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Thin-film thermoelectric devices with
high room-temperature figures of merit

Rama Venkatasubramanian, Edward Siivola, Thomas Colpitts & Brooks 0’Quinn

Research Triangle Institute, Research Triangle Park, North Carolina 27709, USA

Thermoelectric materials are of interest for applications as heat pumps and power generators. The performance of thermoelectric
devices is quantified by a figure of merit, ZT, where Zis a measure of a material’s thermoelectric properties and Tis the absolute
temperature. A material with a figure of merit of around unity was first reported over four decades ago, but since then—despite
investigation of various approaches—there has been only modest progress in finding materials with enhanced Z7T values at room
temperature. Here we report thin-film thermoelectric materials that demonstrate a significant enhancement in ZT at 300K,
compared to state-of-the-art bulk Bi,Te; alloys. This amounts to a maximum observed factor of ~2.4 for our p-type Bi,Tes/Sh,Te;
superlattice devices. The enhancement is achieved by controlling the transport of phonons and electrons in the superlattices.

Preliminar¥ devices exhibit significant cooling (32 K at around room temperature) and the potential to pump a heat flux of up to

700 Wem

; the localized cooling and heating occurs some 23,000 times faster than in bulk devices. We anticipate that the

combination of performance, power density and speed achieved in these materials will lead to diverse technological applications:
for example, in thermochemistry-on-a-chip, DNA microarrays, fibre-optic switches and microelectrothermal systems.

The performance of thermoelectric devices depends on the figure of
merit (ZT) of the material, given by

ZT = (o’ T/pKy) (D

where o, T, p and Krare the Seebeck coefficient, absolute tempera-
ture, electrical resistivity and total thermal conductivity, respectively.
Z, the material coefficient, can be expressed in terms of lattice thermal
conductivity (K), electronic thermal conductivity (K.) and carrier
mobility (u), for a given carrier density (p) and the corresponding «,
yielding equation (2), below. Here L, is the Lorenz number, approxi-
mately 1.5% 10~ V2K in non-degenerate semiconductors, g is the

electronic charge, and o is electrical conductivity.
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State-of-the-art devices utilize alloys, typically p-Bi,Sb,_.Te;_,Se,
(x=0.5, y=0.12) and n-Biy(Se,Te,_,); (y=0.05) for the 200—
400K temperature range. For certain alloys, K can be reduced
more strongly than p, leading' to enhanced ZT. A ZT of 0.75 at
300K in p-type Bi,Sb, ,Te; (x=1) was reported” 40 years ago.
Since then, there has been modest progress in the ZT of thermo-
electric materials near 300 K. The highest ZT in any bulk thermo-
electric material at 300K appears to be ~1.14 for p-type
(BizTe3)QA25(szTe3)0A72(szse3)0‘03 alloyj, although there has been a
report® of an estimated ZT > 2 at 300 K in Bi, 5Sb, 5Te; alloy under a
hydrostatic pressure of 2 GPa. A ZT value of greater than one in
crystals of Bi-Sb alloy under a magnetic field® at ~100 K has been
reported. There is no apparent thermodynamic upper limit on ZT;
in addition to its engineering importance, values of ZT significantly
larger than unity are of interest to transport theory®.

Several possible approaches to enhancing ZT have been investi-
gated. In bulk materials, cage-like structures simulating a phonon
glass/electron crystal” have been examined, with a view to reducing
K; without a deterioration of the electronic mobilities. A value of
ZT > 1 in LaFe;CoSb;, was reported® at T> 700K, and attributed
primarily to reduction of K from La-filling’. A ZT of ~1.35 was
reported for the skuterrudite CeFe;sCogsSby, at ~900K (ref. 10)
where, although a dramatic reduction in Kj of the filled skuterrudite
was observed near 300 K, there was apparently less role of Ce-filling
at higher temperatures where the enhanced ZT was observed. A ZT
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of ~0.8 at 225K was observed" in CsBi,Tes, significantly higher
than in Biy;Sb, sTes;, apparently due to the smaller bandgap of the
former compound (M.G. Kanatzidis, personal communication).
From these results, we observe the following: (1) A ZT significantly
greater than 1 has not been demonstrated at ordinary temperatures
(300K). (2) A one-to-one correlation between lower K and
enhanced ZT has not been established. (3) More importantly, the
concept of individually tailoring the phonon properties without
producing a deterioration of electronic transport, thereby enhan-
cing ZT, has not been established.

Thin-film thermoelectric materials'? offer tremendous scope for
ZT enhancement. Three generic approaches have been proposed to
date. One involves the use of quantum-confinement effects" to
obtain an enhanced density of states near the Fermi energy. Using
such effects, a ZT of 0.9 at 300K and 2.0 at 550 K, using estimated
thermal-conductivity values, has been reported' in PbSe; 5Tey o,/
PbTe quantum-dot structures. The second approach” involves
phonon-blocking/electron-transmitting superlattices. These struc-
tures utilize the acoustic mismatch between the superlattice com-
ponents to reduce K (refs 16, 17), rather than using the
conventional alloying approach, thereby potentially eliminating
alloy scattering of carriers. The third thin-film approach is based
on thermionic effects in heterostructures'®". Here we report a ZT at
300K of ~2.4 in p-type Bi,Tes/Sb,Te; superlattices and a similar,
although less dramatic, ZT = 1.4 in n-type Bi,Tes/Bi,Te,g3S¢e.17
superlattices. These ZT values were measured in devices using the
Harman technique®, in which parameters related to p, Kt and o
(that make up ZT) are measured at the same place, at the same time,
with current flowing. This method has been extended with a
variable-thickness approach (C.B. Vining, personal communica-
tion) to obtain the intrinsic ZT and other parameters.

Potential ideality of superlattices in the Bi,Te; system

High-quality superlattices have been produced*” in the Bi,Te;
system, with one of the individual layers as small as 10 A, using a
low-temperature growth process. Such ultra-short-period super-
lattices offer significantly higher in-plane carrier mobilities (parallel
to the superlattice interfaces) than alloys, owing to the near absence
of alloy scattering and random interface carrier scattering”. We
show that the enhanced carrier mobilities in monolayer-range
superlattices are effective in the cross-plane direction for certain
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superlattices, where we can also obtain reduced K and so an
enhanced ZT as per equation (2).

We adapted the transmission line model (TLM) technique® used
for the measurement of specific electrical contact resistivities (o.)*
to determine the cross-plane electrical transport. This adaptation
was feasible with the low p. (<107 Qcm?) achievable in these
materials. With such p,, the transfer lengths (L,) are small, and so an
effective ‘squeezing’ of the current occurs. A typical TLM device
consists of adjacent metallized areas, spaced a few micrometres
apart, serving as top current-injection contacts. The current is
confined to the thin-film on the substrate. The film between the
contacts is etched anisotropically to create various device thickness
underneath the contacts”. Measuring the intercept resistances using
successive etch-steps gives the electrical resistivity perpendicular to
the superlattice interfaces. We observe that the average length of the
contact is ~250 wm, much greater than L, (~1 pm). Thus the top
metal contact, the thermally conducting substrate, and the inactive
(where current is not flowing) thermoelectric material act like
thermal shunts, in addition to exacerbated radiative/convective
losses from the close-to-surface L, region, for any cooling developed
across this region. Thus we have performed an isothermal electrical
resistivity measurement, confirmed by negligible Peltier voltage (in
a Harman method® set-up) in such TLM structures. Further, the
cross-plane electrical resistivities determined by the TLM method
were confirmed by the variable-thickness ZT' method in some of the
high-ZT samples, as discussed subsequently. This method has been
tested on n-Bi,Te; thin films with known theoretical and experi-
mental electrical anisotropy”; we measured an anisotropy of 3.8 =
0.32 and the theoretical anisotropy is ~4.1 (ref. 25). The validity
was also confirmed in p-type Bi,Sb,_Te; (x= 0.63 = 0.12) alloy*
films.

The anticipated heterostructure band diagram in these short-
period/shallow potential superlattices is shown in Fig. 1a, where the
valence-band offset is expected to be less than the average thermal
energy of carriers. The variation of the mobility anisotropy as a
function of superlattice period, for dy ., = dgp,re;> is shown in
Fig. 1b. dg;,7., and dg, 1., are the thickness of the Bi,Te; and Sb,Te;
layers, respectively, that make up a period. The carrier concentration
is isotropic, so the ratio of electrical resistivity anisotropy is
inversely related to the mobility anisotropy (or p/pin-plane» Where
po is the cross-plane mobility). The mobility anisotropies of the
10A/10A, 1047204, 10A/50A, 20A/20A, 20A/30A and 20A/40A
structures are shown in Fig. lc. (Here 10A/50 A, for example,
indicates dp; 7., = 10A and dgpre, = 50 A in the superlattice.) The
measured cross-plane mobilities in the Bi,Tes/Sb,Te; superlattices
appear to be consistent with a miniband conduction across the
superlattice interfaces, with fully developed or larger valence-band
offsets in structures for Bi,Te; thickness =30A. The data are
qualitatively similar to the transport models developed for
AlGaAs/GaAs superlattices” . Note from Fig. 1b, c that the 10A/
50A, 20A/40A and 10A/20A Bi,Te;/Sb,Te, superlattlces offer cross-
plane electrical conductivities comparable to in-plane values. It has
been shown™ that periods of 50—60 A are desirable for minimizing
Ki; thus the 10A/50A and 20A/40A superlattices are useful for
enhanced ZT.

Bi, Tes/Sb,Te; superlattices show significantly reduced K. A full
description of the measurement procedure, the data, and the
mechanisms are presented elsewhere”. The behaviour of these
superlattices are consistent with phonon-transmission experiments
in GaAs/AlGaAs superlattices™, although we have invoked coherent
backscattering of phonons at superlattice interfaces®, similar to
photon-localization in highly scattering media’"*. Values of K; of
the superlattice structures show a minimum of ~0.22 Wm™ K at
~50 A; this is a factor of 2.2 smaller than the Ky of Biy sSb; 5Te; alloy
(~0.49 Wm ™' K™') along the same ¢ axis. We note that a theory for
the thermal conductivity minimum has been proposed™”. K for all
the 60-A-period structures, whether it be 30A/30A or 10A/50A or
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20A/40A, is about 0.25 Wm™ K™'. K; appears to be more dependent
on the superlattice period®, relatively independent of the thickness
of the constituents, whereas the electronic transport depends on the
period and the relative thickness of the constituents (Fig. 1b, c).

A K value of 0.22 Wm™ K™ can be compared with the mini-
mum thermal conductivities (K,,;,,) predicted for Bi,Tes, using the
full-wavelength or half-wavelength models of Slack’* and Cahill*
for the phonon mean free path. Table 1 shows these predicted
values, along with experimental K; values of alloys along the
trigonal axis (¢ axis) or perpendicular to it (a-b axis). The K
values in the superlattices approach the values of K, estimated
from the models of Slack and Cahill. When all the phonons have a
mean free path equal to the lattice spacing, K, is expected® to be
between the predictions of the models of Slack and Cahill. The
phonon mean free path from kinetic theory is approx1rnately 2.2A,
using a Ky of 0.22 Wm ' K™ (ref. 29), assuming that all phonons
have similar mean free paths—this is justifiable, given that
the Debye temperature of Bi,Te; is ~160K, far lower than the
temperature of measurement (300 K).
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Figure 1 Hole transport across the Bi,Tes/SboTes superlattice interface. a, The
anticipated heterojunction band diagram. AL, + AE, < 2kT, AE,= KT, ds + dy =
superlattice period (here AE, and AE represent the valence and conduction band offsets,
respectively, in the heterostructure, and k7 = 0.0285 eV at 300K. b, The observed hole
mobility anisotropy versus superlattice period for the case of dgy = ds = (1/2) period.
¢, The hole mobility anisotropy in other Bi,Tes/ShoTes superlattices.
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Table 1 Theoretical and experimental lattice thermal conductivities

Material Thermal conductivity
Wm™ K™
Kinin Of BinTeg (@-b axis), Slack model®* 0.55
Kinin Of BinTes (¢ axis), Slack model** 0.28
Kumin Of BizTes (a-b axis), Cahill model® 0.28
Kumin Of BigTes (c axis), Cahill model®® 0.14
K of Bi,.,Sb,Tes alloy (a-b axis) 0.97
K of Bi,_,Sb,Tes alloy (c axis) 0.49
K of BiyTes/Sh,Tes superlattice (c axis) 0.22

Lattice thermal conductivity (K\) of the Bi»Tes/Sb,Tes superlattice (period ~50 A) compared with K|
observed in the respective alloys and the theoretical minimum lattice thermal conductivity (Kqyin) from
various models.

Variable-thickness ZT measurements

ZT of a thermoelectric material can be obtained from a unipolar
thermoelement across which a temperature difference is developed
by the Peltier effect using a quasi-steady-state current®. The uni-
polar thermoelement consists of a mesa device with two ohmic
contacts for current injection. One end of the device is effectively
attached to a heat sink at a fixed temperature by being on a
thermally conducting substrate. A schematic of the four-probe
measurement is shown in Fig. 2a. A current (I) leads to ohmic (Vy)
and Peltier (V;) voltages across the thermoelement, with the total
voltage V1 being Vi + V at steady state. With current off, V; decays
within the dielectric relaxation time but V; decays according to the
thermal time constant. Vy includes resistance from the bulk resistance
of the mesa and from that of the two contacts (equation (3)).

Vi =p, ()] + 2(pJa)] 3

Here, p,, p. (in Qcm?), I and a are respectively the cross-plane
electrical resistivity of the superlattice, the average specific resistivity

Current off
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Figure 2 The ZT of a thermoelectric device. a, Direct measurement by a four-probe
Harman method. (See text for definitions of symbols.) b, ¢, Variable-thickness ZT
measurements. I and 1, obtained from Harman method for each thickness indicate Z7;
~2.07 and 2.34 in b and ¢, respectively. Working conditions: b, /=20.5mA and area,
4.9x107°cm? ¢, /= 20.3mA and area, 1.8x 10~ cm?. Triangles, Vk; circles, V.

d, Harman-method transient on a 5.4-pwm-thick 10A/50A BiyTes/Sh,Tes superlattice
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of the two contacts, and the height and the cross-sectional area of the
device. Vj, given by equation (4) below, is affected by any difference in
heating at the two contacts. As shown below, the p. in the devices is
rather small; hence, differences in the two contacts, causing any
relative voltages, is even smaller. Even so, currents were reversed,
and an average V;, was used to account for minor differences.

V, = (&’ /K)T(lla)] (4)

From equations (3) and (4), we get extrinsic or device figure of
merit (ZT,) as (V,/Vy) shown in equation (5)* below. In thick
(large-I) bulk elements, where 2(p./pl) is rather small, ZT,
approaches the intrinsic figure of merit (ZT;) given by equation (1).

ZT, = ViIVy = {2 TIKyp 1 + 200do, D17 (5)

We can get p; and (% /Kp) T, respectively, from the variation of Vi
and V, with I (or mathematically equivalent, Il/a). Thus ZT; is:

ZT, = [aV Jolla)[0V o /o(Tla)] (6)

The data from variable-device-thickness experiments are shown
in Fig. 2b and c. We point out that each data point in Fig. 2b and c is
an average of 125 transient measurements, stored digitally and
averaged out. The variable-thickness method for extracting ZT;
works for medium-to-good p,, that is, medium-to-good device
ZT, shown in Fig. 2b and c, respectively. In Fig. 2b, we obtain ZT,
(given by Vy/VR) for the largest mesa thickness of ~1.35um of
~0.66; even so, the ratio of the two slopes, from equation (6) above,
gives a ZT; of 2.07. The y-intercept of Vi versus Il/a is used to
obtain p, ~1.45x 10~ Q cm? for the sample in Fig. 2b. This is more
than a factor of ten smaller than in bulk technology, but still high for
thin-film devices, limiting the extrinsic ZT to ~0.66. In Fig. 2c,
however, a combination of thicker 10A/50A Bi,Te;/Sb,Tes
superlattice (thickest mesa ~2.67 um) and an improved p. of
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device, shown for one current direction. The average extrinsic ZT for the two current
directions is 2.38 == 0.19. The voltage spike at = 0, from momentary inductive coupling
between the current and voltage circuits, prevents reliable determination of residual I for
t<1 ws; thus extrapolation of data is used from ¢> 1 s to get V4. The transient is an
average of 125 consecutive measurements, stored digitally and averaged out, which
should lead to minimal error in extrapolation in spite of the spike.
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1.5% 107 Q cm® leads to a ZT, value of ~2.04 for the thickest device.
Based on the rat10 of two slopes, a ZT; of ~2.34 is deduced.

For the 10A/50A B12Te3/Sb2Te3 superlattice in Fig. 2b the meas-
ured p, is 8.47x 107" Qcm. With Pin-plane Of 9.48 X 10~ ‘Qem, p,/
Pin-plane OF fb 1/ fin-plane 18 ~1.12. For the sample in Fig. 2¢, p | i55.26 X
10 Qcmand p;,,. plane 18 5.5 X 10™ *Q cm, thus giving an anisotropy of
1.05. These values are comparable to that indicated in Fig. Lc for the
10A/50A Bi,yTes/SbyTes superlattice, confirming the ideal electron
(hole) transmission characteristics of the structure.

Figure 2d shows the Harman-method transient™ for a ~5.4-pm-
thick 10A/50A Bi,Tes/Sb,Te; superlattice thermoelement. The aver-
age ZT, for two current directions was 2.38 = 0.19 at 300 K. The
material parameters for this superlattice film indicated a ZT; of 2.59,
and the measured ZT, of 2.38 translates to a p. of ~1.3x 1078 Q cm?.
Thus, going from a superlattice device of ~1.35 pm to ~2.67 pm to
~5.4 wm, we see no significant change in ZT; and so the ZT, begins
to approach ZT; because of a decreasing role of p..

As a check, we have measured ZT on 1-mm-thick and thinned-
down (5-20um) thermoelements made from bulk p-type
Bi,Sb, Te;_,Se, (x=0.63 + 0.12; y =~ 0.12) alloys, comparable to
those studied in ref. 3. The variable-thickness method indicates a
ZT; of ~1.09 at 300K along the a-b axis in agreement with the
results of ref. 3, indicating no unexpected benefits resulting from
utilizing a thin-film version of the commercial material. Also, ZT in
alloy films (non-superlattice structures) along the ¢ axis were in the
range of 0.4 + 0.13 for carrier levels of ~ 3x 10 cm™, consistent
with reported values for bulk materials®.

Using temperature-dependent measurements of p, & and Ky of
the p-type superlattice—and noting that there is little electrical
anisotropy—the estimated ZT; versus T of 10A/50A p-type Bi,Tes/
Sb,Te; superlattice is shown in Fig. 3, along with those of other
materials. It appears that the superlattices would offer enhanced
performance compared to the bulk p-type Bi, ,Sb,Te; alloys at
lower temperatures. This is not surprising, given that the efficacy
of superlattices in reducing K; improves at lower temperatures as in
Si/Ge superlattices”. As ‘proof of advantage’ of enhanced ZT at
lower temperatures, we have obtained four times the cooling
with Bi,Tes/Sb,Te; superlattice devices compared to bulk p-type
Bi,_,Sb,Te; devices at 210K, for similar //a, thermal load and
parasitics. (Parasitics are unintentional heat losses from conductive,
convective and any radiative processes.) Figure 3 shows that the
p-type 10A/50A Bi,Tes/Sb,Te; superlattice offers improved ZT
compared to CsBi,Teg alloy'' at ~210 K.

Phonon-blocking/electron-transmitting structures
The results obtained with the 10A/50A Bi,Te;/Sb,Te; superlattices
indicate that we can fine-tune the phonon and hole (charge carriers)
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Figure 3 Temperature dependence of ZT of 10A/50A p-type Bi,Tes/ShyTes superlattice
compared to those of several recently reported materials.
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transport” to improve ZT. Other structures that show ZT>1 at
300K include 10A/40A and 20A/40A Bi,Te;/Sb,Tes superlattices. It
is useful to compare the transport characteristics of phonons and
holes. The product™ kle, where k and [, are respectively the
average wavevector and mean free path, is used as a measure of the
amount of blocking (or lack of it) for phonons and holes. For holes,
we estimate the thermal velocity (vy,), de Broglie wavelength,
and the wavevector magnitude as ~2.1x10” cms ', ~114 A, and
~5.5%10°cm™, respectively. From the relation® (Inp) L =
(vem*p/q), we obtam (lmfp)i as 136 A (for the sample with
ZT;=~2.34, ., of 383 cm? V' s is deduced from p . ,obtained from
variable-thickness ZT). (Here m* is the effective mass of charge
carriers; holes in this case.) For an average phonon wavelength of
~30A and hole wavelength of ~114 A, we obtain (klmfp)ph(,n(mS
0.5 and (klg, )holes = 7.6. We believe that this comparison probably
captures the phonon-blocking/electron-transmitting nature of
certain superlattices”.

n-type superlattices

We have also obtained encouraging results with n-type 10A/50A
Bi, Tes/Bi,Te; g35¢ 17 superlattices, indicating ZT; > 1 at 300 K. The
variable-thickness ZT measurements, similar to those shown in
Fig. 2b and ¢, indicate a ZT; of ~1.46 at 300 K in these superlattices.
The best extrinsic ZT, for an n-type device has been ~1.2 at
300 K. The closeness of ZT; and ZT. is from obtaining a p. value
of ~1.2x10Qcm® The cross-plane (along ¢ axis) electrical
resistivity in these n-type superlattices is ~1.23x 107 Qcm, not
significantly higher than the in-plane (along a-b axis) electrical
resistivity of 1.04x 10~ Q@ cm. Thus in the 10A/50A n-type super-
lattices, apparently due to weak-confinement/near-zero band-
offset, there is minimal anisotropy between in-plane and cross-
plane electrical resistivities, similar to the 10A/50A and other p-type
Bi, Tes/Sb,Te; superlattices (Fig. 1c). The lack of electrical anisotropy
in both the high-performance p-type and n-type superlattices,
comparing properties along the a-b and c crystallographic axes,
is in marked contrast to the electrical anisotropy observed in both
p-type and n-type bulk materials®.

The reason for the less-than-impressive ZT; of 1.46 at 300K in
Bi, Tes/Bi,Te, g35ey 17 superlattices, compared to ~2.4 at 300K in
the best p-type Bi,Te;/Sb,Te; superlattices, is its higher K;. From
its 9Vo/d(Il/a) and an o« of ~238 wVK', a cross-plane Ky of
~9.45mW cm™' K™ is obtained. Using the Weidemann—Franz law
and a p | value of 1.23 X 107 Q cm, we obtain an electronic thermal
conductivity of ~3.7mWcm ™' K. Thus the cross-plane lattice
thermal conductivity is ~5.8 mW cm™' K" This is more like the
c-axis K of bulk alloys *—and much higher than the value of
~25mWem ™ K observed in 60-A- period p-type Bi,Te;/Sb,Tes
superlattices in ref. 29, and higher than that derived from the
analysis of data in Figs. 2b, c. We believe that these results indicate
near-ideal superlattice interfaces in the Bi,Tes/Sb,Te; system?,
where the compositional modifications of either Bi or Sb are
accomplished within regions enclosed by the Te—Te van der Waals
bond. Thus, it should be possible to obtain mirror-like superlattice
interfaces, leading to potential reflection effects for reducing K (ref.
29). In contrast, in the Bi,Te;/Bi, Te,Se;_, system, where both Se and
Te are expected to be present at the van der Waals interface, we
anticipate much unintended compositional mixing. Thus, the
lattice thermal conductivity is likely to be more typical of an alloy.
This was further evident in our observations of a lack of any
significant improvement in electronic mobilities in n-type Bi,Tes/
Bi, Te, g3Sey 17 superlattices (compared to n-type Bi,Tes ,Se, alloys),
in contrast to a marked enhancement of carrier mobilities observed
in p-type Bi,Tes/Sb,Te; superlattices relative to p-type Bi,_,Sb,Te;
alloys®. Therefore, enhancement of ZT; to 1.46 in n-type super-
lattices (from ~1 for bulk n-type alloy) appears to be attributable
to the lack of electrical anisotropy and the typical lower lattice
thermal conductivity associated with the ¢ axis (~5.8 mW cm™ K™'
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compared to ~10mW cm™ K™ along the a-b axis). Better n-type
superlattices with low Kj could be possible in those superlattices
that have negligible compositional mixing at the van der Waals
interface.

Thermoelectric devices for localized, rapid cooling/heating

Figure 4a shows the sub-ambient cooling obtained in a p-type
superlattice device. With an ambient temperature T,ypien Of about
298 K, we have 32.2K of cooling (down to —7 °C)—without any
forced heat removal by blowing air or running water at the heat
sink. Cooling was measured with 12.5-pm thermocouple wires
(bead size ~50 pm). Thus the measured cooling is almost always
with a load comparable to the thin-film device and in spite of the
significant probe-heating on top of the mesa. Under similar testing
conditions (same I/a, lack of heat removal at heat sink, residual
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Figure 4 Cooling properties. a, Observed cooling as a function of current in @ 150-m
circular device made from a p-type superlattice (data shown for hot side at 298K (blue
triangles) and 353K (red diamonds)) is compared with that of a bulk device (hot side at
298K, purple circles). b, Estimated cooling power density for superlattice devices as a
function of current; blue triangles, hot side at 298 K, red diamonds, hot side at 353K).
¢, Potential COP as a function of ZT with various technologies. Tyor refers to the heat-sink
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thermal load/heat loss), we measured ~18.4 K of cooling in p-type
bulk devices (Fig. 4a). In the linear regime (current <1A) where
heat-sinking considerations are less, the superlattice device shows a
factor of 2.2 cooling compared to bulk. We observed 40 K of cooling
for the superlattice device when the heat sink is maintained at 353 K
using a large-wattage heater, equivalent to a semi-infinite heat-
source. This is analogous to the cooling of heat-sensitive devices in
regions adjacent to hotspots in a chip. These results can be compared
to recent measurements of cooling of 2.8 Kand 6.9 K, measured using
micro-thermocouples at 298 K and 373 K, respectively, in SiGeC/Si
devices® of larger I/a ratio (~12.5).

Thin-film thermoelements lead to large cooling power densities
(Pp) for similar maximum heat pumping (Q,)"' as per equation (7)
below, following equation (1). As the area of the device, a, is reduced
proportional to its thickness, I, Q,, is unaffected. However, cooling
power density (Pp= Q/a) is increased. Here Tjorside and Teold side
refer to the absolute temperature of the hot and cold junctions,
respectively, at either end of the active thermoelement.

Q, = (a/l){[0~5a2Tznld—side/p] = [Ki(Thormsige = Teoasiaedlt (7)
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Figure 5 Demonstration of localized and high-speed cooling/heating obtainable with thin-
film devices. a, Infrared images of spot cooling/heating with thin-film (p-type only)
superlattice devices. Note current-injection areas (probes) do not change with current
reversal; current through each element, ~65mA. The infrared images of spots,
corresponding to localized cooling or heating, spelling out RTI (Research Triangle Institute)
were made using photolithographically processed micro-thermoelements. b, Comparison
of thermal/cooling time response of thin-film (~5-wm) superlattice device and a bulk
device.
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In addition to offering low ZT; which translates to low coefficient
of performance (COP) in refrigeration, the bulk thermoelectric
devices have low Py, (~1 W cm™), another disincentive for high-
power electronic/microprocessor applications. Using the values of
Krand « of the superlattices, available Py, as a function of current is
estimated in Fig. 4b for the superlattice device. We estimate a value
of P, of ~700 W cm™ at 353K and ~585 W cm™ at 298K at the
measured maximum cooling in superlattice devices compared to a
value of ~1.9W cm™ in the bulk device of Fig. 4a. The effect of
higher ZT on COP is shown in Fig. 4c. The translation of the device
ZT to COP of refrigeration would involve efficient heat removal at
the heat sink, reduction of thermal resistances at the interface
between the active device and the two heat-spreaders, and the
fabrication of p—n couples with minimal interconnect resistances.
A sub-ambient cooling of 22.5 K at 300 K has been obtained in early
p—n couples, currently limited by lower ZT of the n-thermoelement,
large interconnect-resistance between the p- and n-thermoelements
and absence of forced heat removal.

The thin-film devices also allow the concept of localized cooling
by matching the footprint of the refrigeration devices to that of
thermal load. This is made feasible by the combination of micro-
electronic processing® and the ability to place the thermoelectric
devices at points of interest; the reversal of current allows spot
heating. This flexibility is demonstrated by the infrared images in
Fig. 5a. In addition to placing cooling power where required, these
thin-film superlattice thermoelements are fast-acting—about
23,000 times faster than bulk devices. This faster response is
demonstrated in Fig. 5b. The thin-film device achieves steady-
state cooling (indicated by the development of cooling-induced
Seebeck voltage) in 15 ps, while the bulk thermoelement takes about
0.35s. This is a result of the response time associated with the
transport of heat through the thin film (micrometres) rather than
through the millimetres associated with bulk devices. The thermal
response time is about 4/°/m’D, where [ is the thickness of the
thermoelement and D is the thermal diffusivity. This rapid, high-
performance cooling and heating, capable of high power densities
and with the ability to be locally applied, could have applications in
technologies ranging from genomic/proteomic chips to fibre-optic
switching”’.

Power conversion with thin-film superlattice devices

We also tested the thin-film microdevices in a power-conversion
mode. These superlattice thin-film devices, 5.2 pm thick, can
develop a AT of 70K across them, with a corresponding open-
circuit voltage indicating an average o of ~243 WV K '. The AT
translates into a temperature gradient of ~134,000 Kcm™. The
typical Seebeck coefficient suggests no unusual departure from
classical behaviour at these gradients. Due to the higher ZT,
modest power-conversion efficiencies can be achieved even for
low AT. Lightweight, high-power-density devices could be useful
for portable power and thermal scavenging.

Thin-film thermoelectric technology could be implemented in a
modular fashion: that is, units of thin-film thermoelectric heat-
pump or power-conversion devices could be scaled for various
capacities. We have reported here several techniques that could be
useful in creating such modules: the bonding of thin films to a heat
sink, the removal of substrate, photo-lithography to achieve appro-
priate [/a ratios, the preparation of low-resistivity contacts, and the
ability to preserve the properties of the nanometre-scale super-
lattices during detailed processing. U
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