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Improvement of Thermal Environment by
Thermoelectric Coolers and Numerical
Optimization of Thermal Performance
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Abstract— Seeking for an available thermal runaway solution
is becoming one important and challenging issue in current
nanometer ICs. Thermoelectric coolers (TECs) may give a
solution. In this paper, a simplified power model of circuits
closely associated with temperature with and without repeaters
is derived. Based on the surface temperature difference and
heat-flow density, an equivalent thermal resistance model for
powered TECs is proposed. According to the thermal profile
model, the steady-state temperature is calculated for the same
chip with two different package forms. Finally, optimizations
of p-n couples are performed with the purpose of obtaining
the maximum coefficient of performance (COP) and minimum
TECs power. As compared with the traditional flip-flop
controlled-collapse-chip-connection package, the results reveal
desirable conclusions that a 15.8% decrease of the chip stability
temperature with the COP optimization at I = 2.5 A and 11.4%
steady-state power savings with the 13.2 W TEC power
consumption are obtained in a 50-nm technology node. Analysis
demonstrates that the maximum COP and minimum power
consumed by TECs can be obtained at different optimum
numbers of p-n couples, which is independent of electrical current
across by TECs.

Index  Terms— Controlled-collapse-chip-connection  (C4),
Seebeck, thermal runaway, thermal stability, thermoelectric
coolers (TECs).

I. INTRODUCTION
CCOMPANIED with the constantly scaling CMOS
devices, the increasing power density and the continuous
rise of operating frequency will lead to a more-and-more
serious heat problem for high-performance chips [1]. It has
been reported that the peak interconnects temperature can rise
up to 210 °C in worse case with a 50-nm technology node [2].
Higher leakage power, faster degradation of the material
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property, and reliability arise from higher chip temperature [3],
which even results in thermal runaway, posting more severe
challenge for thermal design of chip packages. Therefore,
a proper thermal management solution is of crucial importance
to a high-performance chip in order to achieve the satisfactory
performance and reliability.

In the aspect of circuits, most dynamic thermal manage-
ment schemes, such as the clock gating technique, power
gating, and sleep transistor insertion techniques, are often
implemented in low-power design to alleviate the thermal
issue [4]. By decreasing frequency and voltage, even powering
OFF some functional units to reduce the on-die junction
temperature, a thermal throttling sensor was calibrated to
keep the operating temperature within the specified range [5].
However, these techniques were carried out at the cost of
extra area, performance, and sensor noise penalty. Therefore,
to solve these issues, there is need to exploring an effective
thermal management scheme without sacrificing the on-die
performance. With substrate integrated with etched microchan-
nel and cavity inside, microchannel fluidic cooler can
provide the efficient heat transfer performance. However,
the microchannel fluidic cooling has problems of complex
machining process, easy blockage, and high cost. Thermoelec-
tric coolers (TECs) in package can pump the electrically gener-
ated heat from one side to the other side based on the Peltier
effect [6]. As we know, the maximum cooling capability is
inversely proportional to the thickness of TECs, so as much
as several hundred or even thousand W/cm? cooling power
density can be attained, as the leg length is small enough [7].
In addition to the good cooling ability, compact size, reduced
thermal resistance, silent operation, and high reliability make
TECs widely used in electronic, optoelectronic, and bioana-
Iytical devices [8]-[10]. With a thin-film TEC integrated into
the package, Chowdhury er al. [10], [11] achieved tempera-
ture drop of 15 °C at a location where the heat flux reaches up
to 1300 W/ecm?. Murphy ef al. [12] explored semiconductor
optical amplifiers packaged with a TEC in avionic applica-
tions, and the results indicated TEC were a favorable option
for single isolated transmitters. TEC is expected to be applied
to nanothermal trumpets that can control the sound information
by the thermal process [13]. In addition, TECs were employed
for the temperature control of lead-acid batteries and the
climate control for electric vehicles [14]. A small number of
earlier studies on the effect of parasitic electrical and thermal
resistances for TECs are available in [6], [15], and [16].
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Many studies investigated TECs transient activity to reveal
the thermal dynamics law based on the Peltier effect.
Zhang et al. [9] presented an analytical method with no need
to resort to the thermoelectric parameters and geometric in an
iterative procedure, and thermal enhancements are achieved by
optimized currents and cooling configurations. Abramzon [17]
used a multistart adaptive random search method to determine
the optimum number of TECs when the maximized coeffi-
cient of performance (COP) of the whole cooling system is
obtained. Recently, Cheng et al. [18] proposed a 3-D theo-
retical model for predicting the transient thermal behavior of
TECs, which is derived by precisely partitioning p-n pair, and
used the model to estimate the transient behavior of the cold
and the hot ends in a TEC. Vermeersch et al. [19] obtained
2-D maps of the transient surface temperature and constituent
Peltier and Joule components over the 50-750 ns time range.
However, the most previous theoretical models and experi-
ments are limited to carrying out a numerical analysis to
evaluate the performance of the TECs; a few investigations are
focused on the estimation of the steady-state temperature con-
sidering subthreshold current which is nonlinearly depended
on the temperature with TECs integrated packages. Limited
reports pay attention to the power dissipation of TECs which
is also temperature dependent when improving the figure-of-
merit and the cooling ability.

In this paper, analytical expressions of the temperature-
dependent power model of circuits are developed to obtain the
steady-state temperature based on the thermal profile model.
To evaluate the influence of a different package structure
on the steady-state temperature of a system, the simplified
controlled-collapse-chip-connection (C4) thermal resistance
and equivalent thermal resistance models of TECs are derived,
respectively. Based on numerical calculations with the
proposed equivalent thermal resistance models, COP and
power optimizations with p-n couples for TECs are presented.
At last, we discuss the temperature drop of two different
packages and the relationship between the optimum number
of p-n couples and electrical current across by TECs.

II. POWER CONSUMPTION MODEL

Repeater insertion is a key solution to reduce global inter-
connects delay and coupled noise from adjacent interconnects
in CMOS ICs [20]-[22]. In order to lower propagation delay,
a large number of repeaters are inserted in the physical design.
However, thermal problems due to the excessive repeater
power consumption become increasingly serious especially
for the high-performance microprocessor. Subjected to the
interconnect resistance and capacitance, the calculation of
the repeater power consumption is different with the other
circuits. In this paper, the total power dissipation, including
the circuit power dissipation without repeater insertion Peyr
and the repeater power consumption P, can be written as

Piotal = Pewr + Pr. (1)

It is noted that only when the nMOS and the pMOS work
simultaneously in an inverter circuit, the short-circuit power
occurs, which is usually ignored due to its small numerical
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value compared with the dynamic power and leakage power.
Therefore, the power dissipation of circuits without repeater
insertion can be described as

)

Dynamic power, which is the main contributor for the
total power in typical CMOS circuits, is temperature inde-
pendent unless the frequency is indirectly influenced by
temperature [23]. In this paper, we assume that the operating
frequency is constant. Then, the dynamic power consumption
of circuits is defined as [24]

Pewr = denamic + P]eakage~

denamic = NaCdedf (3)

where a is the switching activity factor, C is the average
load capacitance per gate, and N is the number of gates in
circuits. The leakage power consumption cannot be neglected
as technology advances and can be given by

Pleakage = SN Whin Isub_f(T) Vad “4)

where Wi, represents the minimized inverter width, Igb_f
denotes the subthreshold leakage current, which is dependent
on temperature, and s is a gate size. The temperature-
dependent leakage power exponentially increases with the
device scaling. It is reported that every 20 °C rise in temper-
ature will double the leakage power which is mainly induced
by the subthreshold leakage current for nanometer ICs [24].
For a given design with the specific technology process, the
temperature-dependent subthreshold leakage current can be
simplified into the following polynomial form [23]:

Lub_£(T) = Iupo (ki T* + ko T + k3) 5)

where Igpo is the subthreshold current per-unit width in room
temperature, and ki, k2, and k3 are fitting coefficients based
on the current technology node.

When the signal frequency is not high enough, the signal
response can reach steady state in a period and the effect of
interconnect inductance can be omitted [25]. Similar to the
circuit power, the repeater power also consists of the dynamic
and leakage power consumption shown as follows:

P = ﬂ[aVz f((co+cp)s +cl)
I dd 0T Cp

+ sWminlioVaa(c1 T* + 2T +¢3)]  (6)

where Lin is the total interconnect length to be derived by
repeaters, [jo is the repeater leakage current per-unit width in
room temperature, and / is the interconnect length between
two identical repeaters. co and ¢, are the input and output
capacitance of a minimum sized inverter, respectively,
c1, ¢2, and c3 are fitting coefficients of subthreshold current
for repeaters, and c¢ is the capacitance per-unit length of
interconnects. In order to obtain minimized delay, the optimum
size sopt and interconnect length [op; are expressed as [26], [27]

roc

Sopt = | — @
rco
2ro(co + ¢p)

lopt = ,/7m L (8)
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where 7 is the resistance per-unit length of interconnects, and
ro is the equivalent resistance of the minimum repeater.

II1. THERMAL MODEL

As the feature size in nanometer-scale ICs continues to
shrink, the increased power caused by the subthreshold current
will contribute to higher temperature, which in turn further
increases the circuit power and produces an uncontrolled
positive feedback in the end. This process is called thermal
runaway which will lead to a destructive thermal environment
if not controlled [28]. A proper thermal solution to maintain
temperature within its operating limits is significant for the
system reliability of high-power processors. Any attempt to
operate the processor outside these operating limits may result
in permanent damage to the processor and other components
within the system. Reducing operation temperature for a
proper thermal environment is indispensable to the system
performance. Considering the system power and thermal resis-
tance in the dissipated heat path, the junction temperature
thermal profile model of die is given by [28]

dT;j
Rjacsysz + Tj = RjaP(Tj) + T 9)

where cgys is the system thermal capacitance, Rj, is
the thermal resistance between the junction side and the
ambient package, T} and T, are the junction temperature and
ambient temperature, respectively, P(7;) denotes temperature-
dependent Py, Which can be calculated by (1).

From the power model in Section II, we know that the
total power dissipation of a chip is a function of the junction
temperature, which presents a positive feedback relationship.
On one hand, power will increase as the junction temperature
rises. On the other hand, the temperature will keep a rising
trend caused by the increasing power consumption. Finally,
the chip will reach a steady or divergent state. To obtain the
derived formulas of the steady-state junction temperature after
electrothermal coupling, we substitute (1) into (9)

dT; 2
where
Lint
A = Rjq5 Winin Vaa | k1N Lsuvo +61T110 (1)
Lint
B = Rjq5 Winin Vaa | k2N Lsuvo +62T110 -1 (12)

L.
X = Rjaanzdf(NC + (co+cp)s+cl) ;m

LA
+R;jaS Win Vad (kSNIsubO + 63%110) + T, (13)

When the system reaches a steady state, dT;/dt = 0, the
following equation can be obtained:
AT} +BTj+X =0

VB2 —4AX > 0.

The term inside the square root has to be positive or zero for
real solutions to suppress thermal runaways. In such a case,

(14)

2581

Heat Sk

Attach

[Thermal Paste

Al Cap

Underfill C4 Bump

Fig. 1. Cross section of flip-chip C4 package with CMOS chips.

the solution of (14) can yield two results for the quadratic
equation, and the larger one is omitted due to its metastable
state which would be alternated by small perturbation [28].
Finally, the steady-state temperature can be obtained

—B — +/B? —4AX
24 '

It is noted that the value of B in (15) is negative and
its absolute value is large than the square root in the real
calculation process. There is no doubt that the value of A
in (15) is positive, thus the final steady-state temperature
Tsteady_state 1 also positive.

15)

Tsteady_state =

IV. TWO PACKAGE STRUCTURES
A. Flip-Chip C4 Package

The traditional flip-chip C4 package structure is shown
in Fig. 1 [3]. The C4 solder bump distributed over the next
layer substrate is soldered and connected to the chip die.
While, epoxy commonly used on large high-power chips
is underfilled between the die and the substrate. Thermal
paste, placed between the aluminum lid and the silicon die
to establish good thermal contact, is widely used as thermal
interface material and can provide protection to the chips from
the mechanical damage [10]. The thermal on the powered die
chip is spread quickly to the surrounding Al cap via thermal
paste. An air-cooled heat sink is mounted on the Al cap via
attached material to efficiently pump the heat to the ambient.
Then, the heat produced in the chip die is finally dissipated to
the ambient by a heat sink attached on the top of the Al cap.

Due to a small temperature difference between the two sides
of Al cap, the thermal resistance of Al cap can be omitted for
the first-order analysis [28]. Hence, the total thermal resistance
of the C4 structure is given by

Rja_c4 = Rrp + Rus (16)

where Rtp and Rys represent the thermal resistance of the
thermal paste and the heat sink, respectively.

B. Chip Package With TECs Device

The structure of TECs used for the hot-spot cooling is
shown in Fig. 2(a). Many thermocouples consisting of a p-type
semiconductor pellet and an n-type semiconductor pellet are
connected by Cu interconnects. When the TECs are applied by
electrical current from the n-type end to the p-type end, the
heat will be absorbed at the bottom of TECs and released
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Fig. 2. Schematic of TECs module. (a) TEC devices chain with electrical
current powered ON. (b) Electronic package with the TECs clamped by
two thermal pad layers.

at the top side owing to the Peltier effect. If the polarity
of power supply is reversed, heat-pumping direction will
be changed subsequently. Moreover, due to higher thermal
conductance compared with the material surrounding it, a TEC
still has the ability of cooling even when there is no
electrical current across it [11]. In addition, the localized
cooling can be achieved using microelectronic processing
for the hot spot of interest [29]. Compared with the
C4 package, the key advantages of integrated TECs with a
large number of thermocouples are their ability to handle much
higher heat fluxes. Fig. 2(b) shows a type of chip package
structure with groups of embedded TECs covered by two
ceramic plates. Together with the thermal paste, TECs are
sandwiched between the cold plate and the heat sink. Here,
the cold plate acts as a function of heat conversion not only
due to its high thermal conductance but also due to the role of
uniformly spreading heat over the underground plate. When
the TECs are powered ON, heat is absorbed on the surface
of the cold plate and released to the heat sink with thermal
paste material as heat conduction medium. According to the
dimensions, thermal resistance of the cold plate is formulated
as follows:

Icp
Rcp = (17)
kcpscp
where fcp represents the cold plate layer thickness,

kcp and scp are the thermal conductivity and area of the plate,
respectively.

The cooling power of a TEC at the cold side is given by
the following equation [17], [30]:

1
Ocold = alTeo1q — ElzRe - K(Thot — Teold) (18)
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where a is the Seebeck coefficient, / is the electric current,
R, is the electric resistance of a TEC, K is the thermal
conductivity of the module, Tjo and Tioq represent the
temperature of the hot side and the cold side, respectively. It is
noted that the physical properties of the p-type and the n-type
semiconductors used in TECs are close to one another apart
from the sign of the Seebeck coefficient. For simplicity, the
total Seebeck coefficient, «, the total electric resistance, R,,
and the total thermal conductance of the module are calculated
in this paper.

The electric voltage applied to the TEC is consumed to
overcome the Seebeck effect and the resistive voltage drop

U = IR, + a(Thot — Teold)- (19)
The electrically driven TECs power is
Pe = I’Re + oI (Thot = Teold). (20)

Then, the total heat power generated at the hot side of TEC
can be obtained by

Qhot = Qcold + P.. (21)

The COP, which is used to estimate the efficient of the
TEC module, is expressed as follows:

Ocold _ alTeold — %IzRe — K (Thot — Teola)

COP = 3
P, I*Re + ad (Thot — Teold)

(22)

V. THERMAL RESISTANCE MODEL AND PERFORMANCE
OPTIMIZATION FOR TECs

To obtain the steady-state temperature of system with
integrated TECs package, it is necessary to calculate the
thermal resistances on the cooling path. However, the Peltier
effect makes the thermal resistance representation of TECs
difficult to realize due to its active characteristic. Moreover,
in the pursuit of maximum COP of TECs with optimized
p-n couples, TEC’s power dissipation is generally neglected,
which is consumed by Joule thermal and worked against heat
flow difference between the hot and the cold sides. Thus,
in this paper, we proposed an equivalent thermal resistance
model for TECs based on the surface temperature difference
and heat-flow density. In addition, the power consumption cost
is considered as the development of a numerical optimization
for the COP.

A. Equivalent Thermal Resistance Model of TECs

The thermal resistance of TECs cannot be calculated as the
cold plate, since TEC is an active cooling device playing a
role of producing a different temperature difference. Simulta-
neously, it can act as cooling power and heat power under
the condition of a different current intensity. According to
the physical definition of thermal resistance, we proposed an
equivalent thermal resistance model for TECs to evaluate the
cooling ability of TECs

Thot — Teold AT

Qhot + Qcold B 2Qcold + P,

AT
- . (23)
al(Teold + Thot) — 2K (Thot — Teola)

RrECs =
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It is deserved to mention that Rtgpcs is negative for
TECs’ cooling ability instead of heating. Although TECs
also consume a part of electrical power and produce Joule
heat, the cooling ability is dominated on the whole. It can
be seen from (23) that Rrgcs is a function of Teolg and Thet,
where Ty can be derived as

_ 2KRrEcs + alR1ECs + 1
 2KRtecs + aIRTECs + 1

For a given temperature control criterion (T¢old, Thot) and
TEC material (a, K), RTgecs is influenced only by the electrical
current passing through TECs devices. Consequently, the
thermal resistance from the cold plate to the heat sink is
evaluated by

hot cold- (24)

Rja_cH = Rcp + Rus + Rtecs + 2Rtp. (25)

B. Optimization for COP and TECs Power

Now that the p-n couples are electrically connected in series
and thermally connected in parallel between the cold plate and
the heat sink, determining the optimum number of p-n couples
to achieve the maximum thermal performance with smaller
electrical power is indispensable. For Np, p-n couples, the
electrical resistance rises by Np, times with one p-n couple,
whereas the equivalent thermal resistance is lower than
Npn times, which means an increase of the thermal
conductivity. Therefore, the temperature at the hot side can
be rewritten as

_ 2KRtECs + aIRTECS + Npn
2KRtECs + aIRTECS + Npn

Similar to T, the power consumed by Np, couples can be
estimated as follows:

hot Teold. (26)

202 1% RrEcs
Pye = I?Np R, + Teod- (27
Ne pnite 2KRrpcs — aIRTECs — an cold (27)
For a given electrical current I and cold side

temperature Tcolg, the power dissipated by p-n couples
is a function as Np,. By means of derivation of the (27), the
optimum number of p-n couple with minimum TECs power
can be found

2RTECs
Npn_p = aIRTECs — 2KRTECS + @ R Teold-  (28)
e

Substituting (26) and (27) into (22), the expression of COP
with p-n multicouples can be provided as (29), shown at the
bottom of this page.

Equation (29), can be simplified into the following
expression:
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TABLE I
KEY REFERENCE DATA IN A 50-nm TECHNOLOGY NODE
Parameter Value Parameter Value Parameter | Value
W /am 500 r/kQ 75 T/K 323
L /nm 20 ro/kQ 13.4 TyK 300
Vaa /N 1 Cys /PF 185 Ry, /KW | 0.085
f/GHz 5.49 c/fF 0.93 R,/K-W! 0.1
q/c 1.6X107" ¢,/fF 1.3 Ryy/K-W! 0.06
k; 0.0051 k> -3.31 ks 533.71

After derivation calculus to the denominator of (30), we can
get the maximum COPp,x and optimum Npy_cop, respectively

o Teold 1
COPpax = - =
IR, RTeCcs QK — al)—201+/2R, R1ECsTeola 2
3D
[2a? RtEc:
anﬁcop = Tg Teold- (32)
e

VI. RESULTS AND DISCUSSION

For the CP1.4-125-0.06L TEC device, the nominal perfor-
mance parameters are Umax = 154 V, Omax = 514 W,
Ty, = 300 K, Inax = 6 A, and ATy = 67 °C. According
to these overall characteristics, we can deduce the Seebeck
coefficient, electrical thermal resistance, and thermal conduc-
tance of the total TECs modules [17]. Usually, the reference
value of T, = 50 °C and the system initial temperature
Tine = 120 °C are employed. It is assumed that the thermal
paste has the same size as TECs (40 x 40 mm?) with
the thermal conductivity ktp = 3.2 W/m - K and the
thickness of 0.25 mm. Similar to the thermal paste, the
thermal resistance of cold plate can be calculated as Rcp =
0.085 °C/W, while Rgs = 0.06 °C/W in [17]. For simplicity,
the assumption is made that both the sides of the cold plate
have the same temperature, which is reasonable due to its
high thermal conductance. The model parameters and material
properties in a 50-nm technology process used in this paper
are based on International Technology Roadmap for Semi-
conductors provided in [3], which are described in Table I,
including the fitted subthreshold current coefficients and
calculated thermal resistance results. Based on the initial
condition and material parameters above, a cooling package
with 12 mm x 12 mm x 250-um-thick die, 40 mm x 40 mm x
1.66 mm TEC array, and 52 mm x 52 mm X 5 mm heat sink
with the fin height of 10 mm and the fin thickness of 2 mm
is established.

With the purpose of estimating the impacts of TECs on
the steady-state temperature, we substitute (16) and (25)
into (15). Consequently, the steady-state temperature adopting

201 Teold 1
COP = 5 PT— (1:: —5  two packages form (C4 and TECs) and COP change with
2I°R. [an + ReNpn “+ Rrecs 2K —al )] electrical current applied in TECs can be obtained. To verify
(30) the effectiveness of our proposed model, we make
—31?R Ny, + [ Teotd — 317 Re Rrecs 2K — a1)INpn — 2 I Rrecs Teold
COP = (29)

IzReNgn + IZReRTECS(ZK - aI)an + 2a212RTECsTcold
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Fig. 3. Temperature distribution with 2.5 A drive electrical current.
(a) Package with the integrated TEC cooling system. (b) TEC arrays.

a comparison with the finite-element thermal—electric model-
ing using ANSYS 14.5. Based on the 3-D 20-node hexahedron
Solid 226 brick from ANSYS element library, the coupled field
for TECs with structural, thermal, and electrical degrees of
freedom can be accurately calculated. With the same material
and size, the final steady-state thermal profiles of 125 TEC
arrays and a cooling package with TEC arrays when the
excited current is 2.5 A are shown in Fig. 3. Hiding other
modules, we can obtain the thermal contour of TEC structure
arrays, as shown in Fig. 3(b). It is showed that the junction
temperature of die along the bottom of cold plane remain
unchanged due to the high thermal conductivity of material Cu.

Fig. 4 shows the cooling temperature and COP versus
electrical current using different models and packages. As can
be seen, the steady-state temperature predicted by the proposed
thermal model is in excellent agreement with the ANSYS
finite-element results. A big temperature drop with TECs
package is observed when the electrical current across the
integrated TECs increases from 1 to 3 A. This is due to
small TEC power consumption and efficient working range
around maximum COP. Furthermore, the fall trend becomes
no more obvious as the electrical current rises beyond 4 A
where the power load induced by large TEC current increases
significantly. Meanwhile, COP reaches the optimized value
at I = 2.5 A, while the steady-state temperature using
the proposed method decreases to 112 °C. In addition, the
calculated temperature results in just 2.3% relative error in the
finite-element method at electrical current 2.5 A when COP
reaches their maximum, which can validate the effectiveness
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Fig. 4. Steady-state temperature of the system adopting the TECs package
and COP versus electrical current applied in the TECs. Long dotted line:
steady-state junction temperature at the chip surface in the C4 package.

TABLE 11
COMPARISON OF TEMPERATURE AND POWER DISSIPATION
IN THE C4 AND TECsAT I =25 A

Package ?teady—siate Chip Power Power Consumed
Structure emperature /W by Package
/C /W
C4 133 75.8 0
TECs 112 67.2 132

of our proposed method for steady temperature. However, the
steady-state junction temperature provided by the C4 package
for the same design always maintains at 133 °C. On this basis,
it can be concluded that the TECs can be seen as an accurate
temperature tunable devices affording controllable efficiency
by external current compared with the traditional C4 package.
Table II presents the comparison of temperature and power
dissipation with two different package structures when the
chip turns into the stable state. After adopting TECs package
structure, it is noted that the steady-state temperature and the
chip total power consumption decrease by 15.8% and 11.4%,
respectively. On the whole, the decreased temperature caused
by TECs can lead to power dissipation reduction obviously.
It should be considered that the TECs package also consumes
a part of power dissipation when obtaining the maximum
COP of the whole cooling system. Since lower steady-state
temperature can lead to smaller delay, lower power, and higher
system reliability by means of controlling thermal runaways, a
portion sacrificial power consumption of TECs is acceptable.

From Fig. 4, we can see that the COP changes with the
electrical current. When the electrical current across by TECs
is applied to 2.5 A, the maximum COP can reach up to 1.4.
However, it is not the key variable that affects COP optimum
value. Assuming T¢olq maintains the steady-state temperature,
Fig. 5 shows the COP curves as a function of Ny, and [.
It is shown that the rise of electrical current on the basis of
the optimal value (I = 2.5 A) will decrease the maximum
COP with fixed Np,. When Np, = 96, COP reaches the
maximum regardless of the value of electrical current. As the
2-D parabolic, it is the Ny, that determines the position of
maximum COP, while electrical current controls the magnitude
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Fig. 5. COP as a function of Npp at a different TEC electrical current.
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Fig. 6. TEC power as a function of Npp at a different TEC electrical current.
Dotted line: power of TECs reaches minimum at the same abscissa value.

of COP in TEC structure. However, it cannot be ignored that
larger electrical current means high system power dissipation.
Thus, the power consumed by those TECs is necessary to be
controlled, while the performance is guaranteed. Fig. 6 shows
the curves of the power dissipated by TECs versus Npq
with a different electrical current. It can be seen that the
power consumption of TECs is minimized when Np, = 34
independent with the electrical current, which verifies (32).
Besides, the power dissipation of TECs shows the modest
improvement when the numbers of p-n couples exceed the
optimum due to the decrease of thermal resistance of TECs.
Thus, as shown in Figs. 5 and 6, a system optimization to
achieve both the maximum COP and the lowest TECs power
dissipation is impossible. The tradeoff between them depends
on the performance requirement and thermal limits.

VII. CONCLUSION

In this paper, the power model of circuits with and without
repeaters is derived, and the steady-state temperature of
two packages structures is calculated based on the thermal
profile model. To obtain the maximum COP and minimum
TECs power, an equivalent thermal resistance model of TECs
is proposed and the optimization of p-n couples is performed.
The simulation results show that the system steady-state
temperature with integrated TECs package can be reduced by
as much as 10.6 °C when the COP reaches the maximum,
compared with the cases of traditional C4 package.
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Simultaneously, the temperature-dependent power decreases
by 11.4%. Optimized p-n couple numbers can be directly
obtained by the curves of the TECs power or COP as a
function of Np, with a different electrical current. Packaging
technology with integrated TECs can be used to prevent
the thermal runaways and provide an effective thermal
management solution for nanometer ICs.
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