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ABSTRACT

The fabrication and characterization of SGe/S superlattice coolers are described.
Superlattice structures were used to enhance the device performance by reducing
the therma conductivity between the hot and the cold junctions, and by providing
sdective removd of hot cariers through thermionic emisson. Cooling of 2.2 K
and 25 K were measured on ntype and p-type 75 °~ 75 rmt devices,
corresponding to cooling power dendties of hundreds of watts per square
centimeter. Cooling up to 7.2 K was obtained a 150 °C for ptype 50 ~ 50 nnt
devices. The results show that n-type and p-type coolers can work together in
gmilar optima conditions. This paves the road to fabricate ntype and p-type
Uperlatice coolers in an aray forma dectricdly in seies and themadly in
padld, smilar to conventiond thermodectric devices, and thus achieve large
cooling capacities with rdatively small currents.
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INTRODUCTION

The demand for high-sgpeed, high-densty very-lage-scde integrated (VLS) circuits is
accompanied by higher power dendties. Many devices are dready operating a or near the edge
of ther rdiability. Heat generation and therma management are becoming one of the barriers to
further increase clock speeds and decrease feature szes. Thermodectric (TE) refrigeration is a
lid-gate active cooling method with high rdigbility. TE coolers are dSlent, environmentaly
“green” and capable for spot cooling. BixTes based TE coolers are commonly used in eectronics
and optoeectronics for cooling and temperaiure dabilization, but ther manufacturing is a bulk
technology and is incompaible with integrated circuit (IC) fabrication process. Solid-state
coolers monolithicdly integrated with VLS devices are an dtractive way to achieve compact
and efficient cooling. However, the TE figure of meit (2) is quite low for mog of the
semiconductors used in microdectronics and optoelectronics. This makes it difficult to get high
performance integrated coolers.  Recently heterostructure thermionic coolers and superlattice
coolers are proposed, and theoreticd cdculations show that large improvement in Z can be
achieved and efficent cooling becomes possble with cooler's made of conventiond
semiconductor materias [1-6]. InP based heterostructure integrated thermionic coolers have been
demonstrated by Shakouri et a, one degree cooling was obtained over 1 mm INGaAsP barrier [7-
8]. In this paper, we report our experimenta results for SGe/S superlattice coolers.

SGe is a good thermoedectric materid for high temperature refrigeration and power generation
applications [9]. It has been used for thermo-nuclear power generation in satellites for deep space
missons. In this paper we describe the fabrication and characterization of single-dement SGe/'S
uperlatice coolers that use thermionic and thermodectric effects Both n-type and p-type
devices have been demondtrated. This paves the road to fabricate ntype and ptype superlattice
coolers in an aray format dectricdly in series and themdly in pardld, smilar to conventiona
thermoelectric devices, and thus achieve large cooling capacities with relativdy smdl currents.
Superlattice structures can enhance the cooler performance by reducing the therma conductivity
between the hot and the cold junctions [10] and by sdective emisson of hot carriers above the
barier layers in the thermionic emisson process [1-2, 7]. S and SGe-based devices can be
monolithicaly integrated with these coolers to achieve better device performance.



MATERIAL AND DEVICE FABRICATION

SGe/S superlatice dructures were grown in a Perkin-Elmer S molecular beam epitaxy (MBE)
growth chamber on 125 mm diameter, (001)-oriented Si substrates doped to <0.020 W-cm with
Sb for the n-type devices and to <0.006 W-cm with B for the p-type devices.

The cooler's main part is a 3 mm thick Sp,Gey3/S superlatice grown symmetricaly srained on
a buffer layer desgned so that the in-plane lattice congtant approximates that of relaxed
Sio.oGen1. The doping levels are 2 10%° cm® and 5 10'° cm® for ntype and ptype SGe'S

Superlattices, respectively.

For the relaxed buffer layer, we grew a 10-layer structure, dternating between 150 nm Sp oGep 1
and 50 nm S g45Gen.150Co.005, roughly following the method suggested by Osten et d. [11]. For
the rtype sample, the layers were grown at 390 °C and anneding was performed & 750 °C for
10 minutes after the growth of each SpoGep 1 layer. In the ptype case, the growth temperature
was smply dternated between 700 °C for the SphoGep: layer and 500 °C for the
Sip.845G€n.150C0.005 layer. After the rdaxed buffer sequence, another 150 nm thick Sp oGep 1 layer
was grown at 390 °C for the ntype sample and a 1 mm thick Sy 9Gep 1 layer was grown at 700 °C
for the ptype case. Growth of a 200 period, 5 nm Sp 7Gep 3/ 10 nm S superlattice then followed
a 390 °C (ntype case) and 500 °C (p-type case). Findly, the samples were capped with a
heavily doped Sh.9Gep 1 layer sequence to provide for alow-res stance ohmic contact.

The processng of SGe/S superlattice coolers is compatible with that of VLS technology.
Mesas 3.6 mm high were fabricated using reactive ion etching down to the SGe buffer layer to
form the devices Metdlization was made on the mesa and Sy oGep 1 buffer layer for top and
bottom contact respectively. A scanning dectron microscope (SEM) image of the processed

devicesisshownin Fig. 1.



Electricd contact resstance is an important factor that limits the optimum device performance.
Low contact resstance is essentid for thin film coolers [12]. A 100 nm titanium meta layer was
fird depodted. This was intended to form a titanium slicide on the slicon surface and to act as a
metal barrier to separate S and Al. Subsequently 1 nm thick auminum layer was deposited. To
facilitate wire bonding, an additiond meta layer of titanium and gold was used. Anneding was
accomplished at temperatures between 400 °C and 600 °C with rapid thermd anneder. TLM
(transmission line mode) measurements were carried out to measure the contact resstance. The
measured specific contact resistivity is in the mid 107 W-en? range for both rtype and ptype

devices as shown in Fig. 2.

TEST RESULTSAND DISCUSSIONS

As shown in Fig. 3, the SGe/S superlattice coolers were tested on a temperature controlled
copper plate that worked as the heat sink. The heat sSnk is set a a congtant temperature during
the device testing. To cool the top of the devices, current was sent from the top meta contact to
bottom metad contact for p-type device and the reverse direction for n-type device. Micro
thermocouples were used to messure the cooling temperatures. Fig. 4 displays the measured
temperature on top of the 75 ~ 75 mmt n-type and p-type devices as a function of current with the
heat sink at 25 °C. The cooling temperature is reldive to the vaue a zero current. Despite the
large thermd resstance of the S substrate and package on the hot sde of the cooler and Joule
hesting in the wires connected to the cold junction, a net cooling of 22 K and 25 K was
observed on top of the ntype and ptype devices respectively. This cooling over the smal barrier

thickness corresponds to cooling capacities on the order of hundreds of watts per square
centimeter.

Devices of different sizes, from 50 ©~ 50 nm? to 150 ~ 150 mm?, were tested. The results on p
type SIGe/S coolers are shown in Fig. 5. 2.7 K cooling is obtained for the 50 ~ 50 m? p-type
device. The test results shows the maxima cooling temperature increases as the device sze
decreases. This cannot be explained with conventiona ided thermoelectric or thermionic cooler
models. This is due to the three-dimensond (3D) nature of current spreading in the substrate and



the Joule heating from the bonding wires. For the same wire resstance, smaler devices require a
gndler optimum current which is favorable for better cooling peformance. A 3D finite-
difference heat equation solver [8] isbeing used to modd the device performance.

The SGe/S superldatice coolers have a better performance a higher temperatures.  The
measured cooling for 50 © 50 nMm? p-type SiGE/Si devices a 150 °C (heat sink temperature) is
shown in Fig. 6. The net cooling increases from 2.7 K a 25 °C to 7.2 K at 150 °C. The reason
for improved performance with the increase in temperature is two fold. Fird, in the temperature
range of our measurements, the figure of merit ZT of SGe dloy increases with temperature due
to smaler theemd conductivity and larger Seebeck coefficient a higher temperatures [13], and
second, the thermionic emission cooling power increases due to the larger thermd spread of

carriers near the Fermi energy.

Since the devices described above are sngle eement superlattice coolers, heat conduction to the
cooling sde from the bonding wires or probes are unavoidable. This reduces the maximum
cooling. To solve this problem, Rtype and ptype SGe/S superlatice coolers can be made in an
argy forma decricdly in s¥ies and themdly in padld, gSmila to conventiond
thermoelectric coolers. In this way, both eectrica terminds can be made a the heat snk side,
and large cooling capacities can be achieved with rdativdy smal currents. For the cooler array,
it is preferable to have ntype and ptype devices work at the same optima current. This can be
done by sdecting suitable device dzes for the cooler couple. For example, optima operation
currents for the ntype 75 ~ 75 nnt devices (in Fig. 4) and the ptype 50 © 50 ¥ devices (in
Fig. 5) are about the same, cooling of 2.2 K and 2.7 K can be obtained at the same current ~230
mA.

With optimized superlattice material and device desgn and packaging, cooling up to tens of
degrees is possble. More important, the processng of SGe/S superlattice coolers is compatible
with that of VLS technology, thus it is possble to integrate these coolers monalithicdly with S
and SiGe devices to achieve compact and efficient cooling.



CONCLUSIONS

SGe/S superlattice coolers were demonstrated and cooling of 2.2 K and 2.5 K were measured
for n and ptype 75" 75 mm devices. Cooling up to 7.2 K was obtained at 150 °C for p-type 50
" 50 mm? devices. The results show that the packaged devices of both n and p-type coolers can
work together with amilar bias current conditions. This paves the road to fabricate n and p-type
uperlattice coolers in an aray format dectricaly in series and themdly in pardld, smilar to
conventiond thermoedlectric devices. Thus large cooling capacities with rdatively smal currents
can be achieved and the problems of series resstance and heat load of contacting wires can be
avoided.
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FIGURE CAPTIONS
Figure 1. SEM image of the processed SIGe/S superlattice cooler devices.

Figure 2. Ohmic contact resstance for n-type and p-type SGe based on TLM measurements.
The dopingis2 10%° cmi® for p-type SiGeand 1 10%° cm® for n-type SiGe.

Figure 3. Schematic diagram of SGe/S superlattice cooler for testing (not to scale).

Figure 4. Measured cooling for ntype and ptype 75~ 75 m? SiGe/S superlattice coolers at 25
°C heat Snk temperature.

Figure 5. Cooling measured on top of p-type SGe/S superlattice coolers of different Szesat 25
°C heat Snk temperature.

Figure 6. Measured cooling for a50 " 50 it p-type SIGe/S superlattice cooler at 150 °C hest

snk temperature.
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Fig. 6
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