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SiGeC/Si superlattice microcoolers
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Monolithically integrated active cooling is an attractive way for thermal management and
temperature stabilization of microelectronic and optoelectronic devices. SiGeC can be lattice
matched to Si and is a promising material for integrated coolers. SiGeC/Si superlattice structures
were grown on Si substrates by molecular beam epitaxy. Thermal conductivity was measured by the
3w method. SiGeC/Si superlattice microcoolers with dimensions as small ‘&404am? were
fabricated and characterized. Cooling by as much as 2.8 and 6.9 K was measured at 25°C and
100 °C, respectively, corresponding to maximum spot cooling power densities on the order of 1000
W/cn?. © 2001 American Institute of Physic§DOI: 10.1063/1.1356455

Thermoelectriq TE) refrigeration in a solid-state active tice constant of carbon. By properly selecting the Ge and C
cooling method with high reliability. BiTe;-based TE cool- ratio, SiGeC can be lattice matched to silicon, and thick
ers are widely used for cooling and temperature stabilizatiorsiGeC or SiGeC/Si superlattice can be directly grown on Si
of microelectronic and optoelectronic devices, but their pro-without strain. Furthermore, while most of the band offset
cessing is a bulk technology and is incompatible with inte-between SiGeC and Si lies in the valence band, its conduc-
grated circuit fabrication process. Solid-state coolers monotion band offset is larger than that between SiGe antf'5i.
lithically integrated with microelectronic and optoelectronic This makes it possible to use thermionic emission to enhance
devices are an attractive way to achieve compact and effihe TE cooling for bottn- andp-type SiGeC/Si materiafs:*
cient cooling. It can lower the cost of fabrication and pack-In this letter, we report the experimental results on SiGeC/Si
aging, and can selectively cool individual key devices in-superlattice microcoolers. Superlattice structures can im-
stead of the whole chip. However, the thermoelectric figurgorove the cooler performance by reducing the thermal con-
of merit (ZT) is quite low for most of the semiconductors ductivity between the hot and the cold junctibh® and by
used in microelectronics and optoelectronics. This makes ielective emission of hot carriers above the barrier layers in
difficult to get high cooling performance. Recently hetero-the thermionic emission process. Si-based microelectronic

structure thermionic and superlattice coolers have been pretevices can be monolithically integrated with these coolers
posed, and theoretical calculations show that large improveo achieve better performance and reliability.

ments in ZT can be achieved and efficient refrigeration  The SiGeC/Si superlattice sample was grown in a
becomes possible with coolers made of conventional semperkin—Elmer Si molecular beam epita®BE) system ca-
conductor materials:® pable of codepositing Si, Ge, and C onto 5 in. Si substrates.
More recently, a factor of seven enhancement of ZTsolid Si, Ge, and C were evaporated through the use of
relative to bulk Si was measured for a Si/Ge superlaftice.e-beam sources controlled by electron impact emission sen-
SiGe/Si superlattice coolers have also been demonstrategrs (Si, G and by monitoring atomic mass unit 36 )C
with a maximum cooling of 7.2 K at 150 °€:** Due to the  with a quadrupole mass spectromet€). Prior to loading
larger lattice constant of germanium compared to siliconnto the MBE system, 125 mm diametéf01-oriented Si
(4.299, Ge and SiGe grown on silicon are compressivelysypstrate, doped te:0.0050 cm with As, was stripped us-
strained, thus buffer layers are required for thick Si/Ge andng 596 hydrogen fluoride. After rinsing with deionized wa-
SiGe/Si superlattice layers. This increases the cost of matggr the wafer was loaded in the MBE chamber. In order to
rial growth and the complexity of integration with Si-based (emoye any remaining oxide and to prepare the sample for
devices. By adding a small amount of carbon into the SiG&jtaxial growth, the substrate was heated to 850 °C and ex-
material system, strain can be adjusted due to the small 'ab'osed to a 0.1 A/s Si flux for 30 s.
The structure consisted of a 2um thick
3Electronic mail: fan@opto.ucsb.edu Sig.sGe.1C0.0#/SI superlattice(100 periods, each sublayer
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FIG. 1. Cross sectional transmission electron microscopy image of the MBE 0 100 200 300 400 500 600 700
grown SiGeC/Si superlattice cooler sample. The top is 100 nm Si cap layer; Current (mA)

the middle is 2um superlattice of 108 (10 nm Sj gdG&) 16Co 0710 Nm S);

the bottom is the Si substrate. An enlarged superlattice image is shown OIQ

the right-hand side. IG. 3. Meaured cooling for various SiGeC/Si cooler sizes at 25 °C heat

sink temperature. The cooler sizes arex4® um?, 50X50 wm?, 60
X 60 pum?, 70<70 wm?, and 10 100 pm?.

10 nm in thicknessgrown at 500 °C, lattice matched to the

Si substrate. The superlattice was doped with Sb to approxtific contact resistivity of 1.5 10~ 7 {2 cn? was measured by
mately 2< 10" cm™ 3. Finally, the sample was capped With ycfer length method.

100 gzrg Si:%tg, grown at 460 °C and doped to approximately  sjGec/Si superlattice microcoolers with various mesa
1x1 cm . A cross sectlona] transrmssmn ele_ctron Mi- gjzeg ranging from 4040 to 100<100 Mmz were fabricated
croscopy image of a grown SiGeC/Si superlattice coolef, one wafer. They were tested on a temperature-controlled

sample is shown in Fig. 1. heat sink, which was set at a constant temperature during
The thermal conductivity is a key parameter for thermo-yeyjce testing. Device cooling was measured with micro

electric materials. The TE device performance increases Witthermocouples on top of the device and was relative to the

a decrease in thermal conductivity. Thin films and Nanostrucyiues at zero current. Figure 3 displays the measured cool-

tures have been used to reduce the thermal conductivity viﬁz’g on top of the devices as a function of current with the

acoustical phonon confinement and interface scattéfild. .ot sink at 25°C. 2.8 K cooling was obtained for thec40

The 3» method was used to measure the cross-plane thermaly2 gevices. The test results show that the maximum cool-

conductivity of the §j sd5€.1dC0.07/SI superlattice” The re- ing temperature increases as the device size decreases. This
sult is 0.085 W/emK, which is over one order lower than c5nnot he explained with ideal thermoelectric or thermionic
that of Si(1.5 W/_cm K. , o . . models, and is due to the three-dimensional nature of current
_ The processing of SiGeC/Si microcoolers is compatible;nq heat spreading in the substrate. The Si substrate of the
with an integrated circuit fabrication process. The schemaligqger devices is 50@m thick and its thermal resistance for
diagram of the cooler device structure is shown in Fig. 246 micro devices is about inversely proportional to the
Microcoolers were thermally isolated by dry etching mesasq,are root of the device area. On the other hand, the thermal
structures down to the" Si substrate. Metallization was (egistance of the SiGeC/Si superlattice layer is inversely pro-
made on the mesa and the Si substrate for cathode and anqglgtional to the device area. This different size dependence
contacts, respectively. The main part of the cooler structurg,axes the effect of the nonideal heat sink smaller for smaller
is the 2 um thick superlattice. Its low electrical resistance gj,e devices.
requires low contact resistance for optimum device  por comparison, Si microcoolers were fabricatedngn
performance:” Ti/Al metallization was used for ohmic con-  g; supstrates with similar device structure and processing.
tact. This was followed by annealing at 450 °C for 5 s. Spe—The results of the 48 40 um? Si devices are shown in Fig.

4 along with those of the SiGeC/Si superlattice coolers of the

same size. Over three-fold improvement in maximum cool-
@ ing is observed for SiGeC/Si superlattice coolers over Si
ones.
Contact metal SiGe is a good TE material for high temperature
o] 0 Si cap layer applications® The SiGeC/Si microcoolers also show better
performance at higher temperatures. Figure 5 shows the mea-
SiGeC/Si superlattice sured cooling for 5850 um? SiGeC/Si microcoolers at

various heat sink temperatures. The maximum cooling in-
creases from 2.5 K at 25°C to 6.9 K at 100 °C.
The maximum cooling power density is given by
Q=k(ATha— AT)/d,

FIG. 2. Schematic diagram of SiGeC/Si microcoolérst to scalg wherex andd are the thermal conductivity and the thickness
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3 e perlattice thickness, makingtype andp-type cooler arrays

i ] and substrate removal, respectively. Fundamentally, the
cooler performance is determined by the TE ZT of the cooler
materials. A superlattice gives more freedom in material en-

25 ¢ SiGeC/Si

and doping of the SiGeC/Si superlattice studied here have
not been optimized yet. With optimized material and device
design and packaging, cooling up to tens of degrees is pos-
sible. Furthermore, SiGeC/Si superlattices can be lattice
matched to Si, and SiGeC/Si microcoolers can be monolithi-

gineering both electrically and thermally, and enables one to
3 enhance the thermoelectric cooling by thermionic
2 45 emissiont™ quantum confinemert® carrier pocket
:g; engineerind;® and phonon engineerin§!’ The structure
1
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0 50 100 150 200 250 300 350 400 cally integrated with Si-based devices to achieve compact
and efficient localized cooling.
Current (mA) In summary, a lattice matched SiGeC/Si superlattice was
FIG. 4. Measured cooling for 4040 um? SiGeC/Si and Si coolers at grown on Si by MBE and SI.GeC/SI superlattlce microcool-
25°C heat sink temperature. ers were demonstrated. Cooling by as much as 2.8 and 6.9 K

was measured at heat sink temperatures of 25 °C and 100 °C,
respectively, corresponding to maximum cooling power den-

of the superlattice, whil\T, ., and AT are the maximum Sities on the order of 1000 W/cm

and actual cooling temperature across the superlattice. At This work is supported by DARPA HERETIC program
zero AT, the coolers have the largest cooling power. Sinceand the Army Research Office.
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