
becomes essential to study the interaction between them us-
ing 3-D models. Previous 3-D models of TECs [21-23] did
not account for the influence of the adjacent TEC on the total
heat transfer of the system. In absence of any such previous
study, an attempt has been made by us to study the effects of
proximity of individual TECs on the total heat transfer
through the system. This integrated 3-D thermal-electrical
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UTEC system analysis was performed using ANSYS® (Ver-
sion 9.1, ANSYS, Inc., Canonsburg, PA). It is important to
note that the optimized design parameters obtained from the
lumped parameter model were used as a preliminary input to
the computationally intensive transient ANSYS® model.

3D-FINITE ELEMENT ANSYS® MODEL

A 3-D thermal system model was constructed using AN-
SYS® assuming a symmetrical system with 7 unTECs (Fig.
5), a ramped current pulse in addition to transient-state bias
current, temperature dependent Seebeck coefficients and
resistivity. Initially, the ANSYS® model was validated using
well established results for commercially available macro
coefficients, temperature dependent resistivity and tempera-
ture dependent conductivity coefficients. The ANSYS®
model also accounted for heat conduction between individu-
ally addressable nTECs, Joule’s heating within the pTECs
and thermoelectric cooling due to the pTEC as well as other
non-ideal effects like contact resistances and heat generation
in interconnects. The finite thermal resistance between the
object to be cooled (i.e. biological cell) and the pTEC was
also included in the ANSYS® model. To make the model as
close to the final configuration as possible, the whole pTEC
system was assumed to be embedded within a block of poly
methgl-methacrylate (PMMA). The results from the AN-
SYS™ model were used to identify the final parameters in our
device, i.e., the distance between PTEC leg element and the
distance between the pTECs in the proposed array.

The initial 3-D ANSYS" analysis indicated that a further
increase in the AT values can be achieved by placing the
LTEC leg elements as close as possible to each other (Fig.
6A). However the placement of the uTEC leg elements is
limited by fabrication constraints, which limits the closest
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Fig. (4). Graphical representation of the secondary breakdown region. Here, a temperature gradient can be defined as beneficial when there is
a constant decrease in temperature on moving progressively from the hot to cold junction in a TE cooler and the ceramic and the metal inter-

connects fail to maintain a beneficial temperature gradient.
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Fig. (5). The 3D thermal model scheme with symmetrical distribution of 7 uTECs.

achievable distance between the two PTEC legs to 10 um.
Thus, the final optimized geometrical device parameters of
the individual pTECs in the array are obtained and are as
given in Table 1.

The 3-D ANSYS" model was also used to understand the
influence of the spacing between pTECs on the device per-
formance. As expected under similar operating conditions,
decreasing the distance between pTECs decreases the varia-
tions in the temperature field and to achieve a uniform tem-
perature throughout the device the pTECs should be spaced
as closely as possible. This allows uniform cooling of the
biological cells placed above the pTECs array with all the
LTEC operating under same conditions. However, as stated
earlier, we propose to use this device to establish discrete
and distinct temperatures between 2 adjacent cells embedded
in an extracellular matrix. Thus, it becomes essential to iden-
tify the minimum possible spacing between two adjacent
LTECs that will allow us to establish discrete temperatures
within each pTEC with minimal interference between their
respective temperature fields. To do so, we considered a sys-
tem with two UTECs separated from each other at various
distances (10 to 100 um) — see Fig. 6B. We then defined the
minimal distance for establishing distinct temperature pro-
files within each pTEC as: “the minimum distance required
to maintain the temperature at the midpoint between the
LTECs at 60% (or lower) of AT;; AT; = Ty-T, of each indi-
vidually addressable pTEC”. ANSYS simulations were per-
formed by maintaining pTEC, at a constant AT; and subject-
ing nTEC, to varying current within the desired operating
range of 0.1-1lmA. Under varying current conditions, the
minimal required distance of separation between individual
ULTECs in the array was thus found to be 50 um (Fig. 6B).
Hence, for adjacent pnTECs to operate with minimal interfer-
ence between their respective temperature fields it is

required to place them at least 50 um apart. Surprisingly, this
value of 50 um is in reasonably good agreement with inter-
cell spacing in a typical artificial tissue matrix composed of
fibroblasts [24], suggesting that the proposed device is suit-
able for bio-applications. Additionally, the temperature
change (AT ~ 4K) predicted using the model, is sufficient for
most hypothermic experiments on biosystems (for example,
a system at 37°C can be heated to 41°C or cooled to 33°C, a
reasonably large temperature range for furthering our under-
standing of localized heating and cooling on cells embedded
in an extracellular matrix). However, further improvements
are clearly needed to the proposed device to make it suitable
for a wider variety of temperature dependent bio-
applications, especially applications at subzero temperatures.
These improvements, include the possible use of Bi-Te
nanowires and nanotubes to increase the coefficient perform-
ance of the device, the use of multiplexing or multistage de-
vices arranged in series, and improvements to the material
properties of the pTEC leg elements.

CONCLUSIONS

A lumped parameter model was developed and numerical
simulations were carried out to investigate the influence of
critical parameters related to integrated biological cell and
the single stage pnTECs system under steady state conditions.
The effects of electrical contact resistance and leg shape
were included. Results show that the smaller height and
larger length of the pTEC leg element resulted in better cool-
ing capabilities of the system. It has also been shown that a
smaller interconnect height is more beneficial for achieving a
better AT across the p'TEC system. A new limitation which
we denote as “the secondary breakdown current” was ob-
served for n'TECs due to a thermal breakdown in the ceramic
and metallic interconnects. This secondary breakdown
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Fig. (6). Influence of the spacing between the two TE on each uTEC’s (Fig. A, top) and a representation of the minimal distance of separa-
tion between 2 uTECs. The temperature at the midpoint between the two nTECs is maintained below 60% of AT, only when they are placed

at least 50 pm away from each other (Fig. B, bottom).

current is much lower than the primary breakdown due to
Joule’s heating and was found to be < ImA for our device.
Using the geometrical analysis results obtained from lumped
parameter model, a more detailed 3-D finite element model
was developed using ANSYS®. The ANSYS"™ model was
used to determine the optimal spacing between the leg ele-
ments with an uTEC and the interaction between UTECs.
Current and future studies include fabrication and characteri-
zation of individually addressable pTECs located at discrete
intervals in an array.
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