Conclusions: A turbo TCM/FPM scheme has been proposed that
can achieve considerable coding gains over turbo TCM 8PSK and
conventional TCM/FPM schemes without sacrificing power and
bandwidth efficiency. The performance of a DS/SSMA system
using turbo TCM/FPM improves significantly over a multipath
Rician fading channel. This scheme is attractive for power-limited
and band-limited environments.
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High cooling power density SiGe/Si micro-
coolers

X. Fan, G. Zeng, E. Croke, C. LaBounty, C.C. Ahn,
D. Vashaee, A. Shakouri and J.E. Bowers

SiGe/Si superlattice micro-coolers are investigated experimentally.
They can be monolithically integrated with Si-based
microelectronic  devices to achieve localised cooling and
temperature control. Cooling by as much as 4.2K at 25°C and
12K at 200°C was measured on 3pum thick, 60 x 60um? devices.
This corresponds to maximum cooling power densities
approaching kW/cm?.

Thermoelectric (TE) refrigeration is an active solid-state cooling
method with high reliability. TE coolers have been widely used in
cooling and temperature stabilisation of microelectronic and opto-
electronic devices to achieve precise operational characteristics.
Conventional TE coolers are discrete devices with dimensions of
the order of millimetres to centimetres, and they generally cool an
entire packaged chip. Micro-coolers monolithically integrated with
microelectronic and optoelectronic devices provide a more efficient
way of temperature regulation by selectively cooling critical com-
ponents. Compared with traditional TE coolers, integrated coolers
are more compact, consume less power, and have a faster
response. They can also be used to construct multiple independ-
ently temperature-controlled regions on a single chip.

For monolithic integration, conventional semiconductor materi-
als with good TE properties are required. SiGe alloy is one of the
best TE materials for high temperature applications. At room tem-
perature, based on the TE properties of bulk SiGe [1], it can give a
maximum cooling of over 10K. Although this cooling is less than
that of Bi,Te; coolers, SiGe coolers can be monolithically inte-
grated with Si-based microelectronic devices and have many
potential applications. Recently, superlattice structures have been
proposed to increase the thermoelectric figure of merit ZT beyond
that of alloy materials by quantum confinement [2], thermionic
emission [3] and carrier pocket engineering [4]. SiGe/Si micro-cool-
ers were first demonstrated on n-type samples [5]. In this Letter,
we report our experimental work on p-type SiGe/Si superlattice
micro-coolers with improved performance. This paves the road to
fabricate an array of #- and p-type coolers electrically in series and
thermally in parallel and thus achieve larger amounts of cooling.

The micro-cooler structure uses cross-plane electrical transport
as shown in Fig. 1. The main part of the cooler is a 3um strain
compensated SiGe/Si superlattice. It consists of 200 periods of
(12nm  Siy75Gegos/3nm Si), doped with boron to about 6 x
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10¥cm 3. The Siy75Gey 5/Si superlattice has a valence band offset
of about 0.16eV [6], and hot holes going over this barrier can pro-
duce thermionic cooling [3]. This superlattice was grown using
molecular beam epitaxy (MBE). Its average lattice constant is that
of Siy gGey», and a buffer layer is required for it to be grown on a
Si substrate. To reduce the material growth time in the MBE sys-
tem, the buffer layer was grown on a p* (001) Si substrate by
chemical vapour deposition (CVD) in the form of a graded SiGe
structure. The boron doping in the buffer layer is 5 x 10"°cm™.
Following the superlattice growth, a 0.3um SiygGey, cap layer
was grown with a boron doping of 2 X 10¥cm™ to allow for a
good ohmic contact to the device. Fig. 2 shows a cross-section
transmission electron microscopy (TEM) image of the MBE
grown SiGe/Si superlattice.

current source

S—

contact metal

SiGe cap layer

SiGe/Si superlattice
contact metal

SiGe buffer layer

Si substrate

Fig. 1 Structure of SiGe/Si micro-cooler

Fig. 2 TEM image of SiGe/Si superlattice

Dark lines are 12nm Sig ;5Geg 5 layers, light lines are 3nm Si layers

The SiGe/Si micro-coolers are fabricated with standard silicon
integrated circuit technology. The cooler device areas were defined
by etching mesas down to the SiGe buffer layer. Ti/Al metallisa-
tion was made on top of the mesa and on the SiGe buffer layer
next to the mesa for top and bottom contacts respectively. SiGe/Si
superlattice coolers with mesa sizes ranging from 30 x 30um? to
150 x 150pm? were fabricated on the same wafer. For comparison,
bulk Si micro-coolers were also fabricated on p* Si substrates with
similar device structures and processing.

The coolers were tested on a heat sink stage. Micro-thermocou-
ples were used to measure the temperature on top of the mesa,
and the cooling is relative to the value at zero current. The results
for 60 x 60um? devices are shown in Fig. 3 for both SiGe/Si
superlattice and Si coolers at a heat sink temperature of 25°C.
Cooling by as much as 4.2K was measured on SiGe/Si superlattice
coolers. This is over four-fold improvement compared to the bulk
Si coolers.

The SiGe/Si micro-coolers perform better at higher tempera-
tures. Fig. 4 shows the measured cooling on 60 x 60um? SiGe/Si
coolers at various heat sink temperatures. The maximum cooling
increased from 4.2K at 25°C to over 12K at 200°C. Since most of
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the cooling happens over the 3pm superlattice layer, the corre-
sponding maximum cooling power density is of the order of kW/
cm?. This is much larger than that of conventional bulk TE cool-
ers because of the thin film cooler structure of our devices. The
improved cooling at higher temperatures agrees with the thermoe-
lectric properties of SiGe alloy, the TE figure of merit of which,
ZT, increases with temperature up to 900°C [1}. The high temper-
ature results of the SiGe/Si micro-coolers suggest potential appli-
cations beyond the upper temperature limits of conventional
Bi,Te; TE coolers.
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Fig. 3 Cooling measured on 60 x 60um? coolers at heat sink tempera-
ture of 25°C
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Fig. 4 Cooling measured on 60 x 60pm? SiGe/Si superlattice coolers at
various heat sink temperatures

Device simulations show that the performance of the micro-
coolers can be improved by reducing the contact resistance, reduc-
ing the Joule heating and heat conduction from the metal wire
connected to the cold junction of the cooler, thinning or removing
the Si substrate, and improving the material properties of the
superlattice. With optimised device and material deign, cooling up
to tens of degree at room temperature is possible. Furthermore,
SiGe/Si micro-coolers can be monolithically integrated with Si and
SiGe microelectronic devices to achieve compact and reliable
localised cooling and active temperature control.
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Low level and reflection phase noise
measurements on a FET

O. Llopis, J.B. Juraver, G. Cibiel and J. Graffeuil

The residual phase noise of a PHEMT device is studied in two
unusual configurations: in transmission mode with a low input
microwave power on the device, and in reflection mode.
Measurements clearly reveal some fundamental aspects of the
phase noise generation in this device: the phase noise is a
modulation mechanism which still exists in the linear regime and
in which the gate reactance fluctuations play an important role.

Introduction: The phase noise generation in an active device has
always been a complex and not well understood process. Over
past years there have been different, competing, modelling
approaches to determine which transistor noise model [1 — 4] or
which noise conversion process [5] should be considered. In this
Letter, residual phase noise (or open loop phase noise) investiga-
tions are shown to be an efficient approach to identify the main
noise conversion processes in a microwave field effect transistor
(FET). The emphasis is put on low level and reflection mode
measurements. The first experiment demonstrates the modulation
process involved in the phase noise generation, while the other is
the proof of the importance of the gate reactance fluctuations in
this mechanism.

Residual phase noise measurement for phase noise modelling: As
shown by Leeson in 1966 [6}, the active device phase fluctuations
A¢ in an oscillator loop are directly converted into frequency fluc-
tuations Af. Therefore, investigations on Af can be substituted for
investigations on A¢, which feature two strong advantages. The
first one deals with the simulation domain: the analysis of a driven
circuit (an amplifier) is easier and quicker than the analysis of an
autonomous circuit (an oscillator). The second one deals with the
experimental domain: the amplifier is a simpler device than an
oscillator and its characterisation can be performed in a very pre-
cise way, since only two experimental parameters have to be con-
sidered, i.e. the bias conditions and the microwave input power.
Moreover, phase noise investigations are possible down to the lin-
ear regime, in contrast to the oscillator case which is intrinsically
nonlinear. The only difficulty is due to the low phase noise levels
that must be measured: a low noise phase detector and an appro-
priate cancellation of the source AM and FM noise contributions
are required. Our measurement bench makes use of a two mixer
technique, which allows the cancellation of the mixer noise
through a cross-correlation process. The input source is a battery-
biased 10GHz dielectric resonator oscillator (DRO). The noise
floor of the experiment is about —~175dBc/Hz at 10kHz offset from
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