Terman s method was used 1o evaluate the density of interface
states in the MIS structures by calculating the difference in the
slope between the experimental and theoretical surface potential-
voltage dependencies. The analysis showed a low minimal inter-
face state density Dy, of 1 % 10Mem™= V! in the AIN/AGaN MIS
structure. The interface state density was found to decrease when
the surface potential varies from £~ to 1eV below the conduction
band edge. The increase of the interface state density for energics
below E~ — leV is attributed to meusurement errors due to
increased MIS leakage. The studies reported in this Letter show
that good interface propertics can be obtained from AIN/GaN
heterostructures.

200 r
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Fig. 3 C-V characieristics of AIN/GaN MIS used to evaluate Interfuce
density of states of AINGaN heterajunction

measured
- — — — calculated

In summary, AIN/GaN heterostructures using thin epiaxially
grown AIN barrier layers have been investigated for the purpose
of devcloping [II-¥-based MISFETs. C-V characterisation and
Terman’s method were used to demonstrate a low inferface state
density of the AIN/GaN interface. The high quality of the inter-
face is confirmed by very high values of transconductance and
current density obtained from HFETs fabricated on the AIN/GaN
layers. These results indicate a high potential of AIN/GaN MIS-
FETs for microwave power applications.
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SiGe micro-cooler

Gehong Zeng, A. Shakouri, C.La Bounty,
G. Robinson, E. Croke, P. Abraham, Xiaofeng Fan,
H. Reese and J.E. Bowers

Thin film SiGe heterostructure coolers have been fabricated and
characterised. Cooling by as much as 1.1K at room temperature
and 1.6K at a substrate temperature of 70°C over a 3um SiSiGe
superlattice barrier has been measured. This corresponds to
cooling power densities of hundreds of watls per square
centimetre.

Increased demand in the oplical communications industry has led
to many advances in semiconductor laser sources. These sources
are ethicient and operate at low threshold currents. As a result.
heat dissipation s low (hundreds of milliwatis) and emperature
dependent parameters can be stabilised with little cooling
{= 20°C). Still, the Jow heat dissipation in conjunction with very
small surface area (hundreds of square micrometres) results in a
high heat flux density. Recent work on the miniaturisation of ther-
moelectric coolers {TECSs), has shown the advantages of smaller
coolers in these applications [1]. Thin film thermoelectric coolers
that can be monokithically integrated with high speed. high power
electronic and opioelectronic devices can improve the performance
of these devices.

SiGe 15 a good thermoelectric material for high temperature
applications [Z]. It has been used for thermo-nuclear power gener-
ation m satellites for deep space missions. In this Letter we will
describe the fabrication and characterisation of single-element thin
film superlattice SiGe/Si coolers used for room temperature appli-
cations. Superlattice structures can enhance the cooler perform-
ance by reducing the thermal conductivity between the hot and
cald junction [3]. and by selective emission of hot carriers above
the barrier layers [4]. .

The sample was grown in a Perkin-Elmer S1 molecular beam
epitaxy (MBE) growth chamber on a 125 ma diameter. (001)-ori-
ented Si substrate, doped to 0.007-0.020Qcm with Sh.

The structure of the sample consisted of a 3um thick Si, ;Ge, +/St
superlattice grown symmetrically strained on a buffer laver
designed so that the in-plane lattice constant wds approximately
that of relaxed Si,«Gey,. The buffer sequence, superlattice, and
surrounding lavers were doped to ~2 x 10"em™ by (irst pre-
depositing a 1/2 monolayer {ML) of Sb and then growing the var-
ious layers at a temperature of ~390°C. A supplemental Sh flux
was provided at a cell temperature of 408°C throughout the
growth in order to replenish the surface Sb concentration.

SiGe alloy
contact metal 5i/SiGe
superlattice

butfer layer

Si substrate

Fig, 1 Schemaiic diagram of SiGe thin film cooler

For the relaxed buffer layer. we used a 10 layer structure, alter-
nating between 150nm Si;,Ge,, and 30nm Sij .45Geg 1 50Conus.
Anneals were performed at 7530°C for 10min after the growth of
each SipGey; layer, so that complete relaxation was obtained.
Following the method of Osten er @l [6]. the SiyeasGey150Ch s
layers were used to drive the dislocations into the Si substrate,
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thereby resulting in a requced threading dislocation density in the
epilaxial superlattice luyers. After the relaxed butfer sequence.
another 130nm thick Si,oGey; layer was grown at 390°C, fol-
lowed by the 200 period. 3 nm Si,;Gey /10 nm Si superlattice.
Finally, a 500nm thick Si,yGey | layer was grown to cap the struc-
ture. followed by a 230A thick. 10%cm SigoGey, ; contact layer,

The device structure is shown in Fig. 1. 3.7pm high mesas were
formed using rcactive ion etching down to the bottom layer of
SiGe. To reduce the thermal resistance of the Si substrate and to
achieve good heatsinking. the device backside was thinned down
10 ~100pm and metallisation was formed with titanium and alu-
minium. An SEM image of the processed devices is shown in
Fig. 2.

Fig. 2 SEA imaue of processed SiGe micre-conder devices

Devices were tested from room temperature up to 70°C, Large
devices (150 x 150 pm® were measured directly with probes. and
small devices were mounted in packages and wire-bonded.
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Fig. 3 Cooling mieaswrcd on top of thin film SiGeSi conler und on sub-
strale
Devices were measured with micro thermocouples
C device
B substrate showing Peltier cffect

Fig. 3 shows the measured temperature on top of the device
against current. The temperature is relative to the value at zero
current. Despite the large thermal resistance of the Si subsirate
and the package on the hot side of the thin film cooler (estimated
to be ~1 .64 K/W) and Joule heating in the wires connected to the
cold junction, a net cooling of 1.1°C is observed on top of the
device, This cooling over the 3um layer corresponds to cooling
capacities of the order of 100W/ecm?. For comparison, the Peltiet
effect for the substrate is also llustrated in Fig. 4. The poor ther-
moelectric propertics of Si are mainly due to its large thermal con-
ductivity (of the order ol [40W/mK).

Fig. 4 shows the meusured cooling at various substrate temper-
atures. The device cools better at higher temperatures. A net cool-
ing of ~1.6K is measured at 70°C. The reason for the improved
performance is two-fold. First, the thermal conductivity of the
barrier decreascs at higher temperatures. and secondly, the thermi-
onic emission cooling increases due to the larger thermal spread of
carriers near the Fermi energy.

Various lactors affect the overall performance of the device.
These include the electrical and thermal conductivily m different
layers. especially for the SiGe/Si barrier. selective emission of hot

ELECTRONICS LETTERS 25th November 1998 Vol. 35

carriers above the superlattice barrier, the thermoelectric elTect at
the junction between different materials. package thermal resist-
ance, and Joule healing in the wirgs commected 1o the cold junc-
tion., etc. Further experimental analysis and a 3D finite-difference
heat equation solver [3] are under development to model the
device performance. Based on the intrinsic properties of SiGe.
integrated cooling by as much as 30-40°C is anticipated.

cooling tfemperature, K

1 1 I L

1 | ]
0 50 106 150 200 250 300 350 400

current, mA
Fig. 4 Measured coofing at various subsirate Cheatsinky temperatures
W 70°C
1 an*C
< 50°C
X 40°C
V 30°C
A 2000

SiGe micro-coolers were Tabricated and cooling up to 1.6K has
been measured. Joule heating in the wircbonds connected 1o the
cold junction, as well as the large thermal resistance of the sub-
strate, are the major factors that hamper the device performance.
Methads for improving the properties of these micro-coolers are
now under consideration.
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