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ABSTRACT

Thermoelectric (TE) generators and coolers are one possible solution to energy autonomy for internet-of-things and biomedical electronics
and to locally cool high-performance integrated circuits. The development of TE technology requires not only research into TE materials but
also advancing TE device physics, which involves determining properties such as the thermopower () and Peltier (IT) coefficients at the
device rather than material level. Although IT governs TE cooler operation, it is rarely measured because of difficulties isolating IT from larger
non-Peltier heat effects such as Joule heating and Fourier thermal conduction. Instead, IT is almost always inferred from o via a theoretical
Kelvin relation IT=«T, where T is the absolute temperature. Here, we demonstrate a method for independently measuring IT on any TE
device via the difference in heat flows between the thermopile held open-circuit vs short-circuit. This method determines IT solely from con-
ventionally measured device performance parameters, corrects for non-Peltier heat effects, does not require separate knowledge of material
property values, and does not assume the Kelvin relation. A measurement of IT is demonstrated on a commercial Bi,Te; TE generator. By
measuring « and IT independently on the same device, the ratio (IT/a) is free of parasitic thermal impedances, allowing the Kelvin relation to

be empirically verified to reasonable accuracy.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0093575

Thermoelectric (TE) devices are used as generators (TEGs) to
convert heat flow into electrical power output or as coolers (TECs) to
provide refrigeration using electrical power input.' TE devices are reli-
able because they have no mechanical parts and are environmentally
friendly because TEGs harvest heat that would otherwise be wasted,
and TECs use no ecologically damaging refrigerants. Macroscopic TE
devices, typically ~10 cm? in cross-sectional area and ~1 mm thick,
are commercially available. Recently, significant interest has developed
in microelectronic TE (uTE) devices, typically < few mm? in area and
<0.Imm thick, which can be incorporated on-chip or in-package
with Si integrated circuits (ICs). uTEGs could provide energy auton-
omy to power internet-of-things” * and biomedical electronics™®
wherever a reliable thermal gradient exists, and yTECs can locally cool
hotspots in high-performance ICs” to reduce the expensive and
energy wasteful global air-conditioning needs of modern large data
centers.”""

Most current work advancing TE technology focuses on develop-
ing new materials having a high TE figure-of-merit."' Equally impor-
tant to TE technology should be device physics research to optimize
TE performance at the device level, especially for y'TEs where circuit

parasitics can strongly undermine performance.'” Understanding TE
device physics requires determining basic TE parameters at the device
level, principally the electrical and thermal resistances, R and O,
respectively, and the thermopower (Seebeck) and Peltier coefficients, o
and IT. (Here, we take o to be temperature independent over tempera-
tures of interest and so neglect the Thomson effect, a valid assumption
in most common applications.) For devices, one must account for the
properties of the TE materials and for parasitic electrical and thermal
resistances from contacts and leads.

Although IT governs TEC operation, it is rarely actually
measured,' ™" but is nearly always inferred from measurements of o
using a Kelvin relation'” IT1= T (depending on author, this may be
called the first or second Kelvin relation), where T is the absolute tem-
perature. This is a specific example of an Onsager reciprocal relation
(ORR) between generalized forces and flows arising from the assump-
tion of microscopic reversibility in a macroscopic irreversible nonequi-
librium thermodynamic process.'”'® In TE physics, the forces are
electric potential and thermal gradients, and the flows are charge and
heat currents.'” In theoretical physics, the ORR and, more specifically,
the Kelvin relation are broadly accepted as correct for steady state
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linear response in systems not too far from equilibrium, although
logarithmic corrections have been proposed.”’ Interestingly, in experi-
mental physics, few rigorous tests of the Kelvin relation or ORR
exist.lil"l,zl

The lack of independent determination of IT is largely because
the Peltier heat flow Qpe = IT I, where I is the electric current through
the thermopile, can be difficult to distinguish accurately from Fourier
(passive) thermal conduction, Qpoyrier = AT/®, where AT is the tem-
perature difference across a TE device, and Joule heating, Qjoue = PR,
both of which are typically significantly larger than Qp.' *** Many
reports on measuring IT using calorimetry on metal-metal thermo-
couple junctions that are still cited today were done in the late 1800s
to early 1900s."” These old and some modern™ Peltier measurements
have been criticized"* for neglecting to properly correct for non-Peltier
heat transfer effects or for assuming unphysical temperature profiles.
More recent efforts to determine IT in semiconductor TE devices
involved either measuring the temperature profile along the TE ele-
ments of a thermopile”* or monitoring the time evolution of the tem-
perature difference in a thermopile after applying a current bias.”” In
both these methods, deriving a value for IT also required separate
knowledge of constituent material thermal conductivities or emissivi-
ties. In addition, both measurements would pose significant technical
difficulties to perform on #TE devices, where access to the thermopile
would require destructively cross-sectioning the device.

In this paper, we present a method to determine IT in any TE
device from conventional performance characteristics that can be mea-
sured nondestructively using standard instruments, without relying on
the Kelvin relation or separately knowing values of any material prop-
erty. Here, I1 is determined from the difference between the TE cir-
cuit’s heat flow when the thermopile is held in open-circuit (OC) and
short-circuit (SC) conditions as well as measuring the SC current, Isc,
at fixed applied temperatures. Because no electrical power is input or
output from the thermopile under OC or SC conditions, no net Joule
heating occurs. Subtraction of SC and OC heat flows isolates Qpe
from Qgourier- This method is demonstrated using a bulk commercial
Bi,Te, TEG.

A generic semiconductor TE device consisting of a thermopile
with #- and p-type TE legs is illustrated in Fig. 1(a). At the top is a
heat source assumed to maintain a known temperature Tource. This
source is thermally connected via a thermal contact, with parasitic
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thermal resistance ®;, to the top of the thermopile at temperature T;.
At the bottom is a heat sink assumed to maintain a known tempera-
ture Tk This sink is thermally connected, via a thermal contact with
parasitic thermal resistance ®,, to the bottom of the thermopile at
temperature T,. The thermopile may be electrically connected to an
external electrical source or load at voltage Vrp and current Itp. For a
TEG, the power output delivered to a load is — Vyplrp. For a TEC, the
power input needed to refrigerate is Vyplrp. Using both p- and n-type
materials, the device’s net intrinsic thermopower is o= o, — o,, and
the net intrinsic Peltier coefficient is IT = I, — I1,, where o, I, > 0,
and o, I1,, < 0.

Figures 1(b) and 1(c) depict the heat flow circuit when the ther-
mopile is held (b) OC (Itp =0) and (c) SC (Vp=0). In both cases,
Vrplrp =0, so no electrical power is delivered to or withdrawn from
the thermopile. In steady-state, energy conservation then requires that
the same heat flow Q flowing from the heat source through @, into
the thermopile top must flow through the thermopile and out from
the thermopile bottom through @, to the heat sink. In OC, there is no
electric current, so the OC heat flow Q¢ only flows by Fourier ther-
mal conduction: Qoc = AT/®,, where AT = (Tsource — Tsink) is the
applied temperature difference and @, = (®; + @, + Orp) is the
total thermal resistance of the device. Here, ®p is the thermal resis-
tance of the thermopile, including the TE elements and any parallel
(shunt) heat flow through non-TE spacing material such as air or
dielectric filler within the thermopile.

The SC heat flow in Fig. 1(c) is more complicated. The tempera-
ture difference AT, = (T, — T,) that appears across the thermopile
causes a thermopower potential shift'* «AT},. To maintain Virp =0, an
SC current Isc spontaneously flows through the thermopile resistance
R, such that IcR = oA T},, canceling the thermal potential. At Tj, Isc
carries Peltier heat I1(T))Isc into the thermopile. At T,, Isc carries
Peltier heat I1(T5)Isc out of the thermopile. Because no electrical power
is input to or output from the thermopile, no net heat is gained or lost
within the thermopile, so any difference in these Peltier heat flows is
absorbed by the resistor: [TI(T}) — TI(T,)]lIsc= ISZCR. Solving the
Poisson equation for temperature distribution””® shows that 14IZR
flows into T, and 15I&R flows into T,. The Isc-dependent heat flow
from T is then TI(T))Isc — 1oI&R =A[TI(Ty) + TI(T,)]Isc, and the
Isc-dependent heat flow out to T is II(To)Isc + 14I&R = 1A[T1(Ty)
+ II(Ty)]Isc. The equality of these heat flows preserves the
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FIG. 1. (a) Generic semiconductor TE device with thermopile consisting of n- and p-type legs. Depicted are thermal contacts between thermopile and heat source and heat
sink as well as thermopile voltage (Vrp) and current (/rp) connections. (b) and (c) Heat flow circuit when the thermopile is held (b) open-circuit (OC, lp = 0) and (c) short cir-

cuit (SC, Vrp =0). Here, ATT =TI(T;) —
the thermopile.

II(T,), AT =

Tsource — Tsink iS the applied temperature difference, and AT, =T; —

T is the resulting temperature difference across

Appl. Phys. Lett. 120, 183901 (2022); doi: 10.1063/5.0093575
Published under an exclusive license by AIP Publishing

120, 183901-2


https://scitation.org/journal/apl

Applied Physics Letters

requirement that the net SC heat flow Qgc is the same throughout the
device. Using these facts, solving the thermal circuit of Fig. 1(c) gives
the SC heat flow,

Qsc = O AT + (gTP)HISQ (1)
tot
where I1 = 1A[I1(Ty) + T1(T,)] is the mean Peltier coefficient of the
thermopile operating between T; and T,. A detailed derivation is given
in the supplementary material.
Subtracting the SC and OC heat flows at constant Ty, and
Tsource gives

e = (gTP) — (Qsc I:CQOC)
tot

where IT e is the measured value of the Peltier coefficient obtained
by measuring Isc and the difference in heat flows between SC and OC,
all using the same T and Teguree: [lmeas corrects for passive thermal
conduction, does not involve net Joule heating, does not require know-
ing values of any material TE properties or the layout of the device
under test, and can be determined in a nondestructive manner.
However, I1 s is reduced from the thermopile’s intrinsic I1 by a fac-
tor of (@1p/@,) that depends on the parasitic series thermal resistan-
ces in the TE circuit.

From the simple OC thermal resistor circuit of Fig. 1(b), it is clear
that the temperature difference appearing across the thermopile is
reduced from the applied temperature difference by (AT),/AT)
= (Orp/Oy). Therefore, the measured thermopower opeas = Voc/AT
= (aAT)/AT = (AT1/AT)o = (Op/O ) is reduced from the ther-
mopile’s intrinsic o by the same factor of (Op/Oy) as [ is
reduced from I1. In devices where the parasitic (@, + ©,) is large
compared to @rp, which is often the case for uTE devices, opeas
and I e,s can then be significantly smaller than their intrinsic val-
ues. However, the ratio (Ipeas/meas) = (I1/2) is independent of
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(O1p/Oyop). Consequently, [T eqs from (2) combined with a stan-
dard o,.,s measurement on the same device can be used to test the
Kelvin relation free from thermal parasitic resistances, passive ther-
mal conduction, Joule heating, and without needing to know any
material properties.

We demonstrate this Peltier measurement on a commercial
Bi,Tes-based TEG (Marlow TG12-2.5). From its data sheet’” and val-
ues” of the TE properties of bulk Bi,Tes, we estimate that the thermal
parasitics of this device are small enough that 0.9 < (O1p/©,) < 1.
The test setup is illustrated in Fig. 2(a). The TEG, 3 x 3 cm? in area
and 4 mm thick, was clamped between an Al heater block having the
same area as the TEG and a larger finned Al heat sink that has a fan
circulating room air through the fins. The heater block was heated by
two resistive heater cartridges embedded in it, connected to the heater
output of a temperature controller (Lakeshore 334). The temperature
controller supplied voltage Vo and current I, to the blocK’s
heater cartridges, so the Joule heat produced in the block was Qpjock
= Viloadblock- With no thermal leakage to the environment, Qsc
= Qplock When the thermopile was short-circuited and Qoc = Qplock
when the thermopile was open-circuited. These heat flows were conve-
niently determined by measuring Iyjoq and Vijoq. using two Keithley
2010 multimeters: one configured as an ammeter [A in Fig. 2(a)] and
the other as a voltmeter [V in Fig. 2(a)], connected to the block’s
heater cartridge leads. To enforce no thermal leakage, the top and sides
of the heater block were surrounded by phenolic insulation, which, in
turn, was surrounded by an Al heat shield having its own heaters
embedded in it. The temperature controller maintained a set tempera-
ture on the heater block and kept the shield’s temperature
within £0.01 K of the block to minimize thermal leakage from the
block to the environment. Using the literature value of the thermal
conductivity of the phenolic insulation and the known geometry, we
calculated that, of the Qpjocc ~ 0.3 W needed to raise the block temper-
ature by 1K, no more than 2.3 mW (0.8%) leaks to the environment,
$0 >99% of Qpjock flows through the TEG to the heat sink.
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FIG. 2. (a) lllustration of the setup to measure mean Peltier coefficient in a TEG. (b) Heat flow from the heater block needed to maintain AT = 1.0, 2.0, and 2.9K with T«
near 296.8 K with the TEG in short circuit (red square) and open circuit (blue circle) conditions. (c) Short circuit current and (d) open circuit voltage across the TEG at same
temperature conditions as in (b). In (b), (c), and (d), the dashed lines represent linear fits to the data points.
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The temperatures of the heat sink, heater block, and heat shield
were monitored by type K thermocouple thermometers inserted
within each Al piece so as to be centered on the TEG. A calibration at
two physical points by immersion in an ice/water bath and in boiling
water was used to adjust each thermometer’s offset in order to bring
its reading to within £0.20K of the standard type K temperature
curve” at 273.15 and 373.15 K. After this adjustment, at both ice bath
and ambient room temperatures (approximately 297 K), the heater
block and heat shield thermometers agreed with each other to
within =0.02K, and either of those thermometers agreed with the
heat sink thermometer to within +0.10 K.

For this demonstration, I, was determined by measuring
Qs> Qo and Isc using AT up to 2.90 = 0.04 K with Ty constant to
within *£0.04 K of 296.8 K. This maximum AT was kept small because
at the heater powers needed to achieve significantly higher AT, Ty
could not be maintained nearly constant and began to differ signifi-
cantly between SC and OC conditions. In these measurements, Qsc
= Qplock With thermopile voltage held at Vip=0 and Qoc = Quiock
with thermopile current held at Itp = 0. SC and OC conditions were
forced using a Keithley 2401 source-measure unit (SMU) in four-
probe configuration. Isc was the current sourced by the SMU to
maintain Vrp=0, and V¢ was the voltage sourced by the SMU to
maintain Itp =0.

With temperatures stable and the TEG held either SC or OC, 40
consecutive measurements of Vijoae Iblocko and either Isc or Vo were
made, each measurement using integration time of 1.67 s, and subse-
quently averaged. The largest source of experimental error in deter-
mining the values of Qsc, Qoc, and Isc was systematic error from
instrumental offsets, i.e., nonzero residual values of Vijoao Ibiocks and
Isc when AT=0. To determine these offsets as accurately as possible,
two additional measurements of Qsc, Qoc, and Isc were made at inter-
mediate AT near 1.0 and 2.0K, and the three data points for each
quantity were fit to lines. As shown in Figs. 2(b) and 2(c), the extrapo-
lations back to AT = 0 of the dashed line linear fits to the data give the
instrumental offsets for each measurement. From Fig. 2(c), after offset
correction, we obtain Igc=0.0220 * 0.0003 A at AT =2.9K, with the
uncertainty reflecting offset accuracy. Because Qsc and Qo were mea-
sured using the same instruments, settings, and contact configurations,
their systematic errors should be nearly equal and correlated, as evi-
denced by their nearly identical intercepts in Fig. 2(b). Consequently,
the difference (Qsc — Qoc) that goes into (2) is insensitive to systematic
errors compared to either Qsc or Qoc alone. We obtain (Qsc — Qoc)
=0.340 = 0.002 W, with the uncertainty reflecting the standard devia-
tion in the 40 measurements of Vijoadblock under SC or OC condition.
Using these values in (2) gives [T yess = (15.5 = 0.3) W AL

The measured thermopower o, = 0.0522 * 0.0005 V K !as
determined by the slope of the Vo vs AT line in Fig. 2(d). This value
is about 5% less than the value of Voo/AT using Teoq=50K and
Thot = 110K given in the TEG data sheet.”” The measured Peltier-to-
thermopower ratio is then (ITpeas/Omeas) = (297 = 8) K. The Kelvin
relation predicts ([1/a) = T, where T = 15(T; + T>) is the mean oper-
ating temperature of the thermopile. If the device is symmetric
between heat source and sink, so that ®, = @,, then T = 1/4(T, + T5)
= 1/Z(TS;ource + Tsink) = (Tsink + I/ZAT) =2983K usmg Tsink =296.8K
and AT=29K. This theoretical value is within the measurement
uncertainty of the experiment, with the most likely value of the mea-
sured ratio differing from the theoretical result by about 1 K.
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To become widely used as autonomous energy sources or coolers
in a broad range of IC applications necessitates further development of
UTEs as integrated devices, not just isolated materials. To do so will
require the ability to characterize basic TE properties at the device
level, preferably in a straightforward manner. The Peltier coefficient T
is an example of a TE property that is rarely measured but is usually
inferred from thermopower measurements by assuming a Kelvin
relation. We introduce a method to measure IT at the device level
that is nondestructive, corrects for non-Peltier heat transfers, and
is independent of the Kelvin relation. Because our method uses
only standard measurements of TE performance parameters, it is
applicable to any TE device and may be particularly suitable for
small yTE devices. This method is explicitly demonstrated on a
commercial TEG. By measuring Peltier coefficient and thermo-
power independently on the same TE device, the ratio of Peltier-
to-thermopower coefficients is independent of parasitic thermal
resistances and, thus, could be the basis for precision fundamental
tests of the Kelvin relation.

See the supplementary material for a detailed derivation of Eqs.
(1)and (2).
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