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Silicon Microthermoelectric Coolers for Local
Heat Removal in Integrated Circuit Chips

Ruchika Dhawan, Hal Edwards™, Member, IEEE, and Mark Lee

Abstract— Advancements in electronic device fabrica-
tion with increasing integration levels have resulted in very
high device densities. This has led to higher power dis-
sipation and heat fluxes, increasing integrated circuit (IC)
operating temperature. High and nonuniform heat genera-
tion degrades device and system performance. Therefore,
thermal management to keep ICs within prescribed tem-
perature limits is an important challenge for reliable and
economic performance. Cooling techniques, including lig-
uid coolants and air conditioning (AC), have been utilized
to remove heat at the package and system level. However,
these techniques must overcome high thermal impedances
and require complex integration, while global cooling is
generally wasteful, inefficient, and expensive. To improve
thermal management, we have developed Si microthermo-
electric coolers (. TECs) with areas as small ~10~% cm?
that can be integrated on -chip near local hot spots using
the standard fabrication processes. While Si . TECs cannot
achieve low base temperatures, they can actively pump rel-
atively high heat fluxes directly to a heat sink, thus reducing
local temperature increases and allowing targeted rather
than global waste heat removal. We demonstrate . TECs
that can pump up to 43 W cm—2 of locally generated excess
heat with no increase in chip temperature.

Index Terms—Integrated circuit (IC) thermal factors,
thermoelectric devices, thermoelectrics.

[. INTRODUCTION

ITH the rapid development of very-large-scale-
Wintegrated circuit (VLSIC) technology, feature sizes
are now at nanometer dimensions, and the number of com-
ponents per integrated circuit (IC) chip is increasing at a
fast rate. The very high device density and design com-
plexity of VLSICs result in high and nonuniform heat
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density generation in high-performance Si ICs. This cre-
ates hot spots that can significantly degrade device perfor-
mance and lifetime [1], [2], [3], [4] with heat fluxes of
order 100 W cm~2 [5], [6], [71, [11, [8], [9].

Thus, the effective removal of high heat fluxes is a funda-
mental requirement for efficient and reliable operation. Many
package-, board-, and system-level cooling strategies are used,
including liquid cooling [10], [11], air-cooled heat sinks [12],
and air conditioning (AC) [13]. Waste heat is usually dumped
to room air, where a global AC system carries it away. With
increasingly high heat flux regions, a local heat pump inte-
grated ON-chip may be more efficient than passive package-
or board-level cooling [14], [15], but current cooling systems
do not scale well to the micrometer dimensions needed for
integrated ON-chip cooling.

In 2018, data centers consumed ~1% of worldwide elec-
trical energy, estimated to increase to ~3% by Jones [16].
A large fraction of this usage arises from AC. It has been
suggested [14], [15], [17] that integrating microthermoelectric
coolers (W TECs) into an IC to pump locally generated heat to a
selectively cooled heat sink can significantly reduce AC energy
needs. A recent article [18] comprehensively reviews the state-
of-the-art wTECs. Temperature reductions of 5-55 K and
maximum cooling power densities (i.e., cooling power per unit
area at zero temperature difference) exceeding 100 W cm~2
are reported from pTECs using high TE figure-of-merit
(ZT) materials, usually Bi,Te; or related compounds with
ZT =~ 1 near 300 K. However, these often require large ther-
mopile (TP) currents of 0.1 to >1 A [19], [20], [21], raising
concerns about parasitic ohmic heating in IC applications,
where lead resistances may not be negligible. As important,
the growth of high ZT materials and processing of such
materials into TE devices are generally incompatible with the
requirements of complementary metal-oxide—semiconductor
(CMOS) silicon IC fabrication, making integration of high ZT
WTECs with Si chips very difficult.

Monolithic integration of uTECs with chip-level silicon
IC processing is strongly preferable. Si itself has not been
considered as a TE material because of its low ZT ~ 1072
near 300 K, leading to an ideal maximum temperature reduc-
tion of —ATigea = 1/2ZT% of only ~1.5 K [18], [22].
However, if mitigating temperature increases rather than
actual refrigeration is the main goal, Si-based uTECs
could prove useful as ON-chip integrated heat pumps if
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Fig. 1. (a) lllustration of basic thermocouple consisting of n- and p-type “nanoblades,” resistive thermistor as a heat source, and probe station

chuck as a heat sink. (b) Cross section SEM image of a set of four Si nanoblades contacted by tungsten plugs. The thermistor is a thin serpentine
Cu meander line (winding into and out of the plane of the page) thermally connected to the top of the thermocouple via Cu heat “fins.” For scale,
the W plugs are about 80 nm wide. Ty and T, are the temperatures at the top and bottom, respectively, of the thermocouple elements.

they can achieve maximum cooling power densities of
order 100 W ¢cm~2.

In this brief, we report experimental results on Si-based
WTECs using Sip97Gegos as the TE material. These wTECs
were fabricated using standard “65-nm node” process tech-
nology and are thus fully compatible with monolithic VLSIC
device integration. While we found that these Si-based uTECs
could deliver only modest refrigeration of —AT,,x = 0.31 K,
unoptimized prototypes showed maximum cooling power den-
sity of 43 W cm™2, a factor of 2-3 away from being practically
useful. Potential design improvements to improve cooling
performance will be discussed.

[I. DEVICES AND MEASUREMENT

The Si-based uTE devices used in this study were designed
as TE generators as detailed in [23] and [24] but are capable
of Peltier cooling. Briefly summarizing, each thermocouple is
composed of Sipg7Geg 3 “nanoblades” (80 nm wide x 350 nm
tall x 750 nm long) made using a moat etch from n* and p*
wells (see Fig. 1), where Ge was ion implanted into the surface
of a Si wafer. An array of such thermocouples forms a TP with
total area for heat flow A = 48 x 36 um. These devices were
shown to output very high power and voltage densities using
AT ~ 20 K [23], [24]. To test TE cooling, a serpentine Cu
film thermistor fabricated ON-chip above each TP is used as
a heat source to simulate a local hot spot. The thermistor is
thermally connected (but electrically isolated) to the TP top
via an interdigitated Cu fin heat exchanger. The backside of
the uTEC chip is heat sunk to a probe station chuck actively
maintained at Ty, = 300.00 K.

Fig. 1 shows the (a) illustration and (b) cross section
scanning electron microscope image of a device. At the top is
the thermistor heat source at temperature Touce, connected
thermally to the top of the TP at temperature 7;. At the
bottom is the probe station chuck acting as the heat sink
at temperature Tgnk, connected thermally to the bottom of
the TP at temperature 7,. The TP is electrically connected
via n*- and p*-well contacts to an external voltage Vrp and
current Itp, where Vrpltp is the power input needed to pump

heat away from the thermistor. Peltier heat flows from source
to sink when Itp > 0, defined as the direction when electrons
in the n side and holes in the p side drift from top to bottom,
as indicated in Fig. 1(a). Peltier cooling of the thermistor only
occurs for Itp > 0.

The chip with TP and thermistor was placed on a probe
station chuck. As illustrated in Fig. 2 (inset), electrical con-
tacts were brought to probe contact pads on the chip surface.
Four-wire Kelvin probes were used to measure current—voltage
(I—V) characteristics of thermistor and TP. All biases were set
and measured using an Agilent 4156 parameter analyzer with
medium integration time and measurement delay of 100 ms.
The thermistor (subscript “th”) was voltage biased at Vi, and
current Iy, measured, giving heater power Q = Vi Ip. Embed-
ded in the chuck was a calibrated thermometer to measure
Tsink- The temperature difference AT of the thermistor relative
to the chuck was determined using the procedure described
in [24] to calibrate the thermistor’s resistive temperature coef-
ficient: 8 = 0.00269 K~!, from which AT = (Tjs— 300 K) =
(Rth — Runo)/(B Ruo), where Rypo ~ 85 2 was the thermistor
resistance with the chip at 300 K and Ry = Vi/ly was
determined using positive and negative Vy, biases to subtract
out offsets. For each test condition, Ry, was measured 40 times
and averaged to determine AT. In each dataset, the standard
deviation in Ry was £ 0.003 €2, corresponding to a + 0.01 K
uncertainty in AT.

Fig. 2 shows that Peltier cooling could be observed in these
devices with no thermistor heat applied, 0 = 0, and the TP
current biased at Itp > 0. Fig. 2 shows AT versus Itp across
both polarities. The quadratic shape of the curve results from
ITZPRTP Joule heating, where Rrp is the TP resistance, but the
offset of the minimum to negative AT at Itp > 0 is due
to Peltier cooling. The yellow shading in Fig. 2 indicates the
region where Peltier cooling (AT < 0) is strong enough to
overcome Joule heating. Cooling occurs for Itp up to 30 mA,
beyond which Joule heating overcomes Peltier cooling. The
best temperature reduction achieved is —ATp,x = 0.31 K at
an optimal current bias near 15 mA. This is less than the 1.0 K
reduction reported by Zhang et al. [25] using ' TECs made
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Fig. 2. Temperature difference AT between thermistor and chuck as

a function of current bias fp with no heat applied to the thermistor.
The chuck is maintained at 300.00 K. Yellow shaded area indicates
the region of net Peltier cooling. The maximum temperature reduction
—ATmnax = 0.31 K at an optimal kp = 15 mA is indicated. Inset: block
schematic of the electrical contact configuration to thermistor and TP,
brought out to probe contact pads on the chip surface.
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Fig. 3. Temperature difference AT between thermistor and chuck as a
function of heater power applied to thermistor. The red circles are with
the uTEC off: kp = 0 mA. The blue squares are with the ©TEC on and
biased near its optimal bias: kp = 18 mA. Markers are measured data
points and lines are least-square fits to the data. The intersection of fp
= 18 mA line on the AT = 0 axis gives maximum cooling power Qmayx of
the device.

from surface etched Si mesas and is a factor of ~5 smaller
than the ideal limit, most likely due to significant parasitic
thermal contact resistances between the TP and the heat source
and sink.

Fig. 3 shows the measured Peltier heat pumped from the
thermistor to the chuck using a constant Itp to determine the
cooling power. With the uTEC off (Itp = 0 mA), applying
Q > 0 to the thermistor always results in AT > 0 as expected.
However, when the uTEC is biased near its optimal current
(Itp = 18 mA here), the AT versus Q line is offset down
with negative intercept on the y-axis giving —AT,x. The
thermistor temperature remains lower than the heat sink until
a maximum cooling power Qn.x = 0.73 mW is applied. Nor-
malizing this to area gives a maximum cooling power density
of 43 W cm™2. This means the £ TEC can remove 43 W cm ™2
of heat flux generated in addition to its own operating power
before local chip temperature rises above that of the heat sink.

The results shown in Figs. 2 and 3 were measured on
two separate but nominally identical devices. Both devices

0.35 —

X)

0.25F .

max

-AT

0.20 [ .

0.15F 3

0410:“““\‘w\w\”\””
50 100 150 200 250

Blade Width (nm)

Fig. 4. Maximum temperature reduction versus nanoblade width w in
four uTEC variants with the same geometry and material parameters
except for w. Cumulative TP area for heat/charge flow was kept constant
to keep Ryp the same. The lines simply connect data points.

gave the same —AT, to within 0.01 K, QOp.x to within
0.03 mW, and had the same optimum Itp to within a few
milliamperes of each other. This demonstrates good device-
to-device reproducibility.

These devices can heat or cool a chip depending on the sign
of Itp. Thus, such a uTEC could be used as a temperature reg-
ulator. ON-chip temperature control is especially important for
circuits that rely on ON-chip temperature sensitive metrology
references to achieve desired accuracy [26].

[1l. POTENTIAL FOR IMPROVING PERFORMANCE

A question of interest is how to improve cooling perfor-
mance of these Si uTECs. Most obviously, reducing parasitic
thermal impedances ®; (between heat source and top of TP)
and ®, (between bottom of TP and heat sink) is known to
boost performance [27]. When ®; + ®; > 0, the maximum
—AT achievable is reduced from the ideal case by the thermal
contact factor Omp/(Op + ©; + ©;), where Orp is the
thermal impedance of the TP itself. Since our measured
—ATyax = 0.2 (—ATigea), this suggests that (07 + ©,) =
40@r1p, consistent with the conclusions of a previous device
model [24]. Thus, a factor of up to 5x cooling performance
increase could be achieved by reducing ®; + ©, through
a better heat exchanger design and use of higher thermal
conductivity dielectric spacers between source and TP and
between TP and heat sink.

In addition, reducing TE element dimensions to below the
phonon mean free path (~200 nm at 300 K) [28] has been
shown to improve TE device performance [29]. We explored
the effect of nanoblade width using a set of four device variants
with different widths w = 80, 120, 160, and 240 nm. These
devices used the same geometry and material characteristics,
except that the number of nanoblades in each TP was inversely
proportional to w in order to keep total TP cross-sectional
area, and hence Rrp, constant. Fig. 4 shows that while Ryp &
5.2 © remained essentially constant (varying by < 3%), as w
decreases from 240 to 80 nm — ATy« improves by a factor
of 2.3x and extrapolates toward continuing improvement at
smaller w.

The dopant concentration used in these nanoblades was
about 4 x 10" cm™3, an order-of-magnitude smaller than
the densities typically used in semiconductor TE devices.
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Modeling of Si TE generators [30] suggests that, includ-
ing parasitic thermal impedances and electrical resistances,
an increase in device level Z of 30%—-50% could be expected
upon increasing the TE element dopant density from that used
to ~2 x 10" cm~3.

Finally, the uTECs used in this work used a fill factor (ratio
of TP area occupied by TE elements to total TP area, which
includes dielectric filler) of only ~2%. As previously stated,
these devices were designed as TE generators, and the use
of small fill factors preserves an optimal AT needed to max-
imize power generation [31]. For heat pumping applications
however, the aim is to reduce AT rather than maintain it, so it
may make sense to increase the fill factor up to the 20%-50%
level typically found in Bi,Tes-based TE devices [19], [21].
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