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InP-based high electron mobility transistors (InP HEMTs) exhibit a record
current-gain cutoff frequency of beyond 500 GHz and an ultra low noise figure of
less than 2 dB even at 100 GHz. Consequently, they are regarded as key devices
for next-generation wired/wireless communication systems and precision sen-
sors. This paper describes some fabrication techniques that enhance device uni-
formity for large-scale integration and provide the frequency response required for
high-speed operation. It then describes two sensors that have been developed us-
ing InP HEMTs: a 94-GHz-band passive image sensor and an ultra-wideband (UWB)
radar operating in the quasi-millimeter waveband of 23 to 29 GHz. By improving the
performance of sensors and transceivers, InP HEMTs will accelerate the realization
of advanced sensor network systems that support various social infrastructure ser-

vices, for example, security, disaster prevention, and transportation.

1. Introduction

From the viewpoint of security, disas-
ter prevention, traffic safety, and reliability
improvement in infrastructure systems, sensing
technologies that can detect slight changes in
the environment are attracting much attention.
To realize high performance sensors, various
physical phenomena are used, for example,
electromagnetic waves, ultrasonic waves and
magnetism. Among them, electromagnetic waves
of certain frequencies are attractive because
they can be used to detect objects concealed by
clothing and detect objects even in fog or on the
other side of a wall. To enhance the resolution of
imaging and the positioning accuracy of electro-
magnetic sensors, it is essential to increase the
speed and reduce the noise of the devices used in
the sensors.

High electron mobility transistors (HEMTSs)"
are superior in terms of their high speed and low

noise. They are used to support current sensing
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and communications technologies. Familiar
examples of their application are seen in 76-GHz
long-range automotive radar systems® and satel-
lite receivers. So far, gallium arsenide (GaAs)
based HEMTs have been used. However, it is
now necessary to use more advanced HEMT's
that will achieve better performance such as
those based on indium phosphide (InP).

InP HEMTs have a current-gain cutoff
frequency in excess of 500 GHz, making them the
fastest transistors in the world.” Also, because
they feature an ultra low noise figure of less than
2 dB at 100 GHz, their performance is greatly
superior to both conventional GaAs HEMTs and
sub-100-nm silicon MOS devices.

Making use of these features of InP HEMTsS,
Fujitsu has been conducting research on digital
integrated circuits such as those for the optical
communications infrastructure of today’s
highly networked information society. We have
already demonstrated the high-speed and
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high-frequency performance of InP HEMTSs
through the development of distributed ampli-
fiers” with bandwidths exceeding 100 GHz,
multiplexers operating at over 144 Gb/s, and
other ultra high-speed circuits.” The superior
performance of InP HEMTs and the exten-
sive techniques for building the high-speed,
high-frequency circuits that are being cultivated
should enable the creation of sensors that have a
level of performance greater than ever before.

In this paper, we first discuss some
state-of-the-art fabrication techniques for enhanc-
ing the uniformity of InP HEMTS integrated in a
chip and for improving their speed and frequen-
cy response. We then describe two sensors that
have been developed using InP HEMTs. One is a
94-GHz-band passive image sensor that can sense
ultra weak millimeter waves emitted by human
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bodies. The other sensor is an ultra-wideband
(UWB) radar front-end that detects the distance
to objects in the quasi-millimeter waveband of 23
to 29 GHz.

2. Integration and speed
enhancement technologies for
InP HEMTSs
To enhance the high-speed and low-noise

characteristics of HEMTs, it is necessary to

increase the electron mobility (i.e. electron veloc-
ity) in the channel. Figure 1 shows a cross
section of an InP HEMT. Its channel features
an In,;;Ga,,;As composition with a percent-
age composition of In: In/ (In + Ga) = 53% that
achieves twice the electron mobility of GaAs. In
view of the high percentage of indium in this

composition, the lattice is matched to that of
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Figure 1
Cross section of InP HEMT.
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the InP substrate to achieve a stable crystal
quality and consequent good electrical perfor-
mance. On the other hand, on a GaAs substrate,
lattice mismatching causes lattice strain,
which degrades the electronic performance. In
general, InP HEMTs have an InGaAs channel
layer and an InAlAs supply layer grown on the
InP substrate. Metal organic chemical vapor
deposition (MOCVD) is used for the crystal
growth. The HEMT structure shown in Figure 1
achieves an electron mobility of over 9000 cm®/Vs
at room temperature.

To achieve high-speed and high-frequency
operation in a HEMT, it is effective to minimize
the gate length and reduce gate resistance.
Conventional HEMTSs use a T-shaped gate struc-
ture because it provides 1) small gate contact
area on the Schottky layer so the gate length can
be reduced and 2) a large cross-sectional area
at the gate electrode to reduce the gate resis-
tance (Figure 1). However, this structure has
the disadvantage of poor physical strength at
the junction between a large top and narrow
stem. To solve this problem, Fujitsu developed
the Y-shaped gate structure in Figure 1. This
structure is very effective in preventing the gate
top from peeling off, resulting in a high yield in

' To form the gate

gate-electrode fabrication.’
electrode, a lift-off process technique including an
electron-beam lithography and Ti/Pt/Au evapo-
ration is employed. The typical gate length for
this structure is 0.13 pm. While preserving the
high-speed and high-frequency characteristics of
the transistor, the Y-shaped electrode enhances
uniformity and stability in an InP wafer. It has
enabled more than 1000 HEMTS to be integrated
in a single chip, consequently realizing a 40 Gb/s
clock recovery circuit and a 40 Gb/s multiplexer
with clock multiplication unit to be realized.
Next, we describe the efforts that Fujitsu
has made to reduce the influence of the
inter-layer dielectric film around InP HEMTSs and
greatly increase their speed. Benzocyclobutene
(BCB) is used as the inter-layer dielectric film
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to achieve a low dielectric constant (¢ = 2.8)
which is advantageous to high-speed opera-
tion. With conventional structures, the gate
electrode is completely covered with BCB, which
increases the parasitic capacitance and impairs
high-frequency characteristics. To solve this
problem, Fuyjitsu has developed a new technique
that eliminates the BCB from the gate electrode
periphery and introduces the cavity structure
shown in Figure 2.”

This cavity structure is obtained as follows.
First, the area is filled with a special filling
material and the BCB dielectric film is applied
to cover the filler. Then, via holes are opened on
the electrodes for the source and drain. The via
holes are also connected with the filler. Lastly,
a solvent is applied through the via holes to
dissolve the BCB-covered filler, leaving a cavity
structure with no BCB inter-layer around the
gate electrode.

Introducing the cavity structure greatly
reduces the gate electrode parasitic capacitance.
The increase in capacitance due to the BCB
dielectric film is almost zero between the gate
and drain electrodes, and that between the gate
and source electrodes is halved.

The effectiveness of the cavity structure
has also been confirmed in circuit performance.
A static frequency divider fabricated with the
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Figure 2
Cavity structure in InP HEMT.
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cavity technique operated up to 90 GHz, while
that with no cavities operated up to 79 GHz —
which represents a speed gain of about 14%. The
cavity structure is therefore effective in increas-
ing circuit speed as well as reducing the gate
length.

3. Application in passive
millimeter wave image sensor
In this section, we review the application

of a passive millimeter-wave image sensor using

InP HEMTs. Every object radiates electro-

magnetic waves that depend on the object’s

temperature. A passive millimeter wave image
sensor detects the millimeter wave radiation
from the object and then visualize it. Because
this type of image sensor can detect objects that
cannot be detected using visible light or infra-
red radiation, it is widely expected to be used in
security and disaster prevention applications.

Millimeter waveband (30 to 300 GHz) image

sensors achieve a higher spatial resolution than

that of microwave image sensors because of their
shorter operating wavelength and are therefore
attractive because:

1) A high spatial resolution can be achieved in
the 1 to 10 mm waveband.

2) Millimeter wave can pass through, for
example, thin walls, clothing, and fire,
enabling the imaging of a human body on
the other side of objects.”

3) There are few sources of radio interference
in this band due to the lack of progress in
the commercial use of the millimeter
waveband.

On the other hand, as the wavelength
becomes shorter, millimeter-wave power becomes
more attenuated by the atmosphere. Therefore,
the millimeter-wave image sensor is limit-
ed to short-distance use. However, at certain
frequencies, such as 94 GHz, 140 GHz and
220 GHz, atmospheric attenuation is relative-
ly small compared with that at the neighboring

frequencies, and the attenuation is particularly

FUJITSU Sci. Tech. J., 43,4,(October 2007)

small at 94 GHz. We are therefore now devel-
oping a passive image sensor for the 94 GHz
band because of the band’s high spatial resolu-
tion and low atmospheric attenuation. In
the passive image sensor shown in Figure 3,
the millimeter-wave power from the object is
focused by a lens onto a planar antenna. In the
monolithic microwave integrated circuit (MMIC),
which consists of a low noise amplifier (LNA) and
a video detector, the received millimeter-wave
power is amplified and converted to an equivalent
DC voltage. A 2-dimensional image is obtained
by scanning along the X and Y axes. Next, we
give a detailed description of the InP HEMT LNA
MMIC, which is the key component of an image
sensor. The LNA for a passive image sensor must
have an ultra low-noise, high-gain performance
because the millimeter-wave power received by
the antenna is extremely weak. Based on analy-
sis, a noise figure of less than 5 dB and a gain
of at least 30 dB are needed. If these require-
ments are not met, it will be difficult to obtain
a meaningful image. However, such a small
noise figure is impossible to obtain with current
GaAs and Si transistors and MMIC technologies.
Therefore, we used InP HEMTSs having ultra
low-noise, high-gain characteristics to develop
the LNA.

Figure 4 (a) shows a photograph of a
prototype LNA chip that uses InP HEMTs with
a gate length of 0.13 ym. The LNA integrates a
four-stage amplifier, with each stage consisting
of a cascode amplifier comprising a common
source transistor and a common gate transistor.
In a conventional cascode amplifier, a resistor
is connected to the common gate transistor to
prevent from unwanted oscillations. However,
this resistor behaves as a noise source and
therefore deteriorates the noise performance. To
overcome this problem and achieve stability and
low noise, we developed a new circuit technique
that uses lossless elements in place of the noisy
resistor.” We also used a thin film microstrip

to make the amplifier operate more stably.
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Figure 4
Electrical performance of developed low-noise amplifier.

Consequently, the new LNA is very stable and
achieves very low noise figures of 3.5 to 4.3 dB in
the range of 89 to 99 GHz with a gain of 23+1 dB
[Figure 4 (b)]. By cascading two LNA MMICs
with a total gain 40 dB and a detector, we devel-
oped a prototype 94-GHz passive image sensor.

ol L

Figure 5 shows a millimeter-wave image of a - .

human body captured by the image sensor. The (a) Milimeter wave image (b) Photograph
white area indicate warmer radiometric temper- Figure 5

ature of the body, and the black area indicates Millimeter wave image of human body.

the background. As can be seen, the body and
background are clearly distinguishable, which

demonstrates the usefulness of the prototype

490 FUJITSU Sci. Tech. J., 43,4,(October 2007)



Y. Nakasha et al.: Ultra High-Speed and Ultra Low-Noise InP HEMTs

passive image sensor in forming millimeter-wave
images. The next step at Fujitsu is to realize an
advanced receiver in which multi sensor cores are
placed in an array and shorten the time needed
to obtain a millimeter-wave image.

This work was supported by the Ministry of
Internal Affairs and Communications under the
Strategic Information and Communications R&D
Promotion Programme (SCOPE).

4. Application to quasi-millimeter
wave UWB radar

In this section, we review the applica-
tion of InP HEMTSs to quasi-millimeter wave
(23 to 29 GHz) UWB radar, focusing on the RF
front-end, which is a core component of UWB
radar. UWB radar emits wavelet signals and
detects the signals reflected by people and other
objects. The distance to the object is calculated
from the time it takes for the signals to reach the
object and return. Because the time duration
of the wavelet signals corresponds to the degree
of resolution in distance measurement, the time
duration must be minimized to improve resolu-
tion (Figure 6).

For instance, to achieve a resolution of
5 cm, the signal must have a duration of less
than 330 ps. Conventionally, wavelet signals are
generated by using an RF switch that switches
on and off a sine wave having a frequency of
26 GHz, which is the mid frequency of the UWB
range. However, with this method it is difficult
to suppress signal leakage when the switch was
off and simultaneously achieve rapid switching.
Therefore, when the conventional method is used,
it is difficult to generate short-duration wavelet
signals.

To reduce the time duration of the wavelet
signals, we adopted a new approach in which the
wavelet signals to be transmitted are obtained
by passing impulse signals through a millimeter
waveband band-pass filter (BPF)."” Ideal impuls-
es show a flat power spectrum for frequencies
ranging from DC to infinity. The BPF enables us
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to generate wavelet signals for transmission that
have spectral characteristics similar to those of
the BPF, and by carefully optimizing the BPF’s
characteristics, including the roll-off factors, we
can make effective use of the feature of UWB
radar.

Because InP HEMTSs operate faster than
other transistors, they can generate impuls-
es close to ideal ones. By using a logic based
impulse generator (IG) employing InP HEMTsS,
we can generate extremely short pulses with
a full width at half maximum (FWHM) of 9 ps
(Figure 7), which is the narrowest FWHM in the
world for pulses generated using transistors."”
By inputting such pulses to a quasi-millimeter
wave BPF, a transmission wavelet signal with a
duration of 320 ps was generated. This means
that radar systems having this setup would have
a spatial resolution of 5 cm.

Figure 8 shows the chipset for the proto-
type RF front-end that was developed by Fujitsu.
In addition to the IG and BPF, a transmit power
amplifier (PA), T/R switch (SW), low-noise ampli-
fier (LNA), and sample-and-hold (SH) circuit were
developed using InP HEMTs. Making the PA
and SW with a distributed architecture produced
an excellent gain and insertion loss flatness over
a broad frequency range. The variations within
the frequency range were only +0.1 dB. With
UWB radar, because it is necessary to measure
distances with extremely low power levels (less
than —-41.3 dBm) the receiver amplifier needs a
very high gain and a low noise figure. By using
five stages of the common-source circuits, our
prototype LNA achieves a gain of 40 dB in a
single chip with a noise figure of 1.9 dB in a chip.

We used this chipset to build a UWB radar
prototype and tested its performance in a radio
shielded room. The prototype was able to detect
an object 10 m away with a resolution of 5 cm.
For the next step, we plan to integrate the chip
set into a single chip and include communication
features and other features. The development of

an indoor surveillance system that uses several
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RF Signal generation using impulse generator (IG) and band-pass filter (BPF).
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radars to position objects is a final target.
The current research was conducted in
collaboration with the National Institute of

Information and Communications Technology.

5. Conclusion

Fujitsu is one of the leading vendors
that develop InP HEMTs. In this paper, we
described an integration technique employing
a Y-shaped gate electrode and a speed boosting
technique involving the formation of a cavity
around the gate electrodes. Then, we described
a 94-GHz-band passive image sensor and a
quasi-millimeter wave UWB radar as examples
of recent InP HEMTSs applications in Fujitsu. An
ultra-low-noise amplifier having a noise figure of
3.5 dB and a gain of 23 dB that was developed for
the passive image sensor enabled us to visualize
a person’s body. The adoption of a pulse genera-
tor with a 9 ps impulse duration (the shortest
to date) in the UWB radar enabled distance
measurements with a fine resolution of 5 cm.

The use of high sensitivity sensing
technologies in security, disaster prevention,
transportation and other infrastructure areas
is expected to continue to expand in the future.
Also, the integration of the sensing technolo-
gies into advanced data communications systems
should proceed. Due to their ultra-high-speed
and ultra-low-noise performance, InP HEMTs
will accelerate the realization of the advanced
sensor network systems and contribute to the
development of the social infrastructure systems.
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