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ABSTRACT — The paper presents an overview on the
European status of electronic devices for micro- and mm-
wave applications based on III/V compound semiconduc-
tors. Both low noise and power devices for applications
from a few GHz up to several hundred GHz are considered
in terms of specific material and processing technologies
and of typical device results. This includes a survey on the
actual status of GaAs based HEMT and HBT devices,
metamorphic HEMT devices. Furthermore recent results
on high speed InP based HEMTs and HBTs are summa-
rized. Regarding power applications the potentials of ma-
ture GaAs HBT technologies, power HEMTs and novel
GaN technologies are discussed and compared to each
other.

[. INTRODUCTION

II1-V semiconductor devices are the enabling constitu-
ents for high sophisticated wireless and optoelectronic
systems. They comply with the ever growing system
demands towards higher power, higher linearity and low
noise applications. Low RF noise transistors are the key
devices in sophisticated microwave receiver and radar
systems. They are mostly based on GaAs based pseudo-
morphic HEMTS, InP HEMTs or metamorphic HEMTs.
For low phase noise oscillators, MMICs based on HBTs
show extremely promising features. Regarding power
applications GaAs based HBTs for low voltage applica-
tions are the enabling devices for the highly efficient
microwave amplifiers in mobile handsets. High power
HBTSs are prone to be implemented for next generation
base station and radar systems. Sooner or later these
components are facing competition from the emerging
GaN based devices because of the superior properties of
this new material system. An overview on the microwave
power capability of different device families over fre-
quency illustrates the current state of the art (Fig. 1).
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Fig. 1: Maximum expectable power performance of different

device families.

II. Low NOISE MICROWAVE DEVICES

As far as low-noise and power application in millime-
ter-wave ICs is concerned, the depletion type HEMT (D-
HEMT) is the active device of choice. For mixed-signal
circuits, however, enhancement type HEMTs (E-
HEMTs) offer the advantage of more compact layouts
compared to D-HEMTs, eliminating the need to use
complicated level shifting circuitry.

In Europe united monolithic semiconductors (UMS),
IEMN in France and Fraunhofer IAF in Germany are
working on low noise devices and MMICs for millimeter
wave applications. At IAF Fraunhofer both D- and E-
MHEMTs are grown on 4-inch semi-insulating GaAs
wafers by molecular beam epitaxy (MBE). A linear
graded metamorphic In,Aly4sGagsrxAs (x: 0 — 0.52)
buffer is grown on the substrate to adapt the lattice con-
stant. The D-MHEMT and E-HEMT devices feature a
gate length of 70 and 100 nm, respectively.

Both processes have composite channels consisting of
two In,Ga,,As layers with x =53 % and x =80 % in-
dium concentrations for the D-HEMT process, and
x=53% and x=65% for the E-MHEMT process.
These composite channels are used to reduce impact
ionization.

Using 70 nm gate technology high cut-off frequencies
of £=293 GHz and f,,,=337 GHz have been achieved in
DMHEMT technology for 2x30 um devices. A D-band
two-stage cascode type amplifier featuring a gain of
15 dB at 160 GHz (Fig. 2) and a noise figure of 4 dB at
150 GHz evidences the capability of this technology [1].
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Fig. 2.  Left: on wafer measured S-parameters of D-band

amplifier MMIC,
Right: TEM cross section of a 70 nm gate.

Heterojunction Bipolar Transistors (HBTs) show much
lower 1/f noise levels than field-effect transistors because
their current flow is perpendicular to semiconductor
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interfaces. Thus influences of interface and surface states
on the output signal are reduced. Oscillator MMICs
based on high speed InP- and GaAs based HBTs ideally
match the requirements on low phase noise oscillators for
modern communication and radar systems. In Europe
especially the Ferdinand-Braun Institut (FBH) is working
on this topic. At FBH a high speed GalnP/GaAs HBT
process has been developed by systematically reducing
the parasitic elements of the active devices as far as pos-
sible as shown in Fig. 3. A shallow base finger implanta-
tion process and a minimization of the base emitter sepa-
ration significantly reduces collector-case capacitance
and the extrinsic base resistance, respectively. This re-
sults in f; and f,,,x values of 50 and 180 GHz. Using self
aligned base technology a f,.x of 250 GHz was obtained.

Emitter

CBC,intr
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implantation

Schematic cross section of GalnP/GaAs HBT show-
ing the location of critical parasitic elements.

Fig. 3.

Based on the this technology a single-ended VCO de-
signed as a refection-type oscillator has been demon-
strated at FBH [2]. The measured phase noise is around
-87 dBc/Hz at 100 kHz and practically independent on
tuning voltage. It decreases with 20 dB per decade bet-
ween 100 kHz and 1 MHz offset frequency to
-108 dBc/Hz at 1IMHz.

As can be seen from Fig. 4, at 1 MHz offset frequency
the VCO exhibits a phase noise level being a record
value for GaAs MMIC oscillators in the 30...40 GHz
range. It compares well with the SiGe counterparts [3]. In
summary, GalnP/GaAs-HBTs combine very good 1/f
noise properties with the high frequency potential of
GaAs-based MMICs.
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Fig. 4. Phase noise performance of various VCOs
published from 2000 until 2003.

II1. HIGH SPEED MIXED-SIGNAL DEVICES

Despite the current stagnation in the telecommunica-
tion market, recovery is expected within the next time.
Presumably, the driving market for next generation high-
speed mixed-signal integrated circuits (MIXICs), such as
frequency dividers, multiplexers, demultiplexers, clock
recovery and modulator drivers, will be metro networks
rather than long-haul systems.

The active III/V devices used for MIXICs are both
InP-based and metamorphic HEMTs, as well as InP-
based HBTs offering high performance with moderate
cost for medium scale niche market applications. The
maximum operating speed is comparable for both tech-
nologies. To date, the fastest ICs reported use HEMT [4]
or HBT devices [5]. InP HBTs have the potential for
superior performance if high operation speed is com-
bined with high output voltage swing. However, HBT
reliability needs further investigation, especially for op-
eration at high current densities. Recently, significant
progress has been made especially in Japan and the USA,
yielding multiplexers operating above 100 Gbit/s, selec-
tors at 144 Gbit/s, and frequency dividers at 152 GHz [4-
5]. In Europe, Alcatel R&I and the Fraunhofer IAF are
working on MIXICs for 80 Gbit/s data rate using III/V
semiconductors.

Alcatel R&I is using an in-house self-aligned InP
DHBT process featuring 180 GHz transit frequency
which is presently being transferred to the industrial
foundry OMMIC. Various ICs have been realized using
this technology, such as DFF, data decision circuit, driver
amplifier, frequency doubler [6], and 2:1 selector circuit
for 80 Gbit/s yielding a very good quality of the output
eye diagram [7]. The 2:1 selector IC (1.4x1.6 mm?) and
the related output eye diagram at 80 Gbit/s data rate are
depicted in Fig. 5. The output voltage swing is 150 mV,
due to the CML architecture of the output buffer.

Chip photograph and Output eye diagram of the 2:1
DHBT selector IC at 80 Gbit/s (Alcatel R&I).

Fig. 5.

At the Fraunhofer IAF, both metamorphic enhance-
ment HEMT and recently also InP HBT technologies are
used to realize 80 Gbit/s MIXICs. HBT-based ICs use
self-aligned InP DHBTSs with high current gain (§ > 50)
and over 200 GHz transit frequency, and have demon-
strated 80 Gbit/s selector operation, and VCOs low phase
noise operation up to 75 GHz.
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A 100 nm gate length enhancement type metamorphic
HEMT (E-MHEMT) process on 4-inch GaAs wafers
with a transit frequency of 200 GHz is applied for
80 Gbit/s circuits [1]. The devices have composite chan-
nels with two In,Ga, (As layers (x =53 % and x = 65 %)
to reduce impact ionization. The process features gate
definition using electron beam lithography, and a three-
layer metalization including a 1.2 um BCB dielectric
layer between the first and the second layer for low para-
sitic capacitance of the interconnects.

Based on this process, static and dynamic
2:1 frequency dividers were realized yielding maximum
operating frequencies of 70 GHz at 450 mW power dissi-
pation, and 108 GHz at 360 mW power dissipation, re-
spectively. The static and dynamic dividers comprise 119
and 71 active devices, respectively. The yield for the
static frequency divider was of the order of 70 %. The
measured sensitivity curves determined at a low input
power level below 0 dBm for both ICs are depicted in
Fig. 6.
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Fig. 6. Measured input sensitivity for the static and dynamic
2:1 frequency divider ICs.
Completely integrated 2:1 multiplexer and

1:2 demultiplexer ICs based on the E-MHEMT process,
as well as modules were also developed for 80 Gbit/s
data rate. The 2:1 multiplexer IC (chip size
1.25%1.75 mm?) with a DC power consumption of
1350 mW comprises 297 active elements. The multi-
plexer IC and the related output eye diagram (vertical
scale: 150 mV/div) at 80 Gbit/s are shown in Fig. 7.

Fig. 7.  Chip photograph and output eye diagram of the 2:1

MHEMT multiplexer IC at 80 Gbit/s (IAF).

The demultiplexer IC has a DC power consumption of
750 mW, comprises 285 active elements, and was suc-
cessfully tested at 80 Gbit/s using the output signal of the
2:1 multiplexer.
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IV. High Power Microwave Devices

For microwave power applications up to Ku-band fre-
quencies GalnP/GaAs heterojunction bipolar transistors
(HBTs) are well suited. Power applications at higher
frequencies are dominated by GaAs- or InP-based HEMT
devices. The key advantages of HBTs are their high effi-
ciency, high linearity and high power density. The high
output impedance of HBTs, especially when operated at
high voltages (around 28V) allows an easy power com-
bining to large power cells.

Significant work on high power HBTs suitable for
higher operation voltages has been performed at UMS
and at the FBH [8, 9]. For power devices both, the avail-
able maximum current as well as efficient heat sinking
are of crucial importance. HV-HBT power cells have the
capability to deliver high currents at low knee-voltage.
Additionally, flip-chip mounting provides a lower ther-
mal resistance (Ry) as compared to the conventional
substrate thinning and backside mounting [9].

For the HV-HBTs, a proprietary flip-chip soldering
process on patterned AIN or diamond submounts has
been developed at FBH. A flip-chip soldered HV-HBT
chip is shown in Fig. 8. The simulated low thermal im-
pedance (Ry,) of flip chip soldered devices can only be
obtained with high quality homogeneous solder joints as
illustrated in Fig. 8 (left). Flip-chip mounting leads to a
40% reduction in Ry, as compared with the on-wafer
situation. An even further improvement by 25% is possi-
ble by using diamond submounts (Ry~12 K/W) instead
of AIN submounts (Ry~16 K/W).

Gafs substrate

HBT devices
~
.

left: Top view of HV-HBT power cell, flip-chip sol-
dered on AIN submount.
right: Cross-section of flip-chip mounted HV-HBT
showing quality of the soldering process (FBH).
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Load-pull measurement of HV-HBT power cell flip-
chip mounted on diamond and packaged in a test fix-
ture (emitter area of 4000 um®) (FBH).
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Fig. 9.

Fig. 9 shows the performance of a diamond-mounted
power cell. An output power of 14.1 W, a power-added
efficiency of 71% and high gain of 13.5 dB are obtained.
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GaN based power devices bear the potential of further
boosting the power capability being achievable with
GaAs devices. Theoretically at least an order of magni-
tude should be possible since GaN HFETs allow for a far
higher operation voltage as compared to GaAs devices.
High power microwave devices with bias voltages of
100 V and an output power of 250W are already dem-
onstrated [10]. Besides high power levels, GaN based
power devices are expected to operate at high efficiency
and also show linearity data complying with the require-
ments of next generation mobile communication systems.

Therefore all over the world intensive research on
GaN-power devices is pursued. In Europe the major
players are Tiger in France, QinetiQ in UK as well as
Fraunhofer IAF and FBH in Germany [11]. The key
towards high power GaN devices is the successful con-
trol of the power dispersion effect at high frequencies.
The dispersion effect is generally associated with traps or
charges at the surface or in the buffer. It can be reduced
or even made completely ineffective by various means,
such as careful epitaxial layer design in combination with
high quality epitaxy and suitable surface passivation. Fig.
10 illustrates the effect and shows how dispersion can be
significantly reduced by using SiNy device passivation.
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Fig. 10. Pulsed measurements of GaN-HFETs highlighting
gate lag effect (Vgs =-3V; Vps =0V ) and drain lag
effect (Vgs=-3V; Vps=26 V) as well as recovery of
gate and drain lag after passivation. Left: without pas-
sivation, Right: after SiN,-passivation.

Nearly dispersion free GaN devices deliver high output
power levels, high power density and high PAE as shown
in Fig. 11 for an X-band device fabricated at FBH.
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Fig. 11. Load-Pull measurement on GaN HFET power cell

(12x125 pum) operated at 8 GHz at a Vpg=26 V.

VI. CONCLUSIONS

Today a great variety of III/V-devices on different sub-
strate materials is available to match the demands for
future communications and other systems. In the research
labs low noise amplifiers and digital circuits for frequen-
cies by far exceeding 100 GHz are feasible and ready for
system implementation. Regarding power applications

below Ku-band GaAs based HBTs are the dominant de-
vices whereas for higher frequencies power PHEMTs are
the matter of choice. GaN power devices are emerging
very rapidly and bear the potential for very high power
levels, high linearity and high efficiency.
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