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1. Goals of the Society for Microelectronics

The Society for Microelectronics (GMe) was founded in 1985 with the aim to “support
microelectronics technology and its applications in an interdisciplinary way”. The GMe
defines its tasks as follows:

e Support of university-based high-technology research in the areas of microelectron-
ics, semiconductor technology, sensors, and opto-electronics;

e Construction and operation of research facilities;

e Support and consulting for industry, in particular, for small and medium enterprises,
within the area of microelectronics.

The central task of the GMe is the creation and maintenance of infra-structure for an
internationally competitive microelectronics technology. The funds provided by the
GMe support a variety of projects and activities in the fields of semiconductor technol-
ogy, sensors, and opto-electronics. One of the criteria for the support of an activity by
the GMe is a project area that needs seed money for infra-structure to obtain funding by
other sources.

2. Activities of the Society

Currently, the GMe recognizes three focal points for its activities. In general, projects
that expect support by the GMe must pertain to at least one of these areas. Other micro-
electronics-related projects may receive occasional support by the GMe, for example,
for infra-structure that is a prerequisite to a funding by other sources, or in the case of an
emergency. The current focal points of the GMe activities are:

e Construction and operation of university-based laboratories for microelectronics
technology;

e Design of application specific integrated circuits (ASICs) — UNICHIP;

e Microsensors.
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2.1 Microelectronics Technology — Cleanrooms Vienna and Linz

The currently most important task of the GMe is closely linked to the construction and
the operation of technological installations, in particular, of the cleanroom laboratories
in Vienna and Linz. In 1992, the Austrian Federal Ministry of Science and Research
invited the GMe to act as a coordinator for the construction of the Microstructure Center
(MISZ — Mikrostrukturzentrum) in Vienna. The MISZ Vienna finished construction by
the end of 1993 and went into operation in June 1994. The GMe now provides with its
funds a significant part of the operation costs for the cleanroom laboratories in Vienna
and Linz.

The following university institutes are supported within this focal point activity:
e TU Wien:

— Institut fiir Festkorperelektronik

— Institut fiir Allgemeine Elektrotechnik und Elektronik
e Johannes Kepler Universitdt Linz:

— Institut fiir Halbleiterphysik

— Institut fiir Experimentalphysik

— Institut fiir Mikroelektronik

The results of these activities are outlined in this report beginning with page 9 (for the
groups at the TU Wien) and page 71 (for the groups at the Johannes Kepler Universitit
Linz), respectively. The first of the reports in either section summarizes the work that
benefited from the general GMe contribution to the basic laboratory operation; the sub-
sequent reports pertain to projects specifically supported by the GMe.

2.2 Application Specific Integrated Circuits (ASICs) — UNICHIP

The UNICHIP activities of the GMe are closely linked to the requirements of the Aus-
trian industry: Based on groups at the Technical Universities in Graz and Vienna, and
using equipment and software which were purchased from GMe funding, two major
actions are pursued: (1) ASIC projects for partners in the Austrian industry, ranging
from feasibility studies to the design of ASICs that are commercially produced; and (2)
the education and training of engineers in the area of ASIC design. Due to its close links
to industrial requirements, UNICHIP played a leading role in Austria. The UNICHIP
groups also have a long-standing tradition in European cooperation; many years before
Austria joined the EU, they participated in the “EUROCHIP” European project; cur-
rently, they are involved in the “EUROPRACTICE” program.

During 1996, the UNICHIP activities were merged into an Austria-wide activity that
comprises all university-based competence centers for ASIC design, the Technologie-
verbund Mikroelektronik Osterreich (TMO). The TMO includes the following univer-
sity institutes:

e TU Wien:
— Institut fiir Allgemeine Elektrotechnik und Elektronik (*)

— Institut fiir Computertechnik
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— Institut fur Technische Informatik
e TU Graz:

— Institut fiir Angewandte Informationsverarbeitung und Kommunikationstechno-
logie

— Institut fiir Elektronik (*)
e Johannes Kepler Universitdt Linz:

— Institut fiir Systemwissenschaften

(33 32

Since only the original UNICHIP institutes marked with in the list above received
funding from the GMe, the other institutes included the TMO activity are out of the
scope of this report. The results achieved by the UNICHIP groups are presented begin-
ning with page 137.

2.3 Microsensors

One of the most rewarding potentials of microelectronics technology is related to appli-
cations in sensors: A large variety of possible sensors can be realized with compara-
tively modest technological resources, which makes them commercially quite interest-
ing. In recent years, the GMe supported activities, mainly at the Technical University in
Vienna, that led to sensors for medical, environmental, and technical applications, many
of which could meanwhile be commercialized or have, at least, found commercial inter-
est. Examples for such sensors are biosensors for metabolic parameters such as the con-
centrations of glucose and lactate, or temperature sensors that can be inserted into the
combustion chamber of a Diesel engine.

The following university institute participates in this focal point activity:
e TU Wien:
— Institut fiir Allgemeine Elektrotechnik und Elektronik

The current work done within the microsensors focal point activity of the GMe is dis-
closed from page 155 on.

2.4 Other Projects

Projects that are closely linked to microelectronics but do not belong to one of the above
focal points have been supported on a smaller scale at the following institutes in 1996:

e TU Wien:
— Institut fiir Allgemeine Elektrotechnik und Elektronik
— Institut fiir Analytische Chemie

e Montanuniversitdt Leoben:
— Institut fiir Physik

This report presents these supplementary projects of the GMe in 1996 beginning with
page 163.
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3. Other Activities of the Society

One of the declared tasks of the GMe is to provide information on current Austrian aca-
demic activities in the field of microelectronics to industry, in particular to Austrian
small- and medium enterprises (SMEs). This will improve the transfer of knowledge
between Austrian universities and industry. During 1996, the GMe began to supply
editorial articles to an Austrian publishing house that targets its magazines on the man-
agement and technical staff of Austrian industrial enterprises. The articles presented
some of those projects supported by the GMe that had a direct impact on Austrian
industry. As an additional approach, the GMe installed a Web server in December 1996,
which provides general information on the GMe and a collection of research reports. It
is also planned to add the contents of this report to the GMe’s Web server. The GMe
Web server is available under the URL:

http://www.iaee.tuwien.ac.at/gme/

Finally, the GMe prepared the biennial seminar “Grundlagen und Technologie elek-
tronischer Bauelemente” in GroBarl, Salzburg, which took place in March 1997. The
seminar has first been held in 1977; since 1987, the GMe contributes financial support,
and since 1993, the Society acts as its main organizer. The 11" GroBarl seminar pre-
sented seven main lectures given by international experts, and 20 short contributions,
most of which resulted from work supported by the GMe.
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Microstructure Research: Cleanroom Vienna

E. Gornik, G. Strasser

Institute of Solid State Electronics &
Center of Microstructure Research (MISZ), TU Wien,
A-1040 Vienna, Austria

In this paper, the main activities in the cleanroom of the MISZ are described. The
cleanroom of the MISZ was opened 1993; during 1994, most of the equipment for
the production of semiconductor devices was installed. Since 1995, state of the art
growth of III-V compounds as well as the production of patterned masks used in
lithography is done on a regular basis. One of the main research areas of our institute
is the preparation and characterization of III-V devices. Therefore the tke maintains
several collaborations with national and international research institutions and com-
panies by providing them with epitaxial layers (III-V-compounds). A second main
research topic is the production of micron and sub-micron devices down to nano-
meter scale. Patterned masks for optical lithography are also provided to different
institutions.

1. Introduction

Since 1995, the cleanroom of the MISZ is operated and maintained on a regular basis.
Main research areas are the state of the art growth of III-V compounds and the process-
ing of these layers resulting in transport and optical devices. Processing steps are lithog-
raphy, structuring (different etching techniques), planarization, and metallization of the
different layers. A production of patterned masks is part of the cleanroom facility as
well as the deposition of dielectric material by chemical vapor deposition. Supplemen-
tary to the normal operation and maintenance of the cleanroom and the cleanroom
equipment, additional equipment was installed. Testing of the cleanroom quality and
adjustment (laminar air flow, filters, cooling, humidity...) if necessary is done periodi-
cally.

During 1996, various new equipment was installed in the cleanroom of the MISZ. In
detail, an Oxford Plasmalab 80+ system was installed in a two chamber master-slave
configuration. One chamber is equipped for RIE processes, the second chamber is a
plasma CVD system.

The RIE system has two main applications in the MISZ: First, almost all grating cou-
plers for the GaAs-AlGaAs surface emitting lasers are fabricated on this machine. Sec-
ond, all samples fabricated by electron beam lithography are processed in this machine.
As a first result, a single quantum dot was fabricated on a high mesa, which was subse-
quently used as tip on a scanning tunneling microscope.

The CVD machine is used for the deposition of insulating Si-nitride and Si-oxide films.
Insulating layers are necessary for the fabrication of multi layer device structures, such
as the 3-terminal devices for ballistic electron spectroscopy and also for MOS-device
structures. Furthermore, dielectric laser mirrors are fabricated with this machine.

11
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As second major installation, a Siil MJB3 UV mask aligner was brought into the
cleanroom. The main purpose of this machine is to guarantee an industrial standard in
optical lithography. The new mask aligner is capable to transfer patterns down to 0.5
um, which is the limit of our CGA machine for mask fabrication. The new mask aligner
is used for GaAs lasers with surface grating couplers and also for the fabrication of sub-
um tunneling diodes and the 3- and 4-terminal devices used in ballistic electron spec-
troscopy.

2. Research Activities

2.1 Reactive lon Etching

A new type of surface-emitting laser diode has been developed, which is based on a
Surface-Mode-Emission-(SME)-technique. This technique utilizes an interactive cou-
pling process between the laser mode propagating in the cavity and a TEy-surface mode
in a waveguide structure on top of the laser diode. This technique has been successfully
applied to GaAs/AlGaAs-laser diodes to achieve a single-mode emission and a single,
surface emitted beam with a beam divergence as low as 0.15°. Presently a power up to
4 mW (which is 20 % of the total emitted power) is emitted into the single beam.

Usually laser diodes are cleaved to single devices out of the chip. For the fabrication of
2-dimensional arrays of laser diodes, which is of high importance for coherent high-
power application, the mirror facets have to be etched by a proper etching technique.
High-reflecting coatings on the etched mirrors suppress the edge emission of SME-laser
diodes and should therefore result in a strongly increased surface emission.

Laser mirrors make high demands on the etching technique. The etched facets have to
be perfectly vertical and the roughness has to be less than A/(10 "ng,as), which requires
at an emission wavelength of 880 nm a smoothness of less than 20 nm. As a wet-chemi-
cal etching process is not suitable to achieve vertical facets, a Reactive-lon-Etching-
(RIE)-technique has been used. Photoresist, metal and dielectric layers of SiO and SiN
were used as etching masks. The best results have been achieved with photoresist-masks
removable by a solvent instead of etchants necessary for metal- and dielectric-masks,
which can corrode the GaAs/AlGaAs-samples. SiCly was used as etching gas. The angle
of the etched sidewalls depends strongly on the etching parameters and can be adjusted
via the pressure and the RF-power. The etching results have been controlled with help of
a Dektak-profiler and the SEM-system. Figure 1 shows a SEM-photograph of an etching
facet achieved in a GaAs-sample at a pressure of 100 mTorr and a power of 150 W
(SiCls-flow 15 sccm, duration 10 min, self bias 300 V). The sidewalls are only a few
degrees off the vertical. Figure 2 shows a result achieved at a pressure of 4 mTorr and a
power of 100 W (SiCls-flow 15 sccm, duration 7 min, self bias 500 V). Here the side-
walls are even overhanging, while Fig. 3 shows a result achieved at a pressure of
50 mTorr and a power of 75 W (SiCly-flow 15 sccm, duration 30 min, self bias 250 V),
where the sidewalls are vertical. The slight roughness in longitudinal direction is due to
the photomask used for the exposure. Figure 4 finally shows a perfect result with rough-
ness less than 10 nm.
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Fig. 1: SEM photograph of RIE etched Fig. 2: SEM photograph of RIE etched
GaAs (Photoresist not removed) GaAs (Photoresist not removed)
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Fig. 3: SEM photograph of RIE etched Fig. 4: SEM photograph of RIE etched
GaAs (Photoresist removed) GaAs (Photoresist removed)

Finally the vertical mirror facets have been coated with SiN and Au. SiN has been
deposited by a PECVD-process, Fig. 5 shows a SiN-coating on GaAs, which has been
deposited at a RF-power of 10 W, a pressure of 1 Torr at a background pressure of
25 mW, a substrate-temperature of 200 °C. The SiH4- and NH;3-gas flows are 700 sccm
and 18 sccm. The deposition rate is typically 13 nm/min. The final result of a high-
reflecting SiN/Au-coating on a vertical laser mirror is shown in Fig. 6. The thickness of
the SiN- and the Au-layer is 180 nm and 140 nm, respectively. The apparent thickness
fluctuation in the Au-film thickness is due to the cleavage necessary for the SEM-
inspection.

First InGaAs/GaAs-laser diodes fabricated with RIE-etching and mirror coatings show
threshold-current densities of 1.5 kA/cm2, which are close to the values achieved for a
cleaved device. This demonstrates the excellent quality of the etching process and the
subsequent deposition technique of the mirror-coatings.
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Fig. 5: SEM photograph of SiN-coating  Fig. 6: SEM photograph of SiN/Au-
on GaAs coating on GaAs

2.2 Growth of llI-V Materials

Since 1995 growth of epitaxial GaAs material and related compounds is done in the
MISZ with a molecular beam epitaxy system (GEN II). A modular GEN II solid source
MBE machine is a system specially designed for high quality growth of III-V materials.
The controlled growth of single crystalline layers on an atomic scale makes it possible to
design new materials with optimized electrical and optical characteristics.

A carbon dopant source was installed in the epitaxy system giving the possibility to
grow p-type material with very low diffusion length of the dopant material and therefore
very abrupt doping profiles.

2.2.1 Growth and Characterization of Modulation Doped High Mobility 2DEGs
(G. Strasser, J. Smoliner, C. Eder, G. Ploner, L. Hvozdara)

Epitaxial growth of AlyGa;xAs on GaAs gives a band discontinuity in the conduction
and valence band. Intentional doping influences the Fermi levels and increases the band
offset at the interface. Electrons move from the n-doped AlyGa;xAs into the non-doped
GaAs and form a two dimensional electron gas (2DEG). The offset and the bending of
the bands prohibit the recombination of the carriers with the ionized impurities in the
AliGa) 4As. Impurity scattering is the most dominant scattering mechanism at low tem-
peratures. In a 2DEG this scattering process is drastically reduced due to the separation
of carriers and impurities (“remote impurities”). This leads to electron mobilities up to
10" cm?/Vs (4.2 K).

Two-dimensional electron gases (GaAs/AlGaAs heterostructures) were grown with
mobilities up to 1.8:10° cm?/Vs at 4 K and 3.5-10° cm?/Vs after exposure to red light.
The sheet carrier concentrations vary from 0.5 to 5-10'' cm™. Characterization was done
via temperature dependent hall measurements (4 K to 300 K), SdAH measurements, and
cyclotron resonance absorption. Additional confinement by structuring and etching leads
to quantum wire and quantum dot regimes. The optical and transport behavior of these
low dimensional systems is investigated.
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2.2.2 Design, Growth and Characterization of RTDs and SLs (G. Strasser,
C. Rauch, K. Unterrainer, W. Heil3, L. Hvozdara)

The first working “three terminal devices” with electron injectors, drift regions and a
“filter” to separate ballistic from thermal carriers were realized in December 1995. By
the end of 1996 a big technological step further on was established by the first “four
terminal device”. Parallel to these activities, superlattice structures (GaAs/AlGaAs-
superlattices with periods from 2 to 20 monolayers) were grown to investigate the dop-
ing behavior. Broken gap miniband structures and quantum cascade laser structures are
designed, grown and measured. Aim of this work is the realization of terahertz detectors
and emitters and the realization of an unipolar semiconductor laser in the infrared
region. For a more detailed discussion of these projects see chapter 3.

2.2.3 Design, Growth and Characterization of Epitaxial AIGaAs Bragg Mirrors
(G. Strasser, T. Maier)

The MBE-growth of AlGaAs Bragg mirrors was optimized to an extent that enables us
to grow these mirrors with maximum reflectivity at a desired wavelength. The reflectiv-
ity of the mirrors was measured with a precision of 1% and compared to a theoretical
model containing the thicknesses of the layers as input-parameters (Fig 7). From this
comparison, the deviation of the thicknesses from the nominal values could be deter-
mined and a calibration performed. Bragg mirrors grown with this calibration show
good agreement with the theoretical model (calculated with nominal thicknesses) and
exhibit maximum reflectivity at the wavelength they were designed for.

1.0 I =
N 0.8 =
s
-
’: 0.6+ = measured -]
3 - theoreticd
L
B 0.4
~

0.2

0.0k | | | | -l

800 850 900 950 1000

wavelength / nm

Fig. 7: Reflectivity vs. wavelength of a Bragg mirror consisting of 20 pairs
Al 1Gag9As/AlAs, designed for 880 nm.

Fig. 8: TEM picture of AlAs/GaAs Bragg mirror (average thickness AlAs/GaAs:
133 nm)
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3. Summary

In this summary a short description of running projects of the institute of solid state
electronics (fke) are depicted which are not directly involved in the growth of semicon-
ductor materials, but rely on III-V based samples and/or use devices patterned in the
cleanroom (by optical, laser- or electron-beam lithography).

3.1 Fabrication, Characterization and Lithographic Structuring of
Dielectric Bragg Mirrors (T. Maier)

Dielectric Bragg-mirrors for vertical-cavity surface emitting laser diodes offer an attrac-
tive alternative to MBE grown mirrors, allowing a greater flexibility to optimize impor-
tant features of the laser such as threshold current, optical power and lasing wavelength
by adjusting the mirror reflectivity and the resonator length to the MBE-grown structure.

We fabricated SiO,/SiNx-Bragg mirrors using PECVD and measured the spectral
dependence of their reflectivity. The deposition was found to be very homogenous and
highly reproducible, allowing the fabrication of tailor-made Bragg mirrors for a given
wavelength. High-reflectivity mirrors (R > 0.98) were realized by deposition of 10
S10,/SiNg-pairs (Fig. 9).

Reflectivity

|
700 800 900 1000

0.0 | |

wavelength / nm
Fig. 9: Reflectivity vs. wavelength of 10 pairs Si0,/SiNx.

The Si0,/SiNy-layers were then patterned using standard photoresist masks. Etching
was done in two steps: first by argon ion-milling, then in an SF¢-plasma for which the
substrate (GaAs) serves as an etch stop layer, leaving Si0,/SiN, mesas on a clean GaAs-
surface.
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Fig. 10: SEM picture of a SiOy/ SiNx mesa (5 pairs)

3.2 Nanostructured Airbridges for THz Schottky Diodes (M. Hauser,
E. Zottl, G. Strasser)

A new application of electron beam lithography (EBL) was the production of nanostruc-
tured metal airbridges, which are used to form ultrafast THz Schottky diodes. These
devices operate at room temperature and can be used as detectors for far infrared radia-
tion (FIR) or mixers for THz signals. New processes have been developed to reach the
low capacitances necessary for diodes operating in the THz regime.

The diodes consist of n doped GaAs layers grown on a semiinsulating GaAs wafer. The
diode is defined by proton implantation of the surrounding area. Therefore a mask
covering only the active diode area is employed. It consists of a three layer stack of sili-
con nitride as a protective layer for the active diode area, a polyimide layer, and a thick
layer of gold for masking of the implantation ions (Fig. 11).

1.2 um Au

200 nm Polymid

[ 100 nm SiN

n

Fig. 11: Sketch of the ion implantation mask
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Ohmic Contact
Bow-Tie Antenna

lon Implanted =

S| GaAs

Fig. 12: Submicrometer Schottky diode design

A bowtie antenna is used to couple the FIR to the leads of the diode (Fig. 12). One lead
connects the bowtie to the n-layer by an annealed ohmic contact. The Schottky contact
forming the diode consists of a gold air bridge connecting the other end of the bowtie to
the active diode area across the implanted region. A scanning electron microscope pic-
ture of this part of the device is shown in the insert. The airbridge is about 10 um long,
200 nm wide and forms a Schottky contact with a diameter of less than 100 nm. The
distance from the airbridge to the surface is about 250 nm. The capacitances of the leads
are low enough to guarantee a cutoff frequency of more than 5 THz.

Fig. 13: SEM picture: airbridges.

3.3 BEEM Experiments on Quantum Wires (C. Eder, J. Smoliner)

In this project, a special scanning tunneling microscopy (STM) technique, the so-called
“ballistic electron emission microscopy” (BEEM), is applied to quantum wires. For this
purpose, the sample is covered with a thin Au-film (d < 100 A) before the topography is
measured with the STM. Because of the low thickness of the Au film, a part of the
electrons passes the Au film ballistically and penetrates into the semiconductor. This
ballistic electron current is measured simultaneously with the tunneling current via an
additional backside electrode. In addition, the ballistic electron current can also be
measured as a function of the applied bias voltage. Such a BEEM spectrum shows a
diode-like behavior and is used to measure the barrier height at the Au-semiconductor
interface.
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In this project, BEEM measurements are applied to quantum wires, which are fabricated
by laser holography on GaAs-AlGaAs heterostructures grown in the MBE system at the
MISZ.

290 A 150 pA
a)

Fig. 14:(a) 3D image of a single quantum wire, (b) corresponding BEEM image. The
arrows indicate Au clusters in the etched areas.

Figure 14 (a) shows the topography of a single quantum wire, Fig. 14 (b) the BEEM
image, which was measured simultaneously. Two main details are evident: First, there
are some Au-clusters accumulated on the wire, which are reflected as dark areas in the
BEEM image. This cluster formation depends on sample preparation and was avoided in
most recent measurements. Second, the BEEM current is slightly enhanced on the wire.
This enhancement becomes clear if one looks at the bandstructure of the etched and non
etched areas of the quantum wire sample. As one can see in Fig. 15 (a) the effective
surface barrier height is higher in the etched areas, since here, the AlGaAs barrier under
the surface is higher than the barrier of the Au-GaAs Schottky contact.. Thus, the corre-
sponding BEEM current is lower than in the non etched areas on the quantum wire. To
prove this experimentally, the barrier height was measured across the quantum wire and
Fig. 15 (b) shows the experimental data. Detailed investigations on this topic are cur-
rently in progress.
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3 £ 0% kiched *
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Fig. 15:(a) self consistently calculated bandstructure; (b) measured barrier height profile
across a quantum wire.
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3.4 Studies on the Lifetime of Intersubband Transitions in Semiconductor
Superlattices (K. Unterrainer, R. Zobl, G. Strasser)

In unipolar semiconductors laser operation can only be achieved by a population inver-
sion of charge carriers, which is governed by the lifetime of electrons (or holes) in
excited states. In this work, the lifetime of electrons in excited states is investigated. In
the last year pump and probe experiments on samples designed, grown, processed and
tested in the MISZ were performed using the free electron laser “FELIX” in Nieuwegein
(the Netherlands). The measured lifetimes of 400 ps in GaAs/AlGaAs are compared to
calculated results of a theoretical model. This comparison shows that a combination of
electron-electron scattering and optical and acoustical phonon scattering is limiting the
electronic lifetime. In the running project asymmetric coupled quantum wells with a
more sophisticated bandstructure and therefore a more complex level system are grown
to test the possibility of subband inversion. Besides a deeper understanding of lifetimes
in coupled wells a long-term goal is the development of an optically pumped FIR-
semiconductor laser.

3.5 Ballistic Electron Spectroscopy of Biased Vertical Superlattices
(C. Rauch, G. Strasser, K. Kempa, K. Unterrainer, W. Boxleitner)

The splitting of minibands in biased superlattices has direct consequences on the ballis-
tic electron transport properties. Due to the localization of the electron wave function,
the quasi-continuous miniband breaks up into a ladder of discrete Wannier-Stark states.

Using the concept of a hot electron transistor the transmittance of an undoped superlat-
tice, grown in the drift region between base and collector, can be measured directly.

injected
electron
distribution

Energy

Emitter

1 15t MB

ﬂ Collector

Distance

Fig. 16: Conduction band diagram of a three terminal device under typical bias condi-
tions

An energy tunable electron beam is generated by a tunneling barrier and used to probe
ballistic transport through the superlattice at given bias conditions (Fig. 16). The collec-
tor current is measured as a function of the injection energy. The probability for an
injected hot electron to cross the superlattice reflects the transmittance of the discrete
ladder of Stark states and can be considered to be proportional to the measured transfer
ratio (o = I¢/Ig).
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Fig. 17: Measured (dots) and calculated (line) transfer ratio vs. electric field

Figure 17 shows the transfer ratio of a ten period GaAs/AlGaAs superlattice versus
electric field. The maximum transmission can be observed at zero bias voltage, since all
superlattice states are extended over the whole superlattice dimension. Applying an
electric field leads to a decrease of the transmission due to the localization of the lowest
and uppermost superlattice states, i.e., these states do not contribute to the ballistic
transport any more. The transfer ratio of the superlattice vanishes for an applied electric
field of about 5 kV/cm. This is in good agreement with the simple estimate of the local-
ization length A = A/eF (A is the miniband width, and F the applied electric field) which
decreases to about half of the total superlattice length at this bias.

In addition, we perform theoretical calculations based on a transfer matrix method using
an envelope function approximation. The solid line in Fig. 17 shows the result of such a
calculation for the measured structure. We find an excellent agreement between our
experimental results and the quantitative theoretical prediction.

For the first time, the collapse of the superlattice states under electrical field can be
observed directly using the technique of ballistic hot electron spectroscopy. To resolve
the discrete Wannier Stark states, we designed a Four Terminal Device (FTD) including
a resonant tunneling diode as an injector in order to decrease the width of the injected
electron distribution.

3.6 Electron Transport Through a Combination of Different Superlattices
(C. Rauch, G. Strasser, E. Gornik)

In this report we summarize the results obtained by hot electron spectroscopy of combi-
nations of field free undoped superlattices. The study was carried out using a modified
tunneling hot electron transfer amplifier, with an injector consisting of a tunneling bar-
rier embedded within two highly doped GaAs contact layers. An energy tunable electron
beam is injected into the structure under investigation. The measured static transfer ratio
is defined by the ballistic electron current measured at the collector of the three terminal
device divided by the emitter current (o0 = I¢/Ig). Since the transfer ratio is proportional
to the transmittance of the structure, which is grown between the base and the collector
contact, we get important information of the transport mechanism in such sophisticated
quantum mechanical systems.
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The samples grown by Molecular Beam Epitaxy we have studied consist of the follow-
ing common features: A highly doped n"-GaAs collector contact layer (n = 1x10'® cm™)
is grown on a semiinsulating GaAs substrate. Followed by the heterostructure under
investigation and the drift regions which are slightly n-doped (~5x10'* cm™), in order to
avoid undesired band bending. These layers are followed by a highly doped
(2x10"™ cm™) n"-GaAs layer (base) of 13 nm width. On top of the base layer a 13 nm
undoped Gag;Alp3As barrier is grown followed by a spacer and an n'-GaAs layer,
nominally doped to n = 3x10'” cm™. Finally, a n"-GaAs contact layer (n = 1x10'® cm™)
i1s grown on top of the heterostructure to form the emitter. The full width at half maxi-
mum (FWHM) of the injected energy distribution was measured to be 17 meV in width
using a resonant tunneling diode in the drift region. It should be noted that the FWHM
limits the energy resolution.

The fabrication (Fig. 18) of the three terminal device includes the following steps:
SiCl4/SFg reactive ion etching (RIE), unselective etching to the collector layer, metalli-
zation of the AuGeNi ohmic contacts, Si3N4 insulation of the emitter mesa (PECVD),
and finally the metallization of the CrAu bonding pads.
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Fig. 18: Three terminal device

We have grown two samples with different combinations of five period superlattices.
The superlattice growth parameters are given in the table below.

sample No. | superlattice 1 superlattice 2 superlattice 3
barrier (A) |well (A) |barrier (A) |well (A) |barrier (A) |well (A)
35 42.5 25 120

2 35 42.5 25 120 15 85

Sample No. 1 consists of two superlattices. The parameters were chosen in such way
that the lowest miniband of the first superlattice is aligned with the second miniband of
the second superlattice. Injected electrons with energies high enough to traverse into the
lower miniband of the first superlattice have two output channels. One channel is
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defined by transport through the second miniband of the second superlattice without
scattering. Electrons which are scattered in the second miniband can be collected via
transport through the first miniband of the second superlattice.

Sample No. 2 consists of three different superlattices as noted in the table. The conduc-
tion band structure is sketched in Fig. 19. The first and the second superlattice have the
same parameters as the superlattices in sample No. 1. The third superlattice is designed
such that the minigap between the first and the second miniband is aligned with the sec-
ond miniband of superlattice 2. The first minibands of superlattice two and three are
aligned as well. Consequently only electrons which are scattered in the second superlat-
tice can be collected and measured in the collector current. Electrons that are reflected
by the minigap and not scattered into the first miniband will be bounced back and col-
lected at the base layer.
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Fig. 19: Bandstructure of a combination of three different superlattices
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Fig. 20: Comparison of the transfer ratio of two different combinations of superlattices

In Fig. 20 the transfer ratio o versus injection energy is shown. A sharp increase of the
transfer ratio is evident at about 90 meV which corresponds to the position of the first
miniband of superlattice 1. It can be seen that the transfer ratio of sample No. 2 is about
50 % of the transfer ratio of sample No. 1. Consequently we assume that about half of



24 E. Gornik et al.

the electrons injected into the second miniband of the second superlattice are scattered
into the first miniband. Since the energy gap between the second and the lowest mini-
band is of the order of an longitudinal optical (LO) phonon, we know that the intermini-
band transition is mainly governed by LO-phonon scattering which is the most effective
scattering process at low temperatures. If the minigap is smaller than 36 meV one might
achieve inversion and consequently a light emitting device. The design of such a struc-
ture is even more sophisticated. A prototype of a sample mentioned above is already
grown and will be characterized soon.

3.7 Coherent Few-Cycle THz Emission from Plasmons in Bulk GaAs
(R. Kersting, K. Unterrainer, G. Strasser, E. Gornik)

Femtosecond optical excitation of bulk semiconductors leads to the emission of coher-
ent far infrared pulses. This emission results from instantaneous polarization, ballistic
transport and drift of photogenerated carriers in the surface or built in fields of semicon-
ductors, We have investigated the generation of few-cycle THz radiation from coherent
plasmons in bulk GaAs.

For the first time our experimental data give direct insight into two distinctly different
emission processes: THz generation by plasma oscillations of hot photogenerated carri-
ers, and THz emission from coherent oscillations of cold extrinsic carriers.

The upper curve of Fig. 21 shows the autocorrelation of a THz pulse emitted from a
p-i-n structure after femtosecond laser excitation. By increasing the excitation density,
coherent emission can be found between 0.2 and 1.5 THz. The frequencies vary as the
square root of the excitation density, as expected for plasmons. This proves that the THz
emission results from the plasma oscillation of the photogenerated carriers. We find that
the emitted THz radiation from the p-i-n diode is strongly damped. We attribute this to
the fact that the photogenerated carriers are hot and thus subject to fast scattering proc-
esses.
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Fig. 21: Autocorrelation data recorded on the p-i-n structure and on two bulk GaAs
structures with different doping concentrations.
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A fundamentally new emission process is found in n-doped bulk GaAs. Here, the
screening of the surface field by photogenerated carriers starts coherent oscillations of
the extrinsic carriers in the GaAs bulk. Autocorrelation data are shown by the lower
curves in Fig. 21. In contrast to the results on p-i-n structures the frequencies of these
THz pulses depend on the doping concentration but not on the density of the photogen-
erated carriers. This shows that the THz radiation is emitted by the oscillation of the
extrinsic electrons in the GaAs bulk. The damping times of these oscillations are much
slower than in p-i-n structures which leads to multiple oscillations of the field. We show
that the oscillations of the cold carrier plasma are limited to the center of the Brillouin
zone and that the damping of the extrinsic plasma oscillations results mainly from opti-
cal phonon scattering.

Since the emitted power of the THz radiation strongly depends on the damping rate the
cold plasma oscillation in bulk GaAs offer an attractive approach to generate intense
THz pulses. Our experiments show that the emission power on n-doped structures is
more than one order of magnitude higher than the power emitted from diode structures.

3.8 Photonic Bandgap Material Used as THz Resonators (K. Unterrainer,
R. Kersting)

For the realization of a THz-laser an efficient coupling structure and resonator is
needed. The resonator is defined by two photonic band gap mirrors which have been
already developed at the institute (Fig. 22). Photonic band gap materials show high
reflectivity in the THz range. Bow Tie antennas, connected via air bridges to the active
mesa to avoid parasitic capacities will be used to couple out the emitted light. At the
moment these new processes represent the main activities in this project.
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Fig. 22: Photonic band gap material.

3.9 Quantum Cascade Electroluminescence in GaAs/AlGaAs Structures
(G. Strasser, M. Helm, L. Hvozdara, P. Kruck, E. Gornik)

The advent of a unipolar semiconductor laser based on intersubband transitions in
quantum wells [1] in 1994 marked a breakthrough in the application of band-structure
engineering. Since then, great progress concerning device operation and performance of
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these so-called quantum cascade lasers has been achieved [2], however, these results
were restricted to a single research laboratory and to a single material system, namely
InGaAs/InAlAs lattice matched to InP.

We present here the design, growth and operation of an unipolar light emitting diode
(LED) based on the material system GaAs/AlGaAs.

The structure essentially follows the design considerations given by Faist et al. [2], [3]
with the modifications necessary due to the different material system. The diode (grown
on a semi-insulating GaAs substrate) consists of 25 active periods of GaAs/
Al 45Gag 55As coupled quantum well layers. The growth sequence of the active cell is
10 A GaAs, 15 A AlGaAs, 45 A GaAs, 20 A AlGaAs, and 45 A GaAs (see also Fig.
23). The active cells are separated by miniband funnel injectors and the whole structure
i1s embedded between two highly doped contact layers. The LED is designed for emis-
sion at about 6.5 um, but longer or shorter wavelengths than this appear possible. The
present choice was dictated by two considerations: on the one hand, shorter wavelength
emission (or lasing) is generally easier to achieve due to the larger spontaneous emission
rate and smaller losses. On the other hand we wanted to keep the Al content in the
barriers below 45% in order to avoid effects related to the X-point.
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Fig. 23: Self-consistent calculations of the conduction band and the relevant wavefunc-
tions (YY*) under bias

The structure was characterized by measuring the current-voltage characteristics as well
as the intersubband absorption and photocurrent under near-zero bias.

Emission measurements were performed with a step-scan Fourier-transform spectrome-
ter using lock-in techniques. 100 x 100 pm? size mesa structures were employed, which
led to a current of the order of 100 mA under injection conditions (bias 8 V). Electrical
pulses of typically 15 us length with a 3 kHz repetition rate were applied to the sample
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(5% duty cycle). The sample was kept at around 10 K in a LHe flow cryostate and the
emission was detected with a LN, cooled HgCdTe detector.

A typical emission spectrum is shown in Fig. 24. The main emission peak (at 1450 cm™)
is due to the 3-2 transition, but a second peak at higher energy resulting from the 3-1
transition is also visible. Figure 23 shows the calculated band structure under injection
bias conditions, the energy-level line-up being in good agreement with the experimental
results.

G238
10K — 1 20mA

[ — 100mA

luminescence intensity

1000 1200 1400 1600 1800 2000

wavenumbers (cm™')

Fig. 24: Electroluminescence at 10 K

First attempts to fabricate a laser structure indicated difficulties with the electrical
properties of the AlGaAs waveguide cladding layer. Thus most likely new concepts for
optical mode confinement have to be developed in order to achieve a quantum cascade
laser based on GaAs.
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Backside-Laserprober Technique for
Characterization of Semiconductor Power
Devices
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TU Wien, A-1040 Vienna, Austria

An infrared laserprobe technique for the characterization of the self-heating in the ps
range in power VDMOSFETs and IGBTs is presented. Based on the thermo-optical
effect in silicon, this technique detects interferometrically the temperature induced
changes of the silicon refractive index. The time evolution of the lattice temperature
in the device active region is studied for the power devices biased under shorted load
conditions. Optical experiments are combined with electro-thermal device modeling
and electrical characterization. From the calculated phase modulation signals fitted
to the experiments a value for temperature coefficient of the refractive index of
1.6:10* K™ is found which is in good agreement with the literature.

1. Introduction

The steady increase of the switching frequency of power semiconductor devices under
high voltage and current conditions causes transient thermal effects to become a more
severe and critical issue. Although much attention has been given to thermal effects in
power devices, there are so far no experimental techniques available for a time-resolved
analysis of destructive thermal effects in dynamic device operation. In this paper we
present the application of the backside laserprobe technique [1] to analyze the transient
heating in power Vertical Double-diffused (VD)MOSFETs and in Insulated Gate Bipo-
lar Transistors (IGBTs) biased under shorted load conditions.

2. Optical Technique

The principle of the laserprober set-up is demonstrated in Fig. 1. An increase in the
refractive index of silicon due to the lattice heating (thermo-optical effect) in dynamic
device operation modulates the phase of the laser probing beam. The probing beam re-
flected from the gate and a reference beam reflected from the drain metallization inter-
fere in a photodetector. The electrical signal at the detector corresponding to the ther-
mally induced phase change is recorded and averaged by a digital oscilloscope. Since
the photon energy of the laser beam (A = 1.3um) is below the energy gap of silicon, the
optical measurements have no impact on the device electrical characteristics.

The laserprobe measurements were performed on commercially available VDMOSFETs
of 150 V and 200 V breakdown voltage, and on IGBTs with 1200 V breakdown voltage.
In VDMOSFETs, optical access through the drain contact is obtained after mechanical
removal of the original contact metallization, polishing the substrate and evaporation of
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a thin Ti-Au film leaving a small square window opened. This preparation does not
change the device performance, but induces a small drain contact resistance. For meas-
urements on IGBTs, the device preparation is different as mechanical contact removal
would also destroy the p'-anode layer of the IGBT. We have therefore developed a
process technique which allows selective etching of the small window (100 um x 100
um) into the contact metallization. The etching stops just at the silicon surface (Fig. 1)
which ensures the proper functionality of the device.

N Gate
Source

Drain

. \ .
drain metallization
reference beam probe beam (A=1.3pm)

Fig. 1: Laserprobe method for the detection of the transient lattice heating in power de-
vices. The probing laser beam (beam diameter of 8 um) is focused through a
small window in the drain contact on a single IGBT (or VDMOSFET) cell and
is reflected from the polysilicon gate. The interferometer reference beam is
placed at the metallization.

3. Experiments

In the experiments on VDMOSFETsS, the amount of the transient lattice heating is con-
trolled by applying pulses with different pulse levels from Vgs =0 V to 8 Vand 12 V
and different pulse widths Tty (5 ps to 60 ps) to the gate. The drain-to-source bias is held
constant at Vps = 15V. The transient drain current is monitored by a voltage drop across
a resistor connected in series with the drain. The power dissipation in IGBTs is con-
trolled by the drain-to-source voltage ranging from 50 V to 400 V. The device is
switched by gate pulses of 15 V height and length of 10 ps. Here the transient current is
measured inductively by means of a current probe. In both cases the pulse repetition
frequency is chosen to 10 Hz, in order to enable total device cooling between subse-
quent pulses. Figure 2 shows typical results for the transient phase signal obtained from
laserprobe experiments on VDMOSFET and IGBT. During the heating the phase signal
increase is linear in time. After heating turn-off, the phase signal remains almost con-
stant in the first 100 ps. In that case, the peak temperature decreases and simultaneously,
the heat propagates into the silicon well. Therefore, the length where the temperature
changes (the beam modulation length) increases. As the phase change is proportional to
the integral of the temperature increase along the beam modulation length, the resulting
phase signal is nearly constant.

Besides the thermo-optical effect, the phase of the laser beam is also modulated due to
the free-carrier effect [2]. We have found that this effect can be neglected both in
VDMOSFETs and IGBTs. Performing optical measurements on VDMOSFETs with
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Vps = 0V and applying pulses to the gate (no device heating), the resulting phase signal
is close to the detection limit of the measurement set-up. A similar experiment has been
carried out on IGBT with a drain-to-source voltage of Vps = 2 V. Even under this low
power condition the thermally induced phase signal dominates and superimposes the
free-carrier signal.
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Fig. 2: Laser-probe measurement results for the time-resolved phase shift on a) 200V-
VDMOSFET and b) 1200V-IGBT. Pulse widths ty are indicated. The phase
shift calculated for a value of the temperature coefficient of the refractive index
of dn/dT = 1.6:10 K! of silicon is shown for VDMOSFET device (dotted line).

4. Numerical Modeling

The study of time dependence of the temperature in power devices requires modeling of
the total chip consisting of several hundred cells including the chip package. To reduce
the complexity of the model, we first analyzed the temperature distribution in a single
VDMOSFET cell. The electrical characteristics of a single cell are calculated by a
modified version of MINIMOS 6 [3]. The transient temperature profile is then obtained
by numerically solving the 2-D heat conduction equation. The temperature distribution
along the wafer depth (Fig. 3) at the center of the chip area is taken as input for model-
ing of the laser beam modulation.
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Fig. 3: Numerical modeling result of the transient temperature profile across the chip
center (200V VDMOSFET).

The transient phase modulation signals are calculated by the application of the trans-
mission-line model presented in [4], which has been extended including the lattice
heating. The phase change obtained from the rigorous transmission line model is very
close to that calculated from the temperature profile using a simple geometric optic ap-
proach. This implies that the geometric optic approach can be accurately used, which
significantly reduces the complexity in the optical data interpretation. A direct compari-
son of the numerical modeling results and the phase shift from measurements is possible
only if the exact value of the temperature coefficient of the refractive index of silicon
(dn/dT) is known. On the other hand, assuming that accurate modeling results are pro-
vided, the dn/dT can be determined by the calibration of the experiments. For the pur-
pose of the verification of numerical analysis, the channel temperature at various heating
pulse widths Ty is extracted from pulsed I-V measurements (Fig. 4).
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Fig. 4: Pulsed I-V measurements for the determination of the channel temperature for
different heating pulse widths (200 V VDMOSFET). The channel heating at
short pulses ty = 2 us (circles) at increased ambient temperature is used as a
reference. From the decreased drain current due to self-heating with longer gate
pulses (diamonds) the corresponding channel temperature is extracted.

The modeling results for the temperature close to the Si/SiO,-interface correspond to the
values obtained from the pulsed I-V measurements. As depicted in Fig. 4 for a heating
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pulse width of Ty = 60 ps, the temperature increase in the channel after 20 ps is
extracted to AT = 12.5 K, in agreement with the calculated value of AT = 12 K. Quanti-
tative matching of various modeling to measurement results of the transient phase shift
at the end of the heating period results in a mean value across all samples of dn/dT =
1.6:10* K, where this result is very consistent with data from the literature [5]. Figure
2a shows a typical result for the calculated phase signal which is in good agreement with
the experiment.

5. Conclusion

The backside laserprobe technique has been successfully applied to study the transient
heating in power VDMOSFETs and IGBTs with a high temporal resolution. From the
numerical analysis a 1-D thermal model combined with a geometric optic approach are
found to be sufficient for the modeling of the phase modulation signals. From this study
a value of dn/dT is obtained, which is the basis for quantitative studies of the critical
thermal effects in such devices.
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Single-mode and single-beam emission has been achieved from surface emitting
laser diodes based on the surface-mode-emission technique. By employing an opti-
mized device design and a first-order grating coupler, the laser diodes show under
pulsed operation condition a single-mode emission with a linewidth of 0.11 nm. A
power up to 3.6 mW is emitted into a single, surface-emitted beam, which has a
beam divergence of 0.20°.

1. Introduction

The most important impact of laser diodes is the area of transmission systems for optical
telecommunication, where single-longitudinal-mode (SLM) laser diodes are required to
achieve a high transmission capacity and distance. Among the various types of single-
mode laser diodes the distributed-Bragg-reflector (DBR) and the distributed-feedback
(DFB) laser diodes are most commonly used and have been successfully employed in
commercial transmission systems [1], [2]

By far most of the present SLM-laser diodes are conventional edge emitters, while many
novel optoelectronic applications, like optical interconnects, optical computing and high
power laser arrays, require surface emitting laser diodes. Various types of surface
emitting laser diodes, like horizontal cavity lasers with 45°-mirrors, DBR and DFB-laser
diodes with second order grating couplers, Master-Oscillator-Power-Amplifiers and
Vertical Cavity Surface Emitting laser diodes have been developed so far [3] — [5].

We have presented a new concept based on the surface-mode-emission (SME) tech-
nique, which has been applied to realize a new type of surface emitting laser diode [6],
[7]. In addition we have recently proposed this technique as flexible concept for a new
type of SLM-laser diode [8]. A real single-mode emission from this type of laser diode,
however, has not been achieved yet [9].

2. Experimental

We report on a single-mode and single-beam emission achieved from SME-laser diodes.
Under pulsed operation condition a single-mode emission with a linewidth of 0.11 nm is
achieved, while a power up to 3.6 mW is emitted into a single, surface-emitted beam
with a beam divergence of 0.20°. This has been achieved by an optimized device
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geometry and by fabricating high-quality first-order gratings with an Ion-milling etching

technique.
waveguide |/ " "/
’Au/Zn/
No_Aw
p-AlGaAs

________

Fig. 1: Geometry of the SME-laser diodes. The surface grating is oriented in y-direc-
tion, while the laser stripe is oriented in x-direction. The window for the SME-
coupling process has a width of 8 pm and extends over the whole length of the
cavity.

The SME-technique is based on an interactive coupling between the laser light propa-
gating in the active region of the laser diode and a transverse electrically polarized TE,-
surface mode propagating in a waveguide structure on top of the laser diode. This
requires a special device geometry, which is shown in Fig. 1. The laser diode is a con-
ventional GaAs/AlGaAs-double-hetero-structure grown by MOCVD. An n-AlGaAs
cladding layer (thickness 1300 nm, 35% Al) is grown on a n-GaAs substrate followed
by an undoped GaAs active region (thickness 90 nm). Next is a p-AlGaAs cladding
layer (thickness 550 nm, 30% Al) with a highly doped p-GaAs cap layer (thickness
5 nm) on top. While in recent structures p-AlGaAs cladding layers with thickness of
700 nm and 900 nm were used, the thickness has been reduced to 550 nm in order to
achieve an enhanced coupling between the laser light and the TE(-surface mode. A first-
order grating, which is holographically exposed in photoresist, is etched into the p-
AlGaAs-top-cladding layer by ion-milling (grating period A =415 nm, grating ampli-
tude 100 nm). This etching technique has strongly improved the quality of the grating as
compared to recent samples, where a wet-chemical etching process has been used. The
evaporation of a semitransparent Au/Zn/Au metal stripe (50 A/50 A/200 A) with a
width of 12 pm oriented normal (x-direction) to the grating grooves (y-direction)
defines the laser stripe. The single laser stripes are separated at a distance of 250 pum, the
surface of the sample in between is isolated with polyimid. Ti-Au contact pads
(500 A/3000 A), which overlap the laser stripe from both sides by 2 um leaving a 8 pm
wide window in the center of the laser stripe, are evaporated on the polyimid isolation.
Next the laser stripe is spin-coated with photoresist (Hoechst AZ 6615, thickness
250 nm) forming a slab wave guide on top of the laser diode, which supports the TE,-
surface mode. Finally the laser bars are cleaved to a length between 400 um and
600 um.

Locally in the window the laser light is coupled to the TEp-surface mode. In this
experiment the window extends over the whole cavity length, while in recent experi-
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ments the window (length 200 — 300 um) was only a part of the cavity length. This
increases the coupling efficiency from the laser light to the surface mode. Part of the
laser light is scattered from the active region via the surface grating into the waveguide.
The light is propagating in the waveguide as a zig-zag-wave, where part of the zig-zag-
wave is scattered into air into the emission angle o resulting in efficient surface emis-
sion. In addition, part of the zig-zag-wave is scattered back into the active region pro-
viding a positive, wavelength selective feedback process, which can result in a single-
mode emission. These coupling mechanisms have been discussed in detail in Ref. [8].

The corresponding far-field pattern in DC-operation is shown in Fig. 2. The farfield
pattern is measured by scanning the laser diode along the laser stripe (x-direction) from
one cleaved facet to the other. The sample emits the light into a single beam in an
emission angle of -55.35°. The beam divergence in x-direction is less than 0.15°, while
the beam divergence in the direction normal (y-direction) to the laser stripe is 8°. The
intensity emitted per solid angle into the single beam is more than 15 times higher than
the edge emitted intensity per solid angle, which demonstrates the high efficiency of the
SME-technique. Presently a power up to 3.6 mW is emitted into the single beam, which
is 15 % of the totally emitted power of 24 mW.
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Fig. 2: The far-field pattern measured by scanning the laser diode along the laser stripe
(x-direction) from one cleaved facet to the other. The SME-laser diode emits the
light into a single beam in an emission angle of -55.35°. The beam divergence is

less than 0.20, a power up to 3.6 mW is emitted into this single, surface-emitted
beam.

The SME-laser diodes show threshold current densities between 1.8 and 2 kA/cm”. The
wavelength emission spectrum of a SME-laser diode (threshold current Iy, = 140 mA) in
pulsed biased condition (pulse width 0.6 usec, f=40 kHz) at a current of 1.3 x Iy, is
shown in Fig. 3 (left). The sample shows a single-mode emission at A = 874.08 nm with
a full-width-half-maximum (FWHM) of 0.11 nm. The single-mode emission is main-
tained with increasing current, but the FWHM increases up to 0.17 nm at 1.6 x Iy, and
up to 0.27 nm at 1.8 x Is,. The right part of Fig. 3 shows the DC emission spectrum at a
current of 205 mA. The laser diodes operates in a single-mode, the minimum linewidth
achieved is 0.06 nm, the best side-mode-suppression-ratio is 24 dB.
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Fig. 3: Single-mode emission spectrum of a SME-laser diode in AC-condition (left)
(pulse width 0.6 usek, f =40 kHz) at a current of 180 mA (= 1.3 x I) and in
DC-operation at a current of 205 mA (right).

3. Discussion and Conclusion

The main advantage of the SME-type of laser diode as compared to surface emitting
DBR- or DFB-laser diodes is a simple and flexible fabrication process. It utilizes the
well-established technique of the conventional striped laser and requires no regrowth.
The present performance of the SME-type of laser diode (relatively high threshold cur-
rent densities (1.8 — 2 kA/cm?), low output power) can be optimized by mirror-coatings:
High-reflection mirrors on the cleaved facets will both decrease the threshold current
density as well as increase the surface emitted power. The use of a quantum-well struc-
ture as active region instead of the double-hetero-structure should further decrease the
threshold current density.

As has already been demonstrated [9], the emission wavelength (and so the emission
angle) can be adjusted by the waveguide thickness and depends on the refractive index
of the waveguide. This makes the SME-type of laser diode very suitable to be employed
in practical applications: On one hand wavelength-division-multiplexing (WDM) tech-
niques require on the transmitter side arrays of single-mode laser diodes, which emit at
different, well-defined wavelengths. On the other hand WDM requires wavelength-tun-
able laser diodes on the receiver side for the heterodyne-detection-scheme [10]. The
fabrication of laser bars containing laser diodes emitting at well-defined, different
wavelengths (wavelength spacing AA ~ 0.5 — 3 nm) can be realized by processing adja-
cent SME-laser diodes with slightly different waveguide thickness (Ad ~2 — 5 nm). The
use of an electro-optically active polymer, for example, as waveguide material will
allow a continuous change of the waveguide’s refractive index by applying an electric
field across the waveguide. This would result in a continuous wavelength-tuning around
a central wavelength primarily defined by the waveguide thickness. Thus SME-laser
diodes have the potential to achieve both WDM-requirements. Therefore it is essential
to apply the SME-technique to laser diodes operating in the 1.3 pm- and 1.5 um-wave-
length regime.
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In addition due to their high beam quality, surface emitting SME-laser diodes can be
employed as direct optical interconnects. For this specific application the steering of the
surface emitted beam by tuning the emission wavelength is of high importance.
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We report the use of single quantum dot structures as tips on a scanning tunneling
microscope (STM). A single quantum dot structure with a diameter of less than
200 nm and a height of 2 pum was fabricated by reactive ion etching. This dot was
placed on a 40 um high mesa and mounted on the tip of a STM. The topography of
large structures such as quantum wires or gold test substrates is clearly resolved with
such a tip. To check the transport properties of the tip, quantum dot arrays were fab-
ricated on resonant tunneling double barrier structures using the same process pa-
rameters. Conventional tunneling spectroscopy clearly resolved the 0D states in our
samples. Using a metal substrate as second electrode such STM tips can be used to
perform high resolution energy spectroscopy on single dots and free standing wire
structures.

1. Introduction

Recent advances in micro fabrication technology such as lithography, etching and epi-
taxial regrowth enabled a reduction of the dimensions of semiconductor devices in a
way that tunneling processes in low dimensional systems (1D, 0D) can be studied. First
experiments on 1D-1D and 1D-0D tunneling processes were carried out in ultra small,
pillar shaped double barrier resonant tunneling diodes (DBRTDs) by Reed et al [1]. On
such samples, the resonance structures in the tunneling current were assigned to reso-
nant tunneling processes between 1D states in the emitter region and 0D states inside the
quantum well defined by the two barriers [2]. In similar experiments, based on
asymmetric DBRTDs, charging effects were also observed [3], [4]. Using a shallow
etching process in combination with a side-gate, it was possible to adjust the 0D con-
finement by varying the gate voltage. The observed resonance structures in the tunneling
current were assigned to Coulomb blockade effects [5], [6] as well as to ionized donor
atoms [7]. Focused ion beam implantation can also be used to define structures
containing quantum dots [8] . Using triple barrier RTDs as starting structure, tunneling
processes in coupled quantum dot structures have also been investigated experimentally
[9] and theoretically [10] — [12]. The fine structure of the current-voltage characteristic
[13] in the above experiments can be explained by strong coupling between 1D sub-
bands in the contact region and 0D states inside the quantum dots.

As main problem for all above sample structures, the formation of contacts to the quan-
tum dots is difficult and requires planarization techniques and recess etching. Using the
metal tip of a scanning tunneling microscope [14] as a mobile contact to single wires or
quantum dots, however, this problem is overcome and even local tunneling spectroscopy
on single wires can be performed [15], [16].
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2. Experimental

In this paper we report an inverse approach to the above experiments and replace the
metal tip of the STM by a single quantum dot on a high mesa. To test the resolution of
such a tip, the topography of a gold substrate and also of a large quantum wire array was
scanned. To check the electrical quality of the tip, conventional tunneling spectroscopy
on double barrier resonant tunneling diodes was employed. The OD states are clearly
resolved in our samples demonstrating that such STM tips are an easy way to establish
contacts to single dots and free standing wire structures.

To fabricate the tips, electron beam lithography on a double layer of PMMA / PMMA-
MA copolymer resist, metallization and lift off were used to define a single gold dot on
a GaAs substrate. Optical lithography and RIE (Ar, SiCly and SF¢) was then used to
define the mesa supporting the dot. Residual photoresist is also removed by this step.
The mesa is then etched further by RIE (Ar, SiCly) processes using the small gold dot as
etch mask to produce a thin pillar with 200 nm diameter and 2 um height (Fig. 1).

Tu-uie 3ekv

Fig. 1: The supporting mesa was defined by optical lithography and RIE. On top of ita
single gold dot can be seen defined by electron beam lithography, metallization
and lift off. The dot mask is etched into the mesa by further RIE processing to
form a single quantum dot. This structure is then used to replace the metal tip of
an STM.

This structure was mounted on the STM and used as a superfine STM tip to scan an
array of wet chemically etched quantum wires. The result of this experiment is shown in
Fig. 2.
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Fig. 2: Wet chemically etched quantum wires scanned with a STM. An etched quantum
dot on a high supporting mesa was used as the tip of the STM.
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Fig. 3: Top contacts of quantum dots after planarization and recess etching by RIE. The
metallized top contacts were used as an etch mask and form together with a sec-
ond metallization a common top electrode for standard tunneling spectroscopy
measurements.

To demonstrate that OD levels are formed in the etched quantum dot we applied the
same fabrication technology to standard RTD structures. An array of quantum dots pla-
narized with resist, recess etched and metallized to form a top contact is shown in Fig. 3.
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A bias voltage was applied to the quantum dots and the current through the dots was
measured in liquid Helium by standard tunneling spectroscopy. Fig. 4 shows the ob-
tained results. Resonant tunneling between OD states and energy levels in the double
barrier can clearly be seen in the current / voltage characteristic around -0.15 V, -0.35 V
and -0.7 V. The resonances around -0.15 V are much better resolved in the derivative of
the I/V characteristic.

0.0 -
< -05-
= I
5 Tunnel current through RTD
c
c -1.04
=
-1.5
>
0]
=
o
=
o
1

| ! | !
-250 -200 -150 -100 -50 0
mv

Fig. 4: Top image: IV characteristic of a RTD quantum dot array. Resonant tunneling
through energy levels in the double barrier can be clearly resolved at bias volt-
ages 0f 0.35 V and 0.7 V. Bottom image: Resonant tunneling through 0D energy
levels can clearly be resolved in the derivative of the I/V characteristic around a
bias voltage of 0.15 V. Similar resonances are also found at 0.35 V and -0.7 V.

3. Conclusion

In summary, we have used a single quantum dot structure as the tip of a STM. It was
found that quantum dot structures with a diameter of less than 200 nm and a height of
2 um form a very fine tip also suitable of scanning topographic profiles of other nano-
structures such as quantum wires. Tunneling processes between low dimensional states
on reference samples were also investigated in this configuration. For this purpose,
quantum dot arrays were fabricated on resonant tunneling double barrier structures using
the same process parameters than for the STM tips. In the RTD dot arrays, 0D states are
clearly resolved by conventional tunneling spectroscopy. Thus, our method provides a
simple way to for tunneling spectroscopy on single quantum dots, provided the STM is
operated at low temperatures. As our STM can be operated in liquid helium [16], further
experiments are in progress.
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We present a study of ballistic electron transport in GaAs/GaAlAs with different well
widths under given bias conditions. A three terminal device is used to inject an
energy tunable electron beam via a tunneling barrier into an undoped superlattice
and to collect the transmitted current as a function of the injection energy. Signifi-
cant increase of the collector current is observed due to miniband conduction in the
superlattice. Due to the localization of the electron wave function in biased superlat-
tices, the quasi-continuous miniband breaks up into a ladder of discrete Wannier
Stark states. The results are compared to calculations based on an envelope function
approximation using a transfer matrix method. In order to resolve the discrete Wan-
nier Stark states, a Four Terminal Device (FTD) is designed.

1. Introduction

Decreasing the barrier thickness of multiple quantum well structures leads to a stronger
coupling between the degenerate eigenstates in the wells and thus to the formation of
superlattice (SL) minibands. For these strongly coupled quantum wells the electronic
states are extended. Applying an electric field in the direction perpendicular to the layer
planes leads to a reduction of the interwell coupling and localizes the electronic states
into a finite number of periods. This splitting of the quasi-continuous miniband into a
ladder of discrete Wannier Stark states has direct consequences on the ballistic electron
transport properties.

A hot electron transistor [1] is used to probe the superlattice transmittance. In such three
terminal devices, an energy tunable electron beam is generated by a tunneling barrier,
passes the superlattice after traversing a thin highly doped GaAs (base) and an undoped
drift region. Having the possibility to drive the injected current and the electric field
applied to the superlattice independently, the transmittance can be measured directly at
given superlattice biases. The probability for an injected hot electron to cross the super-
lattice reflects the transmittance of the miniband and can be considered to be propor-
tional to the measured transfer ratio oo = I¢/Ig.

2. Device Fabrication

Our samples, grown by molecular beam epitaxy (MBE), have the following common
features: A highly doped n"-GaAs collector contact layer (n = 1x10"® cm™) is grown on a
semiinsulating GaAs substrate. Followed by a superlattice and the drift regions which
are slightly n-doped (~5x10" cm™), in order to avoid undesired band bending. To
reduce quantum mechanical confining effects originating from the quantum well formed
by the emitter barrier and the superlattice the drift region is chosen to be at least 200 nm
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in width. This is followed by a highly doped (2x10'® cm™) n"-GaAs layer (base) of
13 nm width. As found in previous experiments [2], about 75% of the injected electrons
traverse the base ballistically. On top of the base layer a 13 nm undoped Gag;Aly3As
barrier is grown followed by a spacer and an n'-GaAs layer, nominally doped to
n=3x10"" cm™, in order to achieve an estimated normal energy distribution of injected
electrons of about 15 meV [3]. It should be noted that the half width of the injected
electron beam limits the energy resolution of the experiment. Finally, an n"-GaAs con-
tact layer (n = 1x10"® cm™) is grown on top of the heterostructure to form the emitter.
Four different superlattices have been studied with Gag;Alp3As barriers (2.5 nm) and
GaAs wells, with varying widths (6.5 nm, 8.5 nm, and 15 nm) and periods (see table 1).

sample # well (nm)  periods  Ag(meV) Aygi(meV) Ap(meV) Aypa(meV)

1 6.5 5 46 22 114 94
2 8.5 5 33 13 85 53
3 15 5 14.5 3.5 40 14
4 6.5 10 46 22 114 94

Table 1: Summary of the superlattice tunneling structures investigated. Ay and Ay
denote the widths of the first and of the second miniband, Ay; the energy posi-
tion of the first miniband with respect to the conduction band edge and A,
denotes the width of the minigap between the first and the second miniband.
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Fig. I: Conduction band diagram under typical bias conditions.

The fabrication of the three terminal device includes the following steps: SiCls/SFg
reactive ion etching (RIE), unselective etching to the collector layer, metallization of the
AuGeNi ohmic contacts, SizN4 isolation of the emitter mesa (PECVD), and finally the
metallization of the CrAu bonding pads. More details can be found elsewhere [4].



Ballistic Electron Spectroscopy of Semiconductor Heterostructures 63

The spatial profile of the bottom of the conduction band along the growth direction
under typical bias conditions, as calculated by a Poisson solver, is shown in Fig. 1. All
measurements are done in common base configuration at 4.2 K.

3. Results and Discussion

3.1 Unbiased Superlattices

Under flat band conditions the eigenstates of the periodic structure are expected to be
extended over the entire length of the superlattice. Using the concept of a hot electron
transistor the transmittance of an undoped field free superlattice, grown in the drift
region between base and collector, is measured directly. To investigate the superlattice
properties and to confirm the results of the measured transfer ratio o= I¢/Ig, three
superlattice structures with different well widths are measured.

sample #2
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Fig. 2: The transfer ratio o = I¢/Ig versus injection energy (= e.Ugg) of sample #2. The
calculated miniband positions are indicated by bars (f—).

The static transfer ratio of sample 2, oo = I¢/Ig, plotted in Fig. 2 as a function of the
injection energy, shows several maxima and a sharp rise at 280 meV. No current is
observed below the energy of the first peak. The position of the first peak coincides very
well with the first miniband. Thus, we claim that the first peak is due to miniband
transport through the lowest miniband. For energies higher than the first miniband the
transfer ratio drops quite significantly since there is no transport possible through the
forbidden minigap of the SL. The second observed peak is shifted 36 meV to higher
injection energies and is ascribed to the first LO-phonon emission replica (7mo = 36
meV) of the injected electron distribution. The relative position in energy and width are
equal to that of the first peak. The energy range of electrons injected at voltages corre-
sponding to this second peak is in the forbidden band and no contribution is expected
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from electrons which have not lost energy due to optical phonon emission. The peak at
150 meV represents transport through the second SL miniband. For an analysis of the
observed features we compare the experimental data with the theoretically calculated
miniband positions. The calculated positions and widths of the first and second mini-
band are indicated by bars. The sharp rise of the transfer ratio at 280 meV is due to the
transition to continuum. This energy, which corresponds to the conduction band offset
of the superlattice barriers, gives us a confirmation of the AlAs mole fraction of the
AlGaAs compound.

In Fig. 3 we show the transfer ratio o as a function of the injection energy for three
samples with different well widths at lower injection energies. There is a clear shift of
the peaks to higher energies with decreasing superlattice well width. The calculated
miniband positions are again indicated by bars as in Fig. 2. It can be seen that the tun-
neling data agree very well with the self constant solution of the Schroedinger equation.
Note that it is possible to resolve even very narrow minibands at low energies as seen
for sample 3.
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Fig. 3: Transfer ratio o versus injection energy for all three samples ( |—| indicates
the calculated miniband position, | — - indicates the broadening due to the
energy distribution of the injected electron beam). A double arrow represents

the energy of a longitudinal optical phonon (7w o = 36 meV).

Due to the broadened energy distribution of the injected electrons, the peaks corre-
sponding to ballistic transfer through the first miniband are broadened as well. The
shape of the energy distribution is investigated using a three terminal device with a
resonant tunneling diode grown in the drift region which acts as an energy filter of the
injected electrons [5], [6]. Thus we are able to measure directly the injected normal
energy distribution. It can be seen that this energy distribution is not symmetric and the
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broadening takes place mainly at the low energy side. This low energy tail of the
injected electron beam is indicated by dashed bars in Fig. 3.

3.2 Biased Superlattices — Breakdown of the Extended Electron Wave
Function

The splitting of minibands in biased superlattices has direct consequences on the ballis-
tic electron transport properties. Due to the localization of the electron wave function,
the quasi-continuous miniband breaks up into a ladder of discrete Wannier-Stark states

[7].

The transfer ratio of a biased 10 period superlattice (sample 4) was studied and com-
pared with a theoretical transfer matrix calculation. The structure under investigation is
except the number of periods similar to the structure described above.

The measured transfer ratio o as a function of the normal electron injection energy at
different collector-base biases is shown in Fig. 4. It can be seen that the onset of the
transfer ratio shifts with the applied collector-base bias since the lower edge of the first
miniband shifts with the superlattice bias. The observed transfer ratio decreases quit
dramatically with the applied electric field. Longitudinal optical phonon replicas, which
are shifted 36 meV to higher injection energies, can be observed at all biases.
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Fig. 4: Measured transfer ratios at different collector-base bias vs. injection energies

Figure 5 shows the transfer ratio at peak position of the investigated superlattice versus
applied electric field. The maximum transmission can be observed at zero bias voltage,
since all superlattice states are extended over the total superlattice dimension. Applying
an electric field leads to a decrease of the transmission due to the localization of the
lowest and uppermost superlattice states i.e. these states do not contribute to the ballistic
transport any more. The transfer ratio of the superlattice vanishes for an applied electric
field of about 5 kV/cm. This is in good agreement with the simple estimate of the local-
ization length A = A/eF (A is the miniband width, and F the applied electric field) which
decreases to about half of the total superlattice length at this bias.
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Fig. 5: Measured (dots) and calculated (line) transfer ratio vs. electric field.

In addition, we perform theoretical calculations based on a transfer matrix method using
an envelope function approximation [8]. The solid line in Fig. 5 shows the result of such
calculation for the measured structure. We find an excellent agreement between our
experimental results and the quantitative theoretical prediction.

For the first time, the miniband positions, widths, and the collapse of the superlattice
states under the influence of an applied electrical field using the technique of hot elec-
tron spectroscopy is observed directly.

3.3 Four Terminal Device (FTD)-Detection of Plasmon Emission

A new four terminal device is developed including a resonant tunneling diode as an
injector in order to decrease the width of the injected electron distribution. As the reso-
nant condition of the injector resonant tunneling diode is set, we are able to tune the
injected sharp electron beam. This device is used to observe directly the relaxation of
hot carriers via plasmon emission in a low doped (n = 3x10'" ¢cm™) GaAs drift region
which is contacted to the ground in order to avoid undesired charging in this drift
region.

In between this low doped drift region and the collector an analyzer resonant tunneling
diode is grown. A SEM picture of the device is shown in Fig. 6. A schematic sketch of
the band diagram is shown in the inset of the figure. The four terminal device is also
being considered as a structure which allows the possibility to set up conditions for the
beam plasma instability leading to local oscillations of charge densities and conse-
quently to an emission of radiation in the THz range.
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Four Terminal Device (FTD)
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Fig. 6: SEM picture of the Four Terminal Device (FTD). The inset shows the conduc-
tion band structure.

In addition the four terminal device design is used to resolve the single Stark states of a
short period superlattice, since the injected electron distribution is much narrower than
the spacing between the single states.

4. Conclusion

In summary, direct experimental current spectroscopy of minibands in undoped super-
lattices is demonstrated using the technique of hot electron spectroscopy. Miniband
widths and gaps of different unbiased superlattices are investigated and compared to the
results of a self-consistent Schroedinger calculation. Applying an electric field to the
superlattice the quasi-continuous miniband splits up into a discrete ladder of Stark
states, and consequently the transmission of ballistic electrons decreases. The measured
transfer ratio at different bias conditions is in excellent agreement to the theoretical cal-
culation based on a transfer matrix method using an envelope function approximation.
For the first time, the collapse of the superlattice electron states under the influence of
an electrical field is observed directly in transport.

In order to increase the resolution of the experiment and in order to measure the relaxa-
tion of hot carriers via plasmon emission, a four terminal device (FTD) is designed and
fabricated.
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The main activities in the two cleanrooms in Linz supported by the GMe are
described. The main research areas are the molecular beam epitaxy growth of Si
based heterostructures, the MBE growth of selenides and of tellurides, as well as the
MOCVD growth of GaAs based heterostructures for microwave device applications.
Several in-situ as well as ex-situ characterization methods like reflection high energy
electron diffraction, UHV scanning tunneling microscopy, Auger electron micros-
copy are used to establish the structural quality of the epitaxial layers. Lateral pat-
terning by photolithography, electron beam lithography and reactive ion etching is
used for the fabrication of low dimensional structures as well as for device research.

1. Nanofabrication of lI-VI Heterostructures and of Si/SiGe
Quantum Well Structures and Their Characterization

(G. Brunthaler, A.A. Darhuber, H. Straub, J. Stangl, Yan Zhuang, S. Zerlauth, T.
Grill, G. Bauer)

Nanostructures defined by holographic lithography or by electron beam lithography
were fabricated by reactive ion etching methods. In II-VI heterostructures like
CdZnSe/ZnSe photoluminescence of periodic quantum wire and quantum dot patterns
was observed down to feature sizes of about 40 nm and analyzed taking into account the
elastic relaxation properties of strained nanostructures.

Periodic Si/SiGe structures were so far fabricated by holographic lithography and reac-
tive ion etching and structurally characterized with respect to their elastic strain fields by
x-ray diffraction methods.

Furthermore self-organized Ge islands (dots) grown by MBE as multilayers embedded
in a Si matrix were studied with respect to their structural properties. For any kind of
device application dot multilayers will be required in order to achieve a sufficiently high
density in a given volume. The advantage of dots in comparison to two dimensional
Si/SiGe structures is the fact that within the Ge dots a much higher strain status can be
achieved in comparison to 2D SiGe layers, since the partial elastic relaxation in the three
dimensional structures may inhibit the formation of misfit dislocations.

Selected references: [1] —[4]
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2. Surface Analysis of lI-VI Compounds by Auger Electron
Spectroscopy

(E. Wirthl, M. Schmid, H. Sitter, H. Straub, G. Brunthaler)

Several II-VI compounds grown by molecular beam and by atomic layer epitaxy were
investigated by quantitative Auger electron spectroscopy. Particularly for ternary and
quaternary II-VI compounds, which are indispensable for any realization of a II-VI
compounds based heterostructure laser, an exact control of chemical composition is
required. Furthermore, in the fabrication process of such devices, reactive ion etch
processes are required. In this context a study of the surface composition using depth
profiling methods with compounds like ZnSe, CdSe, ZnTe and CdTe was performed,
after reactive ion etching using a mixture of CH4 and H,. Furthermore the incorporation
of oxygen as well as of carbon during these etching steps was studied.

Selected references: [5] — [9]

3. Intersubband Absorption in Quantum Wells and
Superlattices

(M. Helm, P. Kruck, W. Hilber, T. Fromherz, V. Nikonorov)

Si/SiGe as well as GaAs/AlGaAs structures suitable for the investigation of intersub-
band absorption were fabricated using optical photolithography, reactive ion etching as
well as the facilities for preparing contacts.

In p-doped Si/SiGe multi-quantum well structures, the polarization dependence of the
intersubband absorption has been investigated theoretically as well as experimentally. A
6x6 Luttinger-Kohn band structure calculation was performed and the theoretical results
were applied for the design of a mid-infrared quantum well photodetector (QWIP). The
Si/SiGe detector characteristics were investigated and found to be not inferior to those
reported previously for p-type GaAs/GaAlAs based QWIP’s.

In asymmetric Si/SiGe MQW structures, the second harmonic frequency generation was
studied. A frequency doubling of CO, laser radiation could be demonstrated. The optical
nonlinearity is due to the asymmetry of the QW structure, which causes a non-linear
susceptibility of second order.

In GaAs/GaAlAs superlattices the energy relaxation of hot carriers was investigated by
comparing infrared absorption spectra taken at high electric fields at low temperatures
with those recorded at different lattice temperatures.

Finally, GaAs/GaAlAs structures for the investigation of the Wannier-Stark effect were
fabricated. In sufficiently large vertical electrical fields, minibands split into a ladder, a
phenomenon which was studied by infrared absorption.

Selected references: [10] — [14]
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4. Molecular Beam Epitaxy of Si-Based Heterostructures:
Growth, Structural Characterization, and Electronic
Properties

(Ch. Penn, F. Schiffler, S. Zerlauth; J. Stangl, A.A. Darhuber, G. Bauer)

Single and multiquantum well structures of Si/Sii.,C,, Si/S1;.Gey, S1/Sij4.yGeCy,
S11.xGey/S11.,C,/S1 were grown by molecular beam epitaxy. Their structural properties
were investigated by x-ray rocking curves and their electronic properties were assessed
by photoluminescence. Optimum growth temperatures with respect to carbon incorpo-
ration and layer quality were found to be around 500 °C.

PL signals from single layers, single quantum wells and multi-quantum wells were
observed for carbon contents up to 1.7%. Annealing experiments were performed at
temperatures up to 850 °C in order to investigate the thermal stability of the carbon
containing structures. Above this temperature the substitutional carbon concentration
decreases as evidenced from x-ray diffraction data.

S11.xGe,/S11.,Cy/S1 multilayers were investigated with respect to their interface rough-
ness using x-ray reflectivity measurements performed at the Optics Beamline of the
ESRF, Grenoble. It turned out that the use of a antimony as a surfactant during growth
appreciable decreases the interface roughness and results in a substantially longer ver-
tical correlation length.

Selected references: [15] — [18]

5. Scanning Tunneling Microscopy Observation of Stress
Driven Surface Diffusion due to Localized Strain Fields and
of Initial Stages of Heteroepitaxial Growth

(G. Springholz, A.Y. Ueta, G. Bauer)

Using in-situ scanning tunneling microscopy the influence of localized strain fields of
misfit dislocations on epitaxial growth has been studied in molecular beam epitaxy.
Pronounced surface deformations caused by single dislocations and dislocation reactions
were observed, in good agreement with calculations based on elasticity theory. Due to
the local reduction of strain energy at the surface above the interfacial dislocations,
ridgelike structures are formed, due to stress-driven surface diffusion during MBE
growth. These observations prove the preferential epitaxial growth at surface sites above
dislocations.

The initial stages of the MBE growth of PbTe on BaF, were studied using UHV-STM
and atomic force microscopy. The PbTe growth is totally dominated by growth spirals
formed around threading dislocations. With increasing layer thickness, due to disloca-
tion annihilation, the threading dislocation density decreases substantially which results
in a dramatic increase of the electron mobilities in the layers.

Selected references: [19] — [22]
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We report on the structural and optical properties of silicon-based heterostructures
containing ternary Si;,Ge,C, alloys. Both single and multiple quantum wells were
grown by molecular beam epitaxy and their quality was assessed by x-ray rocking
analyses and by photoluminescence (PL) measurements. Optimum growth tempera-
tures with respect to carbon incorporation and layer quality were found to be at
around 500 °C. We observed well behaved PL signals from Si,,C, single layers and
Si/Si,,Cy multiple quantum wells as well as from Si/Si,,C,/Si, Gex superlattices
with carbon concentrations up to 1.7%. For an investigation of the thermal stability
of these intrinsically metastable layers, ex-situ annealing experiments were con-
ducted in the temperature range between 500 °C and 900 °C. Up to about 725 °C an
improvement of the PL signals both with respect to intensity and linewidth is
observed, whereas the amount of substitutional carbon remained unaffected. After
annealing at 725 °C we observed the narrowest linewidth in a Si,.,C, single layer
reported so far in the literature. At higher annealing temperatures the PL signal
decreases, but it takes more than 850 °C to observe a decrease of the substitutional
carbon concentration in x-ray measurements. The results indicate that carbon con-
taining epi-layers of high crystal quality can be grown by MBE, and that thermal
stability is good enough to make the material interesting for device applications.

1. Siixy GesCy Layers: Growth and Characterization
(F. Schéffler, S. Zerlauth, Ch. Penn)

It is the outstanding property of Si-based heterostructures to provide the application
relevant combination of band structure engineering and silicon very-large-scale-inte-
gration (VLSI) compatibility. In the past few years most of the basic properties regard-
ing the lattice mismatched Si/Si;4Gex material combination, and especially the effects
of strain on the band offsets and bandgaps, have been investigated. It has been found
that the band offset at the interface between a pseudomorphic Si;xGey layer and a Si
substrate occurs almost exclusively in the valence bands, whereas a tensilely strained Si
layer is required for the implementation of useful conduction band offsets. By employ-
ing proper combinations of pseudomorphic and strain-relaxed epi-layers, both tensile
and compressive strains can be custom designed, without sacrificing the important
advantages of a Si substrate and the basic compatibility with Si technologies.

By exploiting strain-engineering as an additional degree of freedom, a wide variety of
devices structures have been implemented in the Si/Si;.«Gex material system, reaching
from heterobipolar transistors (HBT) over p- and n-type modulation-doped field effect
transistors (MODFET) to optical detectors in the near infrared, and even light emitters.
Nevertheless, so far only the pseudomorphic Si/SiGe HBT has reached production
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status, whereas other devices with demonstrated superior properties, such as the n-type
MODFET, are still restricted to test devices on a laboratory level. The main reason for
the much slower development of the MODFET lies in the necessity for strain relaxed
Si;.xGey buffer layers. These have successfully been implemented by several research
groups, but defect and morphology control still require further refinement to make them
suited for a production environment.

Ternary Sij,GesCy alloys offer an alternative route to strain-engineering in silicon-
based heterostructures, which finally may overcome the problems imposed by relaxed
buffer layers: Due to the covalent radii of C and Ge, which are smaller, and larger than
that of Si, respectively, both compressively and tensilely strained, pseudomorphic layers
can be implemented by proper adjustment of x and y in the active layers of a hetero-
structure. However, in contrast to the binary Si;.xGeyx alloys, which are thermodynami-
cally stable for all compositions x, carbon has almost negligible solid solubility in both
Si and Ge, but, on the other hand, tends to the formation of stoichiometric SiC. Since
strain engineering requires C concentrations of a few percent to provide useful modifi-
cations of the band structure, non-equilibrium growth conditions at sufficiently low
temperatures have to be established. This requires an optimization of the growth
parameters to allow sufficiently high C incorporation without excessive degradation of
the crystal quality through the undesirable generation of point defects. Also, the surface
morphology has to be controlled in order to suppress strain-induced three-dimensional
growth. In the following we report on the progress that has been made in Linz regarding
the growth of heterostructures containing ternary Si;_..,GexCy alloys. The main emphasis
in 1996 has been put on the structural and optical qualities of these layer sequences,
which are an essential prerequisite for any further assessment of the future role
Si1x.yGexCy alloys can play in the field of application-driven band structure engineering.

1.1 Sample Preparation and Characterization

The ternary Sii...,GexCy alloys were grown in a newly commissioned RIBER SIVA 45
MBE machine equipped with electron beam evaporators for Si, Ge, and C, and dopant
effusion cells for Sb (n-type) and B (p-type). High-purity, single crystalline ingots are
used for the Si and Ge sources, whereas pyrolytic graphite is used in the carbon evapo-
rator. The fluxes of all three matrix materials are monitored, and feedback-controlled, by
a quadrupole mass spectrometer with a cross-beam ion source and PID controllers. The
mass spectrometer signals are calibrated by epitaxial growth of Si;.,Ge, and Si;,Cy
reference layers, the compositions and layer thicknesses of which are determined by x-
ray rocking analyses in combination with dynamic simulations. The flux stability,
especially of the C source, which is the most critical one because of the small fluxes
required, is occasionally checked by quantitative SIMS analysis.

High-resistivity (FZ, p > 1000 Qcm) Si substrates of 100 mm diameter are chemically
precleaned either by oxide removal in 5% HF or by a standard RCA cleaning procedure.
Immediately after precleaning the wafers are mounted in 125 mm diameter, all-silicon
adapters, a total of six of which can be introduced into the magazine of the load-lock
chamber. After pump-down of the load-lock chamber into the 10° mbar range, the
wafers are transferred into the growth chamber, where they are suspended by Mo-
clamps underneath a radiative substrate heater made of pyrolytic graphite (PG). Prior to
growth, which always commences with a Si buffer layer of 100 to 200 nm thickness, a
thermal cleaning step is performed at 900 °C for typically 5 min to remove SiO, and
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possible organic contaminations from the surface. This step can be controlled by in-situ
reflection high energy electron diffraction (RHEED), which reveals a (2x1) reconstruc-
tion of the bare Si surface as soon as the amorphous oxide has been flashed off.

The heterostructures are routinely characterized by x-ray diffraction, which yields, as
mentioned, in the case of single layers composition and layer thickness. In the case of
multiple quantum wells and superlattices, the period length is the primary information
derived from rocking measurements. The compositions and the thicknesses of the indi-
vidual layers can also be extracted by fitting of dynamic simulation curves, however, a
certain degree of ambiguity remains. For that reason additional information is useful,
such as the composition determined by SIMS analysis, or Rutherford backscattering
(RBS). The latter technique is not directly applicable to C, because of the minor
backscattering yield from the light elements. Therefore, we are presently trying in col-
laboration with the University of Padua, to exploit a nuclear resonance with broad
enough scattering cross section to enhance the back scattering yield to an extent that
allows for an absolute, depth resolved evaluation of the carbon content.

For an investigation of the thermal stability of the strained Si;.,C, layers annealing at
temperatures between 500°C and 900°C was performed under vacuum either in a fur-
nace or directly in the MBE growth chamber.

Photoluminescence (PL) spectroscopy is a versatile technique, which not only provides
information on the band gaps and the band offsets, but is also a sensitive indicator of the
overall crystal quality of the layers. This is of special interest for an optimization of the
low temperature growth conditions required for the metastable incorporation of carbon,
because the PL signal is strongly suppressed, once the density of growth-induced non-
radiative recombination centers becomes too high. For our investigations, PL was
excited by the 488 nm line of an Ar' laser, analyzed in a 0.32 m grating spectrometer
and detected by a North Coast Ge detector in a standard lock-in technique. A tempera-
ture-variable He cryostat allowed for temperature dependent measurements in the range
between 1.6 and 300 K.

1.2 Experimental Results

Three types of samples were grown for these studies, namely Si;.,C, single layers,
S1/S1;.yCy multiple quantum wells, and strain compensated S1/S1,.,C,/S1,.xGex superlat-
tices. In the first two types of samples the band offset is almost exclusively restricted to
the conduction band, which is energetically lower in the tensilely strained Si;.,C, layers
due to a strain splitting of the six-fold degenerate, Si-like conduction band. The situation
is analogous to strained Si grown on a relaxed Si;.xGex buffer layer and is therefore of
special interest for the implementation of n-type MODFETs. Band alignment in the
S1/811.yC,/S11.xGey superlattices, which are interesting for infrared detector applications
because of the inherent strain compensation, is more complex: Since the Si;,Gey layers
introduce an additional valence band offset, carrier confinement is indirect both in k-
space and in real space, with electrons being located in the Si;.,C, layers and holes in
the Si,.xGey layers.

At growth temperatures of around 500 °C the as-grown samples of all three types
showed well behaved PL signals. There is presently only one other group worldwide
that has published comparable PL spectra from MBE-grown layers. As an example, Fig.
1 shows the spectrum of a ten-period Si/Sig.939Co.011/S10.9Geo.1 superlattice together with
a schematic view of the strain-induced band alignment. Two distinct peaks are observed,



88 G. Brunthaler et al.

which originate from band edge recombination in the vicinity of the Si;.,C,/S1;«Gey
interface, where the wave functions of electrons and holes have finite overlap. The peak
at higher energies, labeled SiC-NP, results from the no-phonon transition, whereas the
other peak is its TO phonon replica. A NP transition in an indirect gap material is only
possible if symmetry breaking mechanisms are present, such as the presence of a
heterointerfaces and/or the statistical fluctuations in a random alloy, which is both the
case in our layers. The relative strength of the superlattice related peaks can by judged
by comparison with the TO replicas originating from the Si layers and from the
substrate. Obviously, the quantum wells very efficiently collect electron-hole pairs from
the several um deep excitation volume, and also maintain long enough lifetimes to
allow the observation of radiative recombination. The strength of the bandgap PL signal
is therefore an important indicator of the crystal quality, since an excessive amount of
defects in the layers and at the heterointerfaces associated with non-radiative
recombination would quench the PL signal altogether. This is indeed the case, when
growth temperatures below 450°C are employed.
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Fig. 1: PL spectrum of a ten-period Si/Si 939Co.011/Si0.9Geo.; superlattice. The dominat-
ing signals are the no-phonon (NP) band edge recombination from the quantum
well section and its TO-phonon replica. The shaded part of the spectrum results
from the Si layers and the Si substrate.

Compared to the well established quantum well luminescence from single Si; Gey lay-
ers, the PL signal in Fig. 1 is almost a factor of six broader. Since close to a factor of ten
higher Ge concentrations are required to induce the same amount of strain that is pro-
vided by a given carbon concentration, the statistical fluctuations of both the well width
and the well depth are much more pronounced in the case of a Si;,C, layer of compa-
rable average strain. In addition possible composition fluctuations from layer to layer
may contribute to the line width from a superlattice. For the investigation of annealing
effects we therefore mainly concentrated on single Si;.,C, layers, which were grown thin
enough to remain with the critical thickness limitations, but thick enough to suppress
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quantum confinement effects. Save for the exciton binding energy, this way the true
band gap recombination is measured without any necessity for the correction of
confinement energies. In addition, cross checks with the multiple quantum well samples
confirmed that the annealing behavior is qualitatively the same.

- T=4.2K NP -
P._=2.7mW
—~ L i
=
©
N
> L i
=
(2]
S 725 °C, 30min
'}
£
1
o

1.00 1.05 1.10
Energy (eV)

Fig. 2: Evolution of the PL signal of a single Si,.,C, layer for increasing annealing tem-
peratures. Note the blue shift and the line narrowing.

Figure 2 shows a series of PL measurements from a 100 nm thick Si9g9Co011 layer,
which underwent annealing at successively higher temperatures in the range between
500 and 725 °C. There are three main effects associated with annealing: (i) The intensity
of the band gap PL signal increases significantly within the range of annealing tem-
peratures shown here. (i1) There is a noticeable blue shift of the PL lines amounting to
about 15 meV. (iii) The line width after background subtraction becomes much nar-
rower as the annealing temperature is increased. In fact, the linewidth of 8.4 meV in the
topmost curve of Fig. 2 is the narrowest observed to date in a Si;.,Cy layer.

Most interesting, the pronounced changes of the PL signal are not associated with a
change of the substitutional carbon concentration, as has been checked by x-ray rocking
analyses. Only at higher annealing temperatures of >850 °C a loss of substitutional car-
bon is observed, whereas the PL intensity starts decaying already at about 750 °C.

Since changes of the average C concentration can be ruled out, and quantum confine-
ment effects through possible short range diffusion of substitutional carbon can be
neglected in the thick layers used here, the development of the PL signal has to have
other reasons. To further elucidate these mechanisms, PL measurements of the samples
with the highest PL intensity were recorded as a function of the measurement tempera-
ture. This is shown in Fig. 3, where the TO-replica of the band gap recombination,
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which is not affected by spurious signals from the Si substrate, is plotted for measure-
ment temperatures in the range between 4.2 and 20 K. The most striking feature of these
measurements, which was confirmed by experiments on the quantum well samples, is a
red shift concomitant with a decay of the intensity as the temperature is increased.

PL Intensity (a.u.)

098 099 100  1.01 1.02  1.03
Energy (eV)

Fig. 3: Red shift of the PL signal with increasing measurement temperature. The TO-
phonon replica is plotted here, because it is free of substrate-related signals.

1.3 Discussion

A consistent interpretation of the annealing effects and of the red shift with higher
measurement temperature can be derived, when assuming that the as-grown samples
contain non-radiative recombination centers as well as non-statistical fluctuations of the
local, substitutional carbon concentration. The latter may be associated with C, and C;
molecules, which are observed in the mass spectrum of the carbon molecular beam, and
which are tentatively not completely dissociated at the low growth temperatures
employed. Based on these assumptions the following effects will occur during anneal-
ing:

(1) At low annealing temperatures (middle curve in Fig. 2, 500 °C for 8 h), non-radiative
recombination centers associated with growth defects begin to disappear. This leads to
an increase of the PL intensity, but only to a minor decrease of the line width.

(i1) At higher annealing temperatures (upper curve in Fig. 2, 725 °C, 30 min) a redistri-
bution of carbon on a local scale occurs, which leads to the dissolution of local carbon
accumulations, introduced e.g. by molecular forms of evaporated C. The overall effect is
a more homogeneous, statistical distribution of carbon, which causes two effects: First,
the PL signal experiences a blue shift, because homogenization of the carbon con-
centration smears out the local band gap minima in regions of originally enhanced con-
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centration. Second, the line width becomes narrower as the statistical fluctuations
become smaller. This interpretation is corroborated by the fact that the ratio between NP
signal and TO-replica decreases, which means a reduction of the symmetry-breaking
alloy fluctuations.

(i11) Although the fluctuations of the carbon concentration become more homogeneous
upon annealing, the remaining alloy is still random. This explains the red shift with
increasing measurement temperature, which results from carriers bound to alloy fluc-
tuations, as has been observed in Si; yGey, too. With increasing temperature the elec-
trons become mobile and establish an equilibrium distribution that preferentially fills the
regions with the smallest band gaps.

(iv) The layers are thermally stable to beyond 850 °C, with no indications for a change
of the average concentration of substitutional carbon. Thus noticeable diffusion of car-
bon or SiC precipitation requires higher temperatures and should not be a severe limita-
tion for device processing.

1.4 Conclusions and Outlook

We have established MBE growth conditions for high-quality Si/S1,.,C, and S1/Si1,.,C,/
Si;.xGex samples with substitutional carbon concentrations of up to 1.7%. Well-behaved
PL signals from band edge recombination in the Si,.,C, layers, and at the Si;.,C,/
Si;.xGey interface, respectively, have been observed. The quality of the layers improves
significantly upon annealing at moderate temperatures of about 725 °C, without affect-
ing the substitutional carbon concentration. At these temperatures annealing mainly
reduces the defect density in the layers and leads to a more homogeneous distribution of
substitutional carbon. The layers are thermally stable to beyond 850 °C, where we
observe first indications for a reduction of the substitutional carbon content.

Successful growth of carbon-containing, Si-based heterostructures is an important pre-
requisite for a future implementation of n-type MODFETSs with tensilely strained Si;.,Cy
quantum wells. In a next step growth conditions have to be adjusted to allow somewhat
higher carbon concentrations of about 2 — 2.5%, which are necessary for the required
conduction band offset of 130 to 160 meV. Such layers will allow the fabrication of
MODFETs for an assessment of the electronic properties.

2. Nanostructuring of Semiconductors
(G. Brunthaler, H. Straub, A. Darhuber, T. Grill, Y. Zhuang, G. Bauer)

2.1 Introduction

The realization of semiconductor nanostructures is relevant for future electronic devices,
optical emitters and the investigation of basic physical properties. In II-VI
semiconductors the realization of wide band-gap blue-green diode lasers [13], [14] ini-
tiated the interest in light emitters from nanostructures. In such a nanostructure it is
expected that low threshold laser structures can be realized.

In Si/SiGe heterostructures the investigation of nanostructures is driven by the minia-
turization of today’s integrated circuits and the potential of the Si/SiGe material system
to increase the performance of such devices. Both material systems mentioned consist of
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strained layers and the investigation of strain relaxation effects due to the formation of
laterally patterned nanostructures is needed for practical implementations.

The purpose of our Si/SiGe study was to find a reliable etching procedure for the fabri-
cation of Si/SiGe sub-micron structures. There are previous reports in the literature that
in particular the sidewall steepness of SiGe embedded in Si is much worse than that of
silicon. The etched Si/SiGe structures were than structurally characterized by x-ray dif-
fraction.

2.2 Sample Preparation

The II-VI and Si/SiGe heterostructures were both grown by molecular beam epitaxy in
Linz. The CdZnSe/ZnSe single quantum well (QW) heterostructures consist of a 1.1 pm
thick, fully relaxed ZnSe buffer on top of the GaAs (001) substrate (grown by
W. Faschinger). A 10 nm CdZnSe layer forms the QW and a 100 nm ZnSe layer acts as
a cap. High density periodic patterns were defined either by holographic or electron
beam lithography. In the case of e-beam lithography, well defined arrays of 40 x 40 pm?
with wires and dots of different lateral size were written into a 150 nm thick
polymethylmethacrylate (PMMA) resist layer. The lateral distance between individual
pattern arrays is 150 um. After deposition of a 40 nm thick titanium layer, a lift of proc-
ess was used to produce the metallic structures on top of the sample with area filling
factors between 0.5 and 0.15. These patterns were transferred into the QW structure by
reactive ion etching (RIE).

During the RIE process the sample is exposed to a reactive gas plasma which contains
active species that etch the material by chemical reactions. A CH4/H» gas mixture (1:6
volume ratio) with a high frequency power of 90 W (corresponding to a DC bias of
450 V) at a pressure of 3.3 Pa (25 mTorr) is used for the II-VI compounds. The surface
morphology and the lateral sizes of the etched structures were investigated by scanning
electron microscopy (SEM). A typical SEM micrograph for small wires is shown in
Fig. 4.

28Ky r3.8K= 133n 8847

Fig. 4: Scanning electron microscopy image of CdZnSe/ZnSe wire structures defined
by electron beam lithography and fabricated by reactive ion etching with a
CH4/H; gas mixture.

Si substrates and Si/SiGe multiquantum well layers (Ge-content: about 20%, 10 periods,
Si layer width: 20.5 nm, and SiGe layer width of 1.8 nm) were laterally patterned using
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holographic lithography (A = 458 nm) by reactive ion etching. The period of the wires is
about 400 nm, the wire width about 200 nm. The etching depth is about 200 nm. The
etching gases consisted of a mixture of SFg and CH4 (90%/10% mixing ratio) using the
following parameters. The rf-power was 30 Watt, the pressure 40 mTorr, the flowrate of
SF¢ was 50 sccm, and for CHy it was about 2.5 sccm. (The corresponding parameters
for the Si/SiGe MQW samples were the same). The remaining photoresist was taken off
by an oxygen plasma. The surface morphology of the samples was investigated by
scanning electron microscopy. The structural parameters were studied by different x-ray
diffraction techniques, as described below.

2.3 Optical Investigations

Low temperature (T = 1.9 K) PL measurements were performed with an x-y mapping
set-up with a spatial resolution of 30 um (determined by the laser spot diameter). The
Cdo2Znp3Se QW embedded in ZnSe barriers (with a low temperature band gap E, =
2.820 eV) was resonantly excited with an Ar" ion laser at an energy of 2.708 eV
(457.9 nm) with about 100 W/cm2. The PL spectra of the Cdy,Zn,sSe/ZnSe wires and
dots with lateral dimensions between 80 and 1000 nm are shown in Fig. 5. The width of
the PL emission line from the 2D reference mesa on the same sample is about 8 meV, a
value which is essentially caused by alloy fluctuations in the ternary CdZnSe layer. Thus
the splitting between free and bound excitons cannot be resolved.

CdzZnSe/ZnSe .
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Fig. 5: Photoluminescence spectra of CdZnSe/ZnSe wire structures for lateral width of
80 to 1000 nm at 1.9 K. In addition the 2D quantum well reference spectrum on
the same sample piece is shown.

Figure 6 shows the peak position of the PL line for wire and dot structures with lateral
width between 80 and 1000 nm. A significant red shift occurs for wire sizes below
300 nm and dot sizes below 500 nm which is about 8 to 10 meV for the smallest wires
and dots, respectively. The observed red shift will be discussed and compared with cal-
culated band gap changes due to strain relaxation below.
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Fig. 6: Photoluminescence peak position of wire structures between 80 and 1000 nm
for a resonant excitation energy of 2.708 eV (457.9 nm).

2.4 Strain Relaxation and Band-Gap Changes

Due to the formation of free perpendicular surfaces during the lateral patterning, the
strained layers are able to relax partly. This is shown in Fig. 7 schematically for a thin
wire structure. In order to calculate the detailed strain distribution of the wire structures,
we follow an analytical method outlined by Faux and Haigh [15] but adopted it for our
[110] oriented wires. This method solves the Airy stress equation by a Fourier series
ansatz. The advantage of this method is that it is analytic, the disadvantage (as compared
e.g. to finite element methods) is that only simple geometries can be treated with a
restricted range of boundary conditions.

[0

Fig. 7: Schematic strain relaxation of a laterally thin, partly relaxed CdZnSe/ZnSe wire.

Figure 8 shows the calculated strain distribution €,,, for a 80 nm wide wire of our
CdZnSe/ZnSe structure, where the coordinate y” in the epitaxial plane but perpendicular
to the wires. The magnified displacements (by a factor 20) characterized by €,,y> and €,,
are shown in Fig. 9 for the wire cross section (the y'z-plane). It is clearly visible that the
distortions are largest at the free surfaces. The shear component €,-,, which characterizes
the deviations from a rectangular grid, is largest at the interface between the CdZnSe
well and ZnSe barrier layers close to the free surface.
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Fig. 8: Strain component e, for the wire cross section y’'z with the y” direction in the
quantum well plane but perpendicular to the wire and the z direction along the
growth direction.
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Fig. 9: The displacement, magnified by a factor 20, according to the strain components
e,y and e, for the wire cross section (yz-plane).

In <110> wires the non-uniform lattice deformation induces a piezoelectric polarization
field [16], [17], [20]. The piezoelectric effect is directly connected with the shear com-
ponents (shear strains €, j # k) as these describe the distortions of the cubic crystallo-
graphic cell. The potential distribution due to the piezoelectric were calculated accord-
ingly for our wire structure with a width of 80 nm. The potential difference between
upper and lower interface along the z-direction is about 12 meV. This bending of the
quantum well potential and the associated electric field leads to a Stark effect which
shifts the energy levels in the center of the well only by about 0.5 meV. Compared to the
observed red shifts and the changes of the band gap due to deformation potential
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coupling, the effects due to piezoelectric coupling will be only important at still smaller
wire structures.

Due to the lateral wire confinement by RIE patterning in 80 nm structures, the eigenstate
energies inside the CdZnSe well change by less than 0.5 meV for electrons and 0.4 meV
for heavy holes. These additional lateral confinement energies (blue shifts) are much
smaller than the experimentally observed red shifts and will not give a relevant
contribution.

The band gap changes due to the elastic strain relaxation in the wire structures are much
more important. For the conduction band, the strain induced energetic shifts are easily
calculated as no splitting of degeneracies due to a tetragonal or orthorhombic distortion
of the lattice occurs. Only the hydrostatic component of the lattice affects the position of
the CB edge [18]. The situation for the VB is more complicated as even in the 2D QW
system (tetragonal distortion without the presence of shear strain components), the four-
fold degeneracy (I's, including spin) of the cubic T4 crystal symmetry is removed. The
energy levels of the valence band for cubic systems can be described by the k-p
perturbation approach [19]. The effects of strain, confinement or other distortions can be
included in the Hamiltonian of the system by using perturbation theory [22]. The
deformation potential parameters a,, b and d as introduced by Bir and Pikus [21]
describe the energetic changes due to hydrostatic, tetragonal and shear deformations of
the lattice, respectively. The solutions for the 6x6 Hamiltonian are obtained by numeri-
cal diagonalization for a given set of strain components which itself depends on the y'-z
position inside the wire cross section. The resulting variation of the band gap over the
cross section of the 80 nm wire is shown in Fig. 10.
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Fig. 10: Variation of the band-gap on the wire cross section (y'z-plane) for lateral wire
width of 80 nm.

The calculated band gap changes of about 8 meV for the 80 nm wire structure are com-
parable with the experimentally observed PL line width of the 2D reference area on the
sample. It is thus not expected to resolve any splitting of lines, but just a broadening and
shift. It is also unknown how the PL emission efficiency is correlated with the spatial
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position in the wire structure. This efficiency depends on the RIE induced damage near
the free surfaces as well as on the carrier diffusion after generation by incident laser
beam. In Fig. 11 the calculated averaged energetic band gap shift is compared with the
experimentally observed spectral red shift of the PL emission and gives a quantitative
agreement.
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Fig. 11: Comparison of the calculated energy gap shift, averaged over the wire cross
section, with the photoluminescence peak position for lateral wire width
between 80 and 1000 nm. For comparison the gap in the center of the wire is
shown for 6-band and 4-band calculation.

2.5 X-Ray Investigations

The structural parameters of the Si/SiGe multiquantum well layers were studied by
employing x-ray diffraction techniques, like double and triple crystal diffractometry. In
Figs. 12a and b (311) w-scans are shown for two Si-wire samples, with identical period
(glancing angle exit diffraction). For the sample shown in Fig. 12a, the etching time was
13 min, for the sample shown in Fig. 12b it was 17 min. Since the number of wire sat-
ellites in Fig. 12b is somewhat larger, the structural quality of the periodic wire struc-
tures has certainly been improved.
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Fig. 12: w-scans (113 reflection) of Si wire structures (area filling factor 0.5, period
406 nm) for RIE exposure times of 13 and 17 min, respectively)

Reciprocal spacemaps around the (004) and the (311) reflection were recorded for the
etched Si/SiGe multilayer samples (sample code: SiGe 46, which was grown by Stefan
Zerlauth in the SiGeC MBE apparatus in Linz) as shown in Figs. 13a and 13b. Not only
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the MQW structure was etched through, but also part of the Si-buffer layer has been
etched, as evidenced from the satellites accompanying the substrate peak marked by S.
The MWQ structure gives rise to a superlattice peak (SLg) which is accompanied along
the gx-direction by wire satellites. The period from the wire satellites is about 410 nm. A
strain analysis based on these data will be performed.
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Fig. 13:(004) and (113) reciprocal space maps of a Si/SiGe wire structure (period
410 nm).

3. Silicon Technology
(F. Schiffler, G. Steinbacher)

For an implementation of Si-based device structures it is important to remain compati-
ble with standard Si technologies as far as possible. Because the chemistry of Si; yGex
and Si,.,Cy layers is very similar to that of Si, many process sequences can be utilized
without modification. However, processes employing high temperatures, such as post-
implantation annealing or high temperature thermal oxidation, have to be adjusted
toward low thermal budgets to account for the metastability of most Si-based hetero-
layer sequences. Thus heterodevices will have to utilize, and also may promote, a gen-
eral trend toward lower processing temperatures, which is driven by leading-edge VLSI
circuits, where the critical submicron feature sizes are jeopardized by thermal diffusion
processes during high temperature steps.

For the development of Si-compatible, low-thermal-budget processing modules, as well
as for a quick characterization of the electronic properties of epi-layer sequences, a ver-
satile test layout with five mask layers was developed. The test elements reach from a
simple transmission line arrangement for the assessment of the sheet and contact resis-
tances of implanted and annealed ohmic contacts and variable-geometry Schottky diodes
for an evaluation of Schottky barrier heights and periphery leakage currents, to gated
multi-contact Hall bars and simple mesa-type FETs with variable gate lengths. The
process sequence involves a self-aligned mesa etching step, which is essential for the
gated Hall structures. All mask layers use a positive layout, which requires a image
reversal photo resist (such as AZ5218) for the mesa process. Minimum feature sizes for
optical contact lithography are 1um, and additional marks for e-beam alignment are
provided, which will allow the implementation of sub-micron gate lengths.

A complete processing sequence based on the five-layer layout was developed, which
uses ion implantation and reactive ion etching for lateral structuring of the heterostruc-
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tures, and — presently — lift-off processes for the metallization layer. Fig. 14 shows a
cross-sectional view of an AZ5218 pattern with submicron feature size, which was
achieved by controlled underexposure and appropriate development of the resist.
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SLSJEOL Bk A20.,8688 Z2Z5mm

Fig. 14: Sub-micron resist pattern realized in image reversal resist AZ5218

4. X-Ray Diffractometry and Strain Analysis of Low-
Dimensional Semiconductor Structures

(A.A. Darhuber, J. Stangl, S. Zerlauth, G. Bauer)

Strain relaxation in lattice mismatched systems has recently attracted a lot of attention
with the increased application of strained layers in microelectronic and optoelectronic
systems. There are in general two routes for strain relaxation: (i) plastic relaxation
through misfit dislocation formation and (ii) elastic relaxation through a strain induced
transition from a two dimensional planar growth mode to a three dimensional island
morphology (as it is possible for compressively strained epilayers like Ge on Si or InAs
on GaAs).

The strain induced islanding (Stranski-Krastanow growth mode) has found of lot of
interest since it provides a possible mechanism for the formation of self-assembled
quantum dots. Whereas changes of the surface morphology were already thoroughly
studied and the conditions to control the size distribution and the self organizing behav-
ior of the islands are rather well known, direct information on the strains and their
relaxation is still lacking. These data are required for a proper interpretation of the elec-
tronic properties of such self-assembled dots. Therefore, we have been studying the
structural properties of Ge dot multilayers embedded in Si (grown by MBE both at the
Walter Schottky Institut as well as in Linz by S. Zerlauth) as well as of InAs dot multi-
layers in GaAs (grown at the loffe Institute St. Petersburg and at the Technical Uni-
versity Berlin) by x-ray diffraction techniques (reciprocal space mapping around sym-
metrical and asymmetrical reflections) and by x-ray reflectivity in Linz, at the ESRF
Grenoble as well as at the Hasylab at DESY, Hamburg.
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A typical cross sectional transmission electron microscopy micrograph of a SiGe dot
multilayer is shown in Fig. 15, giving clear evidence for partial vertical ordering of the
dots, as induced by strain fields. In addition to vertical ordering, lateral ordering in the
(001) growth plane occurs as well, driven by the orientational dependence of the
Young’s modulus in this plane. For both Ge and InAs, the polar diagram of Young’s
moduli exhibit smaller values than that of the corresponding Si or GaAs matrix, with
minima along the two orthogonal [100] and [010] directions.

Fig. 15: Cross-sectional TEM, SiGe dot multilayer in Si (SiGe51).

So far from x-ray diffraction and reflectivity measurements the following information
could be obtained:

(1) average values for the strain relaxation within the Ge dots in multilayers, as well as
for the asymptotic strain in the Si matrix;

(i1) degree of vertical ordering of the dots in multilayers;

(ii1) lateral ordering of the dots in the (001) plane in a square array along the [100] and
[010] directions for Ge and InAs dots.
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Fig. 16: Asymmetrical reciprocal space maps around the (113) (a), (224) (b), and (404)
(c) reciprocal lattice points.

Figure 16 shows as an example the diffusely scattered intensity around (113), (224) and
(404) reciprocal lattice points from a 19 period Ge dot multilayer sample (d = 30 nm).
The diffusely scattered intensity comes from strained Si matrix regions (mainly around
the central superlattice SL peak) as well as from the dot region itself (SL;).
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More detailed investigations of the strain fields require:
(1) model calculations based on the finite element method or on the valence force model

(1) grazing incidence diffraction measurements.
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Characterization of Si-based Structures by
Luminescence and ESR Experiments

W. Jantsch, S. Lanzerstorfer, M. Stepikhova, L. Palmetshofer

Institut fiir Halbleiterphysik, Johannes Kepler Universitat,
A-4040 Linz, Austria

Bulk Si, quantum-well structures of SiGe, and porous Si structures have been inves-
tigated by luminescence and electron-spin-resonance (ESR) methods. In lumines-
cence we find after implantation and thermal treatment residual impurities with fin-
ger-print spectra and also dislocation related structures. The latter are distinguishable
from other defects by their characteristic dependence on hydrostatic pressure and
temperature. In ESR experiments, cyclotron resonance is clearly visible, which offers
the possibility to detect free carriers without the need for contacts.

1. Introduction

Among the current problems in the technology of Si there is (i) the development and the
integration of light emitting elements [1], [2] and (ii) the development of ultra-small
ultra-fast devices. In both cases, small structures are used and effective characterization
methods are needed to identify residual defects, carrier concentration and their mobility,
dimensionality of the structure, etc. In many cases, electrical contacts impose substantial
problems in such structures and therefore contactless methods are preferred if available.
Among the standard methods for the characterization of defects is photo-luminescence
which in high quality crystals can detect defect concentrations as low as 10'° cm™, in
some cases sufficient also for low-dimensional samples. The spectra reveal their origin,
however, only in rather specific cases. Electron spin resonance (ESR) in principle is
more powerful since it yields information also on the chemical identity of the defect and
its neighbors. On the other hand, ESR relies on the absorption of microwaves which
penetrate the whole sample and thus its sensitivity is rather described by an absolute
number of spins which for typical defects in Si is of the order of 10'% too large for small
structures. The sensitivity for free carriers in ESR can be much bigger, a few thousand
electrons can be easily detected in cyclotron resonance if the mobility is high enough as
it was demonstrated in the course of this project.

In this paper we concentrate on two examples of luminescence results. Some of the
luminescence spectra seen exhibit sharp, characteristic patterns due to phonon replica
and their isotope splittings, constituting a fingerprint of the defect species. Copper, e.g.,
is clearly seen and detectable as a frequent contamination after even simple technologi-
cal steps. Other luminescence spectra produce rather wide and less characteristic fea-
tures and sometimes they are not clearly distinguishable from other luminescence cen-
ters. As an example, we present data obtained on Er-implanted samples which show,
after specific treatment, meant for annealing of implantation defects, a strong emission
[4] close to the technically interesting wavelength of 1.54 um. We show that this emis-
sion at low temperature really is due to Er, but at temperatures above 150 K, lumines-
cence due to dislocations prevails.

109



110 W. Jantsch et al.

In part 3 we present photoluminescence data on porous Si which was doped electrolyti-
cally by Er. We observe emission of the characteristic 1.54 pym emission of Er even
above room temperature although in bulk Si it is quenched already below 200 K.

2. Photoluminescence Due to Dislocations on Doped Si

Although Si plays the dominant role in microelectronics, it suffers for principle reasons
in optoelectronic applications: Because of its indirect gap it does not permit the fabrica-
tions of band edge emitters in contrast to II[-V and II-VI compounds. In the past few
years, possibilities to overcome this shortcoming were investigated making use of lumi-
nescence due to localized states. One idea in this context was to utilize the intra-4f
transitions of rare earth elements, and here in particular those of Er, whose lowest
transition occurs at 1.54 pum, close to the damping minimum of silica fibers [4]. In the
past few years, the weak luminescence yield was optimized but a principle problem still
appears unsolved: the luminescence quenches at temperatures well below room tem-
peratures, excluding technical application [3]. More recently, however, reports appeared,
claiming electroluminescence also at room temperatures due to Er in Si. In order to
clarify the origin of this luminescence we have investigated samples which show
luminescence close to 1.5 um also at 300 K.
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Fig. 1: Photoluminescence spectra of Er-implanted CZ-Si as a function of different
temperatures.

The nature of this emission is more clearly seen in low temperature experiments. In
Fig. 1, luminescence spectra are shown obtained in CZ-Si implanted with Er (2 MeV,
3.10" cm™) after annealing at 900 °C for 30 min. At low temperatures, the emission due
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to interstitial (cubic) Er is seen (lines marked C1...C4) together with a line due to an Er
complex [5]. In addition, a wide structure is seen close to 1.5 um which, together with
the line marked D2 is attributed to dislocations in the literature. The structure at 1.5 pm,
known as D1 line in the literature [6], exhibits also a characteristic temperature shift —
at low temperatures towards shorter, above 80 K towards longer wavelengths —
whereas the Er line positions remain independent of temperature owing to the extremely
localized nature of the 4f states.

Another characteristic feature of the Er lines is their independence on pressure which
allows to distinguish them easily from the dislocation luminescence. This is shown in
Fig. 2, where low temperature spectra are given for different hydrostatic pressure. It is
clearly seen that the D-lines shift towards shorter wavelength whereas the Er lines
remain independent of pressure. The pressure coefficient for the transition energy is
evaluated to be -2.3 meV/kbar which may serve as an additional characteristic feature of
the dislocation luminescence.

\ D1: 817 meV

D2: 874 meV
-2.3 meV/kbar

/ p=0 kbar

p=5 kbar

p=11 kbar

PL intensity (arb. u.)

p=17 kbar

. ] . ] . ] .
6000 6500 7000 7500 8000
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Fig. 2: Luminescence spectra of CZ Si:Er for pressures of 0, 5, 11, and 17 kbar, respec-
tively. The highest pressure corresponds to the lowest D2 position.

The dislocation luminescence is seen also in electroluminescence devices designed for
Er emission. Junctions prepared by implanting Er into p-type Si exhibit the same type of
electroluminescence spectra when operated under forward bias condition as shown in
Fig. 1, i.e., they give strong Er luminescence at low temperature but above 150 — 180 K
only the dislocation emission is seen.

3. Luminescence of Porous Si:Er

The temperature induced quenching of the Er luminescence in different host materials
seems to correlate to the energy gap of the host: the bigger the energy gap, the higher the
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critical temperature for quenching. Therefore, in order to improve the luminescence
yield, any measure to increase the gap of Si based material should help. In order to test
this hypothesis, we have produced porous Si by anodic etching. Porous Si consists of
single crystal material with pores and columns of about 40 A in diameter. Porous Si has
been investigated in the last few years because of its bright visible photo- and
electroluminescence which is interpreted in terms of the blue shift of the band edge
emission due to electronic confinement in the small structures.

We introduced Er into po-Si electrolytically from ErCl; dissolved in ethanol. After
annealing at 1000 °C for 10 s in an O,/N; atmosphere the samples show sharp and
intense Er-related emission which can be clearly demonstrated by excitation spectros-
copy: The emission of the 1.54 um can be excited resonantly both in the 870 and the
980 nm bands, which correspond to the transitions from the J=15/2 ground state of Er to
the 9/2 and the 11/2 states, respectively. In bulk Si, these excitations are not detectable
because of the strong competition of the interband transitions — these transitions are
situated already above the gap of single crystal Si.

In Fig. 3 we show the temperature dependence of our po-Si:Er emission at 1.54 um as a
function of temperature in comparison to other Si-based host material. The dramatic
improvement as compared to single crystal bulk Si is clearly seen which again demon-
strates the empirical rule of Favennec [3].
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Fig. 3: Normalized luminescence yield of Er in Si-based material as a function of
inverse temperature for bulk Si, amorphous Si, po-Si and SiO,.

4. Conclusions

In this report we have shown that the technologically interesting luminescence of Er in
Si can be improved dramatically at high temperatures by using Si-related material with
larger energy gap: In agreement with the rule of Favennec, the thermal quenching of the
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Er luminescence occurs at higher temperatures for material with higher energy gap.
Porous Si provides one of very few possibilities so far to increase the gap of Si (the
alloys of Si have a tendency for smaller gaps only). Reports in the literature on room
temperature Er emission in electro-luminescence of forward biased p-n junctions should
be reconsidered in view of our present results which show that the emission observed in
our samples are due to dislocations at elevated temperature.
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Implantation-induced defects and their annealing behavior in Si and SiGe have been
investigated using deep-level transient spectroscopy. For Ge" implantation in silicon
three types of defects have been observed: vacancy-related defects which anneal out
during annealing up to 600 °C, Ge-related defects which are formed during anneal-
ing and disappear at 900 °C, and radiation defects which are generated during
annealing and disappear also at 900 °C. For ion bombardment of strained SiGe lay-
ers we found a strong influence of the strain on the production, diffusion and anneal-
ing of implantation-induced defects.

1. Introduction

Strained Si/SiGe layers can be used to improve the performance of silicon based elec-
tronic devices such as heterobipolar transistors and modulation-doped field effect tran-
sistors [1]. The Si/SiGe heterostructures are usually grown on Si substrates by molecular
beam epitaxy at relatively low temperatures (< 750 °C). However, during the fabrication
of a device, a number of ion implantation and high temperature annealing steps would
typically follow the epitaxial growth. These processing steps are known to introduce
defects or to modify already existing defects and can cause strain relief in the strained
layers. At present, the properties of implantation-induced defects and their high-
temperature annealing behavior in SiGe layers remain largely unstudied. Implantation-
induced defects are also important in the case of ion-beam-synthesized SiGe layers. It
has been shown that simple SiGe/Si heterostructures can be fabricated by ion
implantation and solid-phase epitaxial regrowth [2].

In the context of these problems, a program was started to investigate implantation
induced defects and their annealing behavior by deep-level transient spectroscopy
(DLTS). Two aspects have been treated so far. First, the formation and annealing behav-
ior of deep level defects after implantation of Ge" into Si, and second, the influence of
the mechanical strain on radiation defects.

2. Experimental

Phosphorus-doped CZ-grown Si wafers were implanted with 320 or 640 keV Ge" ions
with doses up to 3x10'° cm™ corresponding to a peak Ge concentration of about 3 at.%.
Deep level defects were investigated after subsequent isochronal annealing steps in the
temperature range 100 — 1100 °C. Rapid thermal annealing (RTA) of the samples was
performed by halogen lamp irradiation with 20 s exposure in a nitrogen gas flow. Deep-
level transient spectroscopy measurements [3] were carried out using a 1 MHz capaci-
tance bridge, a pulse generator and a liquid-nitrogen-cooled cryostat (77 — 400 K). The
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DLTS signal was obtained from the capacitance transient using the lock-in averaging
method. Depth profiles of defects were obtained in double-pulse differential mode
(DDLTYS) [4].

Due to a 4% difference between the covalent radii of Si and Ge atoms the implantation
of Ge into Si allowed us to vary the magnitude of the elastic misfit stress. The mechani-
cal strain was investigated by high-resolution x-ray diffraction measurements using a
four-crystal monochromator [5]. Some of the strained Ge' implanted samples (in the
following designated as Si:Ge) were then irradiated with 24 or 70 keV H' ions at doses
between 1x10' and 1x10' cm? to introduce radiation defects. The H' implantation
energy was chosen such that the radiation defects were placed into the region of the
maximum gradient of the Ge concentration. All the ion ranges were calculated with the
TRIM code [6]. The radiation defects formed by H' irradiation were electrically charac-
terized again by DLTS measurements.

3. Results and discussion

3.1 Deep level defects in Ge* implanted Si

Three groups of deep levels have been observed by DLTS in the implanted samples. The
first group of defects is observed in as-implanted samples and in samples annealed at
low temperatures. Figure 1(a) shows a typical DLTS spectrum of Si implanted with a
low dose of Ge". The defects are labeled according to their energy position in the gap in
eV. Three defects are detected in such samples: E(0.17), E(0.22) and E(0.41). Annealing
experiments show that these defect levels are observed up to about 600 °C annealing
temperature. The concentration of the defects decreases continuously with the annealing
temperature.
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Fig. 1: DLTS spectra of Ge™ implanted Si (640 keV): (a) dose 10" cm™, annealing at
100°C; (b) dose 10'* cm™, annealing at 700 °C.
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The second group of defect levels is observed after high temperature annealing. Figure
1(b) shows a typical DLTS spectrum of Ge" implanted Si after annealing at 700°C. Two
new defect levels, E(0.28) and E(0.53), are observed instead of those in as-implanted
silicon. The new levels show up at about 500 °C and disappear only after annealing at
very high temperatures (> 900 °C). In samples implanted at doses above 10" cm™ an
additional minority carrier trap E(+0.17) is observed after 700 °C annealing, which dis-
appears also above 900 °C. The third group of defect levels — two less dominant levels
at E(0.40) and E(0.15) — is also observed after high temperature annealing between 700
and 900 °C.

The three levels observed in as-implanted silicon can be attributed to vacancy-related
defects: E(0.17): vacancy-oxygen pair, E(0.21): divacancy, and E(0.41): a mixture of the
divacancy and the phosphorus-vacancy pair [7]. The position and shape of the defect
profiles measured by DDLTS coincides very well with the vacancy distribution calcu-
lated by the TRIM code. The profiles are shifted towards the surface as compared with
the ion distribution.

The levels E(0.28) and E(0.53) observed in the temperature region 500 — 900 °C can be
attributed to defect complexes containing Ge atoms. The position and shape of the pro-
files of these levels coincide with the profile of the ion distribution according to TRIM.
The Ge-related levels are not formed during ion implantation, they are created during
the annealing as a result of the recrystallization of amorphous inclusions and the release
of Ge atoms from them. This process is accompanied by a sharp decrease of the defect-
related mechanical strain.

The levels E(0.15) and E(0.40) observed after high temperature annealing are not related
to the implanted species. From the shape of the defect profiles and from the fact that
similar levels were observed also in Si" implanted silicon it is concluded that the levels
are related to radiation defects. The defects are generated during the recrystallization of
amorphous inclusions and are not observed after implantation at doses above 10" cm™.

The main message of our study of deep levels in Ge' implanted silicon together with
strain measurements for the SiGe technology is that it is possible to obtain SiGe layers
after implantation of Ge" into silicon and appropriate annealing. The radiation defects
can be annealed out completely and the Ge atoms are introduced on regular lattice sites.
So far experiments have been performed only with low Ge concentrations (up to 3 at%).
Since for doses above the amorphization dose (about 10" cm™) the annealing of the
radiation defects occurs by solid state epitaxial regrowth, higher Ge concentrations are
not expected to cause difficulties.

3.2 Influence of mechanical strain on radiation defects

The response to ion implantation is different for a strained SiGe layer and unstrained
silicon. This has been found by investigating radiation defects after bombardment with
H' ions. H™ bombardment of Si introduces the vacancy-related defect levels E(0.17).
E(0.21) and E(0.41) as described above, and in addition, a H-related level E(0.30) [7].

The production rates of these defects are essentially lower in strained Si:Ge samples.
The decrease of the defect concentrations in Si:Ge as a function of the stress is shown in
Fig. 2. The concentration of the defects was obtained from DLTS and DDLTS meas-
urements, the stress was calculated from the strain in the implanted layer measured by x-
ray diffraction [8]. DDLTS measurements have shown that defect profiles are signifi-
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cantly broader in Si:Ge samples than in silicon. The annealing behavior of the deep
levels is also different for Si and Si:Ge. The annealing of the vacancy-related defects
generally takes place in two stages. In the Si:Ge samples the beginning of both stages is
shifted towards lower temperatures. The onset for the annealing of the H-related level
E(0.30) is also shifted to lower temperatures in the Si:Ge samples.
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Fig. 2: Concentration of the defects in Si:Ge introduced by H+ bombardment (70 keV,
5x10'" cm™) versus the Ge-related stress calculated from the measured strain.
Stress zero denotes the Si reference sample.

The behavior of the radiation defects in Si:Ge cannot be explained by changes in the
primary defect production (vacancies and interstitials) during bombardment due to the
slightly changed stoichiometry. It is concluded that the Ge-related misfit strain is
responsible for the reduced production rates of the observed defects, broadening of the
defect profiles and the shift of the annealing stages. The production of primary defects
(vacancies and interstitials) during ion bombardment and their behavior afterwards
(diffusion, annihilation, capture by impurities, etc.) takes place in a field of mechanical
stress. Elastic energy can be transferred to primary defects, thus influencing their behav-
ior and the formation of defect complexes observed by DLTS. A detailed discussion is
given in refs. [8] and [9].
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We investigated the ternary I1I-VI compound semiconductors Zn;_ Mg, Te x € [0, 1] by
quantitative Auger Electron Spectroscopy. Emphasize was put on the behavior of the
sensitivity factor s of the various constituents of the compound as a function of the
composition of the ternary compounds. The sensitivity factors were calculated by a new
formalism and showed a strong dependence on the compound composition. In the case
of Te we found a change of the line shape and the appearance of Coster-Kronig transi-
tions. Binary II-VI compounds like ZnSe, ZnTe, CdSe and CdTe were investigated
with respect to their surface composition after reactive ion etching in CHy/H,
admixtures of different composition.

1. Introduction

The binary and ternary II-VI compound semiconductors are applicable to the production of
blue light emitting diodes [1] — [3]. One of the main problems in these optoelectronic de-
vices is the degradation, which is mainly caused by defects generated from strain and
stress in the layers. A possibility to overcome that drawback is to fabricate lattice-matched
multilayer structures. Since the lattice match is very sensitive to the composition of the
compounds, an exact control during growth of the layers is indispensable. A method to
control the composition is the Auger Electron Spectroscopy (AES). A main problem in
quantitative AES (QAES) is that the sensitivity factors s of the constituents, which are
equal to the probability of the occurrence of an Auger process [4] are only known for pure
elements. Within this project we performed QAES on various compositions of Zn;.
Mg Te x € [0,1].

Parallel with the development of wide band gap II-VI blue-green diode lasers, the investi-
gation of optical properties of quantum wires and dot structures has attained considerable
interest [5] — [8]. An established method for the fabrication of lateral structures (e.g. quan-
tum wires and dots) is the reactive ion etching (RIE) technique [9]. Most of the earlier
studies of RIE on II-VI compounds used chlorine-containing gas mixtures [10]. In latter
works a mixture of CHy and H, was used as etchant, which allows the fabrication of very
small vertical structures with a minimal width of about 25 nm [11], [12]. In the literature a
mixture between 1:6 and 1:8 for CH,:H, ratio is reported to be an optimum etchant with
respect to optical behavior of the fabricated nanostructures [5]. There are only few publi-
cations which are dealing with the chemical analysis of etched structures [13], [14].

We performed quantitative Auger electron spectroscopy (QAES) [15] analysis of ZnSe,
ZnTe, CdSe and CdTe samples which were grown by molecular beam epitaxy (MBE)
[16], and etched by RIE. In our analysis emphasize was given on the changes of the
chemical composition of the etched samples due to the various ratios of CH,:H, in the
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etchant not only at the surface but also by depth profiling. In addition, the influence of
oxygen as part of the etchant was investigated.

2. Results and Discussion

2.1 Sensitivity Factors

The sensitivity factors for Zn, Mg and Te as a function of the composition of the sample
obtained with different primary electron energies were evaluated. A general trend could be
seen that the sensitivity factors for all elements are increasing with increasing Mg content
in the sample. Only the sensitivity factor of Te has a minimum in the range of x = 0.5. This
is due to so-called Coster-Kronig transitions [16], which become dominant for samples
with a composition around x = 0.5. The Auger spectra for Zn;MgsTe layers with
different concentrations of Mg show beside the normal MNN Auger transitions also the
MMN Coster-Kronig transitions. As a consequence the normal Auger transitions are
decreased since the number of exciting primary electrons is constant in all the
experiments.

2.2 Reactive lon Etching

In the II-VI compounds ZnSe, ZnTe, CdSe and CdTe (i) the deviations from the stoi-
chiometry, and the incorporation of (ii) oxygen and (iii) carbon were investigated as a
function of the etching gas ratio in the RIE process.

(i) Down to a depth of about 20 A the concentration of Zn and Se is lowered due to a
large incorporation of carbon and some additional oxygen. The ratio of Zn to Se is
nearly constant.

The lowest deviations from stoichiometry were found at CH4:H, ratios of 1:6 and 1:7.
Other CH4:H; ratios showed large deviations from stoichiometry. For comparison, also
as-grown samples were sputtered which showed no deviations from stoichiometry and
indicate no effect due to preferential sputtering. Therefore we conclude, that deviations
from stoichiometry which were investigated to a depth of 100 A have their origin in the
etching process.

(i1) The incorporation of oxygen into the samples could be clearly analyzed by QAES. In
the case of Zn compounds the oxygen concentration is increasing with increasing
hydrogen content in the etchant, whereas for the Cd compounds the oxygen content is
decreasing. For a ratio of CH4:H, of about 1:7 the incorporation of oxygen is low
(between 1 and 2%) for all analyzed systems.

(i11) In contrast to oxygen, the carbon concentration decreases with sputter depth. The
incorporation depth is between 20 and 80 A. For Zn compounds, the C incorporation
depth is lowest around a CH,:H, ratio between 1:6 and 1:7, whereas for Cd compounds
the depth is monotonically increasing with higher H, content. At a CH,:H, ratio between
1:6 and 1:8, the incorporation depth is relatively low in all compounds.

3. Conclusion

The sensitivity factors for the constituent elements in the ternary II-VI compound
Zn; Mg, Te depend very strong on the composition of the compound.
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For the investigated II-VI compounds (ZnSe, ZnTe, CdSe and CdTe) a relative small
deviation from stoichiometry for a CH,:H, etchant ratio around 1:7 is found as a
common behavior. This is in agreement with literature, where an etchant with such a
CH,:H, ratio is used in order to give optimum optical behavior of the etched structures
[5]. In addition, the incorporation of oxygen was detected over the whole investigated

depth of 100 A, whereas the carbon incorporation was limited to a depth between 20 and
80 A.
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Experimental results with two different 35-GHz Doppler radar units are reported in
this contribution. The system consists of a planar GaAs transferred electron oscilla-
tor and an InGaAs-mixer diode. The oscillator is a MESFET-like structure with a
negatively biased Schottky-gate. A stationary high-field domain is formed under-
neath the gate and acts as a transit-time-independent broadband negative differential
resistance. To achieve mixing with high sensitivity at zero bias the energy barrier of
the diode must be made low. The mixer diode used in this module consists of
0.18 um InGaAs with 38 % In content and 1-10'" cm™ Si n-type doping. This yields
an energy barrier of 0.3 eV. With the first design a sensitivity of 1 mV/uW has been
obtained.

1. Introduction

Millimeter-wave radar sensor systems especially suited for automotive applications
were intensively developed during the last few years [1], [2]. Combination of a low-cost
technology together with advanced electrical characteristics and high reliability is a
cornerstone requirement for an application in the automotive industry [3], [4]. Since the
microwave front-end unit is the key unit determining the system’s performance and cost,
it is the most crucial part of the whole system. Two different 35 GHz low-cost RF front-
end Doppler units suited for automotive applications have been constructed. The
homodyne unit consists of both receiving and transmitting corporate-fed microstrip
patch array antennas, a microstrip directional coupler, a monolithic GaAs FECTED
oscillator, and an integrated single Schottky diode mixer. The autodyne configuration
uses only one antenna and the FECTED as a self-oscillating mixer. Inexpensive
microstrip technology has been used, which yields a good compromise between cost
factor and technical performance.

2. System Configuration

The block diagram of the front-end unit is shown in Fig. 1. The output power of the
oscillator is fed into the transmitting antenna. At the mixer diode the reflected signal
from the receiving antenna is combined with the LO signal provided by the 10 dB
directional coupler. The amplified IF signal is fed into a signal processor. This configu-
ration is suitable for both Doppler CW (continuous waveforms) as well as FM
(frequency-modulated) CW radar systems.
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Fig. 1: Block diagram of the front-end unit using homodyne detection.

Further cost and size reductions of the module have been obtained with a simplified
system configuration as shown in Fig. 2. In this design the FECTED (field effect con-
trolled transferred electron device)-oscillator acts as a self-oscillating mixer [5] thereby
sparing the mixer diode as well as the directional coupler and the second antenna. In this
mode of operation the reflected signal received from the antenna changes the effective
load impedance of the oscillator resulting in changes of both oscillator power and
frequency which can be detected as bias current variations. A bandpass amplifier is used
to separate the small bias current variations from the large DC current.

e 7.3V, 66 mA
L .
Amplifier
Vsic Data-
Drain 41_': Acquisition Ubs
8x8 Patches q
B B B B FECTED 79V =1 uA
e — RF  Gate —— =" =TH Ues
. . 35 GHz Power
N N N . Source Supply
| Ground |

Fig. 2: Block diagram of the simplified front-end using autodyne detection.

3. Antennas

Two linearly-polarized corporate-fed microstrip patch array antennas have been
designed for this system. The first one is a 4x4 array antenna with 16 degrees beam-
width and 17.5 dB (isotropic) power gain. The second one is a 8x8 array antenna with 8
degrees beamwidth and 21.5 dB (isotropic) power gain. The VSWR of both prototypes
is below 2. A relatively inexpensive RT/duroid 5880 (a trademark of Rogers Corp.)
substrate material of 0.254 mm thickness has been used for the fabrication of the anten-
nas and the 10 dB directional coupler. The passive part has been made using standard
photolithography and etching-technology, and has been covered by a gold film in order
to minimize losses. A more detailed description of the antennas is given in [6]. Fig. 3
shows a photograph of the 8x8 array antenna module.
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Fig. 3: Photograph of the front-end unit with 8x8 array antenna

4. Oscillator

In order to minimize costs a special planar Gunn diode has been used instead of a
sophisticated transistor oscillator. This approach relaxes the demands on the resolution
of the lithography. The device is called FECTED (Field Effect Controlled Transferred
Electron Device) and is described elsewhere in this report. The device and the circuit
have been fabricated on a 4x5 mm” GaAs chip with standard processing technologies.
With the FECTED oscillator mounted in the sensor front-end an output power of about
4 mW at 34 GHz with an efficiency of 0.8 % has been measured. Further details of the
FECTED have been published in [7].

5. Mixer Diode

5.1 Voltage sensitivity

The voltage sensitivity of a detector diode is defined as the output voltage generated by
the diode into the load circuit divided by the RF-power absorbed in the diode. The goal
of the optimization procedure is to make this sensitivity as large as possible [8].

The voltage sensitivity, B,, of a circuit with load resistance R, is given by

B - 0.0005 [mv]

(1 + 1)1+ Ry /R, 1+ (0, )RR | LEW

I ......reverse saturation current

Iy...... bias current

C;.....junction capacitance of the diode

R, .....series resistance

R; .....dynamic resistance (= g/nkT (I, +1))).
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It is necessary to minimize both the junction capacitance and the series resistance. The
capacitance of the diode can be decreased if the size of the junction diameter is reduced.
To obtain low series resistance the conductivity of the bulk material should be as high as
possible, the current path through the material should be as short as possible and a good
ohmic contact (low resistivity) is needed.

It is well known that large LO power is needed to minimize conversion loss of a GaAs
Schottky mixer diode. This is a consequence of the high barrier height of about 0.7 eV
of GaAs Schottky diodes. For a typical set of parameters for 10 pum x 10 um Schottky
barrier diodes (f=35 GHz,n=1.4, R, =10 Q, C; =70 {F, Ry = 1 MQ) the maximum of
the sensitivity B, can be calculated from the above equation. If the detector should be
used without bias current, which simplifies circuitry, then 7, = 0 and the saturation cur-
rent I, has to be in the range of 10 A. This corresponds to a barrier height of approxi-
mately 0.22 — 0.25 eV. However, the barrier height can be reduced if InyGa; xAs is used.
With increasing x the energy gap of the semiconductor is lowered from 1.42 eV (x = 0;
i.e. GaAs) to 0.33 eV for x = 1 (InAs). With decreasing energy gap the barrier height of
the Schottky contact is also reduced. With Ing33Gage,As the desired barrier height can
be adjusted.

5.2 Diode fabrication

The diodes have been fabricated using epitaxial layers of Ing33Gag,As grown by metal
organic vapor deposition (MOCVD) on semi-insulating GaAs substrates. In order to
grow good quality Ing33GageAs layers on GaAs a graded buffer layer is needed to
compensate the difference in lattice constants between InGaAs and GaAs. The Indium
content is increased from 0 to 38% in steps of 5% in this layer. The first active layer
grown is an n'-layer doped 6:10'® cm™ with a thickness of 0.8 pm. On top of this layer a
0.19 um thick n-layer with 2:10'® cm™ doping concentration has been grown. The ohmic
contact is recessed to the n'-layer and the connection to the Schottky-contact on the top
is led over a SiO,-bridge.

L,34KX  28KU MD:THMH
R e L e ey

Fig. 4: SEM picture of the InGaAs Schottky diode

In Fig. 4, a SEM picture of the diode is shown. With the first design a sensitivity of
1 mV/uW has been obtained.
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6. Results

Both front-end units have been tested with a target moving at a constant speed of
0.37 m/s from a distance of 2 meters towards the antenna. In the case of homodyne
detection the amplified mixer signal Vgig shown in Fig. 5 corresponds almost perfectly
to the theoretic Doppler signal which is a harmonic function for constant target velocity.
With a triangular corner reflector at a distance of 22 m, a signal amplitude of 100 mV
after an amplification by a factor of 305 has been measured.

AR SS e RAREEE HH:

Vsic  500mY/div | MTB 5.00ms/div

Vs, [900mV/div |, MTBS.Opms/dv, | |,

Fig. 5: Amplified (x 305) mixer signal Fig. 6: Amplified (x 305) drain current

from the homodyne configuration modulation in the autodyne con-
target velocity ... 0.37 m/s figuration, target velocity ...
0.37 m/s

For the autodyne configuration the detection range is much shorter because the reflected
power received by the antenna must be sufficient to modulate the oscillator’s output
power. This modulation is highly nonlinear but periodical with half the wavelength as
can be seen in Fig. 6 where the drain current modulation measured at a shunt and
amplified is displayed.

7. Conclusion

Two different inexpensive configurations of the microwave part of a 35-GHz Doppler
radar sensor system have been presented. The described approaches make it possible to
achieve acceptable system performance with low-cost technology. The front-end with
two antennas and the mixer diode has an operational range of at least 25 m. It is
expected that this distance can be enhanced by optimizing the system components with-
out increasing the transmitted power. A further cost reduction can be achieved by
monolithically integrating the system on a single chip. The autodyne configuration has
less sensitivity and higher noise level but it is the simplest and therefore cheapest
approach.
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After a short description of the SME oriented work of UNICHIP a design of an ana-
logue ASIC is presented. This project has been undertaken in close cooperation with
and Austrian SME (Frequentis-Nachrichtentechnik) It serves perfectly well as an
successful example of technology transfer of ASIC design and know-how.

1. Introduction

From its very beginning the work of the UNICHIP Wien design team was targeted
towards technology transfer of ASIC design knowledge mainly to Austrian SMEs.
Various measures were taken to achieve this goal. Firstly the undergraduate education of
VLSI design methodologies has been intensified. Recently interesting diploma-theses
have been completed such as a “Re-targetable VHDL-module for an SCSI-Controller”
or “CULT — A new class of scaleable benchmark circuits for FPGAs”.

For training and education focused directly towards SMEs we use various different
approaches. Apart from front-end design courses which are held together with the Uni-
versity Extension Center, in-house training and consulting activities lasting between one
and three days each have proved to be very successful. In the last two years more than
15 firms accepted this offer. Finally, projects performed in close cooperation with a
partner from industry are by far the most effective way of technology transfer. In the
remaining part of this report we shall describe such a transfer project.

2. Analog Headset Transceiver: A Technology Transfer Project

Together with Frequentis, an Austrian SME dealing with speech communication sys-
tems for air traffic control, an analogue headset transceiver ASIC was developed.
Instead of focusing on design based training of Frequentis engineers, the authors tried to
transfer knowledge on how to manage analogue IC design projects and to specify cir-
cuits to be developed and fabricated by sub-contractors. The cooperation started with a
short product analysis study lasting no more than four weeks. As a result of this pre-
liminary work, four areas suitable for replacing standard solutions with ASICs were
spotted, one analogue and three digital designs of varying complexity. It was agreed to
realize the analogue ASIC, this one being the most urgent.

' Member IEEE
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The headset transceiver (HST) is basically the interface between the communication
system and the air traffic controllers. Since each working place in a typical system has
three sockets to which headsets can be connected, the first benefit expected from an
integrated solution is a significant reduction of space on the printed circuit boards
needed for the interfaces. Another advantage is the increased reliability. The third and
somehow unusual benefit is a standardization aspect. Speech communication systems
are unique solutions, and so far, despite a modular design of the digital parts of the sys-
tem, the interface boards have been developed anew for each customer. An ASIC, how-
ever, is a fixed starting point for future designs and may thus help reduce also develop-
ment costs.

2.1 Function of the HST

The basic function of the ASIC is the amplification and conditioning of the voice-band
signals that come in from the headset’s microphone or are applied to the earphones,
respectively. In addition, the presence of a headset must be detected. If no headset, or
more precisely, no microphone, is attached to the module, then a loop-back function is
to be activated such that the speaker hears his own voice, signaling him that his partner
does no longer exist. This function is also useful for testing purposes because the com-
plete signal path through the system — including the CODECs and most of the analogue
amplifiers — may be monitored.

Figure 1 shows a block diagram of one channel of the HST together with the specifica-
tions. The ASIC actually comprises two of them. Since there is only a single supply
voltage available, the drivers for the loudspeakers need differential outputs to meet the
specifications. To be independent of the dc levels of the signals generated by the
CODEC, capacitive coupling is used. Thus the internal reference potential could be set
to its optimum value, which is derived from the supply with a simple resistive divider.
An optional external capacitor connected to the divider improves the PSRR, and this
analogue ground is carefully buffered to minimize crosstalk between the signals.

Power supply voltage +5V

Loudspeaker driver

Output power 10 mW
- Load Impedance 150-600 Q,
0,5-3 nF
Voltage gain 20 dB

Microphone amplifier
Load impedance 20 kQ, 15 pF
Voltage gain 0dB

12V

CODEC

Summing amplifier
Voltage gain -20dB

Harmonic distortion <1%

Fig. 1: Block diagram of HST together with electrical specifications.
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Like all circuits in air traffic control applications, the whole system must comply with
IEC 801-2-91, which requires the circuitry to withstand ESD pulses of 8 kV applied to
its ports. Therefore all connections to the headset are protected by additional transient
voltage absorbers. Unfortunately, these devices impose a significant capacitive load on
the output drivers of the HST. Another important requirement is that for reliability rea-
sons the drivers must survive shorts between the output terminals as well as between the
outputs and ground (a typical cause of such a short is a mechanical damage of the head-
set cable).

2.2 The Course of the Project

As a first step a three months’ study was launched with the objective to evaluate the
feasibility of this design from technical and economical points of view. As a result the
following items could be delivered: an area estimation, design effort, possible ASIC
manufacturers. It could be foreseen that the headset transceiver ASIC would be the only
analogue integrated design effort for Frequentis for the next few years. Thus acquiring
knowledge of the necessary design skills (CMOS amplifier design, analogue simulation,
and analogue IC layout) would be of no use for the design engineers.

On the contrary, it turned out that correct (e.g. error free and complete) specification of
integrated circuits to be designed by sub-contractors was the main knowledge for Fre-
quentis to be gained from this collaboration. So far they had underestimated the con-
straints imposed by an ASIC design on internal project schedules. The design project
was refined and launched. The very first task was the preparation of a detailed specifi-
cation. This was done in close cooperation with design engineers of Frequentis who
were used to working with discrete operational amplifiers. After the ASIC had been
specified to a certain extent, the design work started.

The Mietec 2.0 um CMOS process offered via EUROCHIP was selected for two good
reasons. Firstly, there was an MPW run scheduled for mid-May, which perfectly fitted
into the project timetable. Secondly, the process offered a wide range of supply voltages,
which in turn was convenient for the designers at Frequentis in that they needed not
specify critical design parameters like the required output power once and for all. If for
example in later applications a higher output voltage swing was needed, the supply
voltage could readily be increased to meet the changed requirements. Yet the primary
goal was to use the 5 V supply already available in the system.

A few days before the submission to EUROCHIP, someone noticed that the external
protection devices at the loudspeaker outputs had a huge parasitic capacitance, whereas
all the time before a purely ohmic load had been assumed. This mistake stemmed from a
simple misunderstanding. Our partners had thoroughly analyzed all headsets they used
in their systems, but nobody had ever taken the true environment of the HST into
account. As the designers were not familiar with analogue IC design, they did not know
that 3 nF already mean a large capacitive load for a CMOS op-amp, and thus the pro-
tection devices had been neglected.

The fabrication phase of the prototypes unfortunately coincided with the summer holi-
days, and the ICs spent several weeks in different European countries waiting to be
processed, packaged, or delivered to the customer. This was bad fortune indeed and no
one had taken such a delay into consideration before, but when Frequentis eventually
received the silicon, we were five weeks behind schedule.



142 N. Kero et al.

In the meantime, the complete schedule had changed in that now a deadline for the
availability of functioning prototypes in January had been set up. Although the problems
with the first design had been spotted and the specification had reached a stable state, a
second prototyping run via EUROCHIP with its eleven weeks turnaround time seemed
impossible. The tight schedule and the fact that due to the unforeseen fabrication delay,
Frequentis had partly lost their confidence in the EUROCHIP MPW services, led us to
seek a purely commercial solution. For the new version, we selected AMS as
manufacturer mostly because they are reachable from Vienna within two hours by car.
The entire re-design on a 1.2 um N-well process providing high ohmic poly (which had
not been available in the processes offered via EUROCHIP) was then completed within
two weeks. By the end of January 1997, Frequentis received the fully functioning
engineering samples.

2.3 Implementation Details

While in the first version the chip size was about 8 mm?, the final circuit after the re-
design required only 4.7 mm?. In the left and right columns of the core, one can see the
amplifiers for the loudspeakers. Figure 2 shows the layout of the HST ASIC. The feed-
back resistors have been placed in the pad ring. The low-noise microphone amplifiers
occupy the top and bottom of the middle column in close proximity of the respective 1O-
pads. In the center of the core the summing amplifiers and the analogue ground buffer
are located.

Microphane-
- amplifias

Reference
voltage

Summing
amplifier

Feadback
- rasistors

' __ Loudspeaker
driver

| buffer
amplifier

Fig. 2: Layout of the HST ASIC.

2.4 Conclusion

The development of an analogue ASIC helped the company to reduce the system costs,
increase the reliability by implementing additional monitoring functions, and to a certain
extent standardize their products. Prototyping services like those provided by EURO-
PRACTICE proved to be very valuable, their cost-effectiveness being an essential
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argument in easing the decision of an SME towards the use of new technologies. On the
other hand, comparatively long turnaround times acceptable for universities may irritate
industrial partners, and the consequences on project schedules have to be pointed out
from the very beginning. In this sense both partners gained experience in managing
projects including MPW prototyping.
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Application Specific Integrated Circuits (ASICs) are used for various reasons in
electronic instrumentation. The most significant advantages in industrial environment
are obviously less power consumption and less space combined with a good
possibility of signal conditioning for proper information transfer to a central process-
ing unit. In laboratory equipment reliability and flexibility as well as the reduction of
cost and space are the counting arguments for the use of ASICs. This paper will give
a review on projects already worked out at the Department of Electronics and will
then — as the annual report of UNICHIP Graz — focus on an ASIC devoted to
highly accurate thermometric instrumentation.

1. Introduction

The Department of Electronics at the Technical University Graz started to design inte-
grated circuits (IC) in 1988. Since then several systems have been developed in the
department comprising ASICs devoted to electronic instrumentation. The methodology
involved spans from gate-array to standard-cells if digital; in case of analog or mixed-
mode the analog section is full-custom.

The systems under consideration are predominantly sensoric sensing physical properties
of liquids (density, velocity of sound, and temperature) either in the harsh environment
of industrial process control or in the clean laboratory with the highest level of accuracy.

2. Instrumentation in Industrial Environment

There are various reasons for the use of ASICs in electronic instruments for industrial
environment. Our systems being in almost all cases instrumentation designed to support
sensors the small size of the ASIC is very much appreciated as such systems fit directly
into the probes. The small outline helps with respect to electromagnetic interference and
to mechanical robustness. If power consumption is low the system can be supplied with
a current loop (typically 4 — 20 mA), which is also used to carry information to the cen-
tral processing unit. Both requirements (small, low power consumption) can be met with
ASICs. Three ASICs of this kind have been developed at the department in the last
years. They are briefly described in the following chapters.

2.1 GOETHE

This was the very first gate-array design [1] in the field of industrial instrumentation at
our department. It was thought to replace a PCB system which was used to encode the
temperature of a liquid into a bit-stream locked in frequency to the periodic signal
coming from a mechanical oscillator carrying information on the density of said liquid.
In other words, the temperature was measured using a platinum thermometer and a ref-
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erence resistor in an integrating ratiometric Analog-to-Digital Converter (ADC). As the
clock for the ADC was the mechanical oscillator, the resolution in temperature with
respect to time was by far to low.

The ASIC (GOETHE) had an on-chip crystal oscillator to provide a fast clock signal for
the ADCs. The control- and the quantization units for two of them were integrated in the
gate-array. The resolution is 20 bit each. The analog sections of these ADCs are added
off-chip. The results of the conversions are counted BCD numbers. They modulated the
pulse width of the mechanical oscillator signal. The information was transferred by
means of a binary current signal on a two-wire line also providing the power for the
whole sensor system.

This ASIC brought the expected increase in performance and a significant decrease in
space needed for the interface system.

2.2 ASTERIX

This ASIC was the first standard cell design at our department. It is used in a warm
water boiler to periodically “wake up” a microcontroller which then takes measurements
of temperatures and performs calculations on whether there is enough energy stored or
not. The results are sent back to the ASIC which offers a multiplexed LCD driver
circuit. The display shows status information.

The main advantage of this ASIC was an enormous reduction in the power needed to
operate the control system as only a very small part was active all the time and the
power consuming parts were activated for just a short period. With the multiplexed LCD
driver in the ASIC a reduction of the package to a 28 pin type could be achieved. This
saves extra cost for the PCB and the ASIC.

The development of ASTERIX was a cooperation of an Austrian enterprise, Joanneum
Research and our department. ASTERIX is part of a product of this Austrian enterprise.

2.3 SUPERGOETHE

This ASIC is a more powerful version of GOETHE. Therefore a standard-cell approach
was chosen in a 1.0 um CMOS technology [2], [3]. The system was extended to be able
to operate the analog sections of three 20-bit ADCs and to quantize up to three periodic
signals (both density and velocity of sound are transferred to periodic electrical signals;
the information is the length of the period) with selectable resolution. The problem with
this quantization is the absolute accuracy, the long time- and the temperature stability of
the crystal oscillator in the interface. To avoid this problem a method of counting mul-
tiple periods with no error and determining the length of these periods by counting a
high frequency oscillator clock is used. If the rate for the information transfer and the
oscillator clock have a fixed ratio the clock period can be measured in the central proc-
essing unit, where power consumption is no severe problem and therefore accurate and
stable oscillators (e.g. heated crystal) can be used as reference. The time for the meas-
urement is one second. The information gathered in this time is transferred in the fol-
lowing second. The supply current is periodically switched between two values. The
information is encoded in the duty-cycle of this signal.

This ASIC is very flexible. It can be configured to many operational modes. It is used in
two products so far. One is a two channel traceable thermometer with an accuracy of
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0.01 °C. The second product is a modular sensor interface system for measuring density,
temperature, pressure, and velocity of sound in industrial environment. This system is
certified to be intrinsically safe.

2.4 Preworks on an ASIC for the Measurement of the Velocity of Sound

One method for measuring the velocity of sound in liquids is to determine the transit
time for a known distance between the sender and the receiver of an ultrasonic pulse.
This is done in electronic circuits on PCB level very well [4]. Some research activity
was spent to find a way of integrating such a system on a single chip. Various input
amplifiers have been designed but are not yet fully evaluated.

3. Instrumentation in Laboratory Equipment

To save space on the PCB and to increase reliability and functionality ASICs are put in
electronic instruments for laboratories. Power consumption is normally no problem in
this case except when the instrument is battery powered. Then of course this is a driving
argument for the use of an ASIC. Two ASICs are presented here which were designed
the years ago. Chapter 4 then covers a recently developed circuit in more detail.

3.1 ADONIS

Laboratory equipment often uses electromechanical components (pumps, transformers)
which are dependent on the mains frequency. To eliminate the need of a switch to adapt
the instrument to the right frequency these AC signals are often synthesized. A crystal
oscillator is used together with H-bridge power switches to do this synthesis from a DC
voltage. An ASIC (ADONIS) was developed using gate-array technology to get a 50 Hz
and a 100 Hz signal to drive a transformer and a pump in a density meter [5]. All control
signals for the power switches are generated in the ASIC. Overload switch-off and
power-on-reset are available. The driving output signals can be turned on and off sepa-
rately.

3.2 ENDOR

To minimize size and power consumption of a handheld battery powered density meter
an ASIC (ENDOR) was designed [6]. It has a 8051-compatible microcontroller interface
and consists of some glue logic, a unit to quantize and encode a Charge-Balance ADC
and to measure the period of a signal. This signal comes from a mechanical oscillator,
which is electrically brought to its resonance frequency. The period of this signal is used
to calculate the density of the liquid. The ASIC works according to the specifications.

4. ENDEAVOR - An ASIC for a Highly Accurate Thermometer

As a result of the activities in research and development at the department a highly
accurate thermometer was built [7], [8]. The accuracy is 0.001 K in the range from
-200 °C to +800 °C. The thermometer offers two channels for measurement.

It uses a platinum resistor for sensing as this is the only type of temperature sensor with
respect to this wide temperature range and this high accuracy [9]. The thermometer
consists of two current sources, a voltage-to-current converter and of an ADC working
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in current mode. There is also a microcomputer to select the channel, to set the right
direction of the current, to control the ADC and to calculate the temperature.

Figure 1 shows the circuit diagram of the voltage-to-current converter. The currents Ip
and Iy convert the unknown resistance of Rx and the resistance of Ry (which is used as
reference) to a voltage. The input current (Ig) of the ADC is the sum of an offset current
(Io) and the current, which comes from the voltage across Rx or Ry (depending on the
pairs of switches 3 and 4) and Rs. Ip makes Ig positive for all values of Rx and both
currents Iy and Ip.

Fig. 1: Voltage-to-current converter

The control signals for the switches 1 to 4 are provided by the microcomputer. For one
value of Rx we get four different currents Ig and therefore also four results of an ana-
log-to-digital conversion. From these results we can get the ratio Rx/R¢ by subtraction
and division without errors of the order zero (thermo- and offset voltages) and the order
one (value of Ip, Iy and Ry).

Figure 2 shows the structure of the ADC [7], [10], [11]. The comparator S determines
the discharge of capacitor C; after the conversion. Comparator C is used to show that the
voltage across C; is lower than the voltage Uger. Switch 9 is used to start the conversion
with the capacitor C; discharged. The complementary pair of switches 6 can guide the
current Iy either to the input or the output of the integrator. The same is done with the
reference currents Iz and Izr/256 and the switches 7 and 8.

The current Ig is integrated for 0.1 s. The reference current Ix compensates Ig in this
phase using a Charge-Balance method. The charge in C; after this integration is deter-
mined with the help of Iz/256. The numeric result of this conversion is 256 times the
number of clocks during the disintegration using Iz in addition to the number of clocks
used for discharging with Iz/256.
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Fig. 2: Structure of the ADC

To control all the switches and to provide the time frame for the conversion a digital
control unit is used. The number of clocks is counted by the microcomputer which also
calculates the temperature either using IEC751 or ITS-90.

To be able to add more channels, to add more flexibility to the system of the thermome-
ter and to overcome the electromagnetic compatibility (EMC) problems with digital
signals on lines (between the comparators and the microcomputer) near a 23-bit ADC an
ASIC (ENDEAVOR) was designed [12].

The number of channels was increased to eight. The counters for the clock pulses, which
are the result of the analog-to-digital conversion, are added on-chip. There are no digital
signals outside the ASIC when a conversion is made. On-chip counters have a low load
capacitance on the clock line. Spikes in the power supply are therefore avoided. The
information is serially transferred to the microcomputer at a time, when no conversion is
going on. The digital signals then can cause no interference to the result of the
conversion.

Figure 3 shows the block diagram of ENDEAVOR. A crystal oscillator provides the
system clock of 1 MHz. Counters and decoders generate the control signals. A baudrate
generator is implemented to provide a serial output signal of 9600 baud. The informa-
tion has ASCII format, so a simple terminal program can be used to visualize the results
of the conversions. The implementation of the original control unit guarantees com-
patibility to the existing system. The channels are periodically activated for measure-
ment. The sequence can be set up with control signals.
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Fig. 3: Block diagram of the ASIC

The ASIC is in fabrication (0.8 pm AMS CMOS-process) at the moment. The transistor
count is approximately 5500. The size is 1.9x1.9 mm”. A 28 pin PLCC package is used.
The first engineering samples are expected for the middle of March 1997. Then it will
be seen if the selected targets could be reached:

e No digital signals outside the ASIC during conversion should bring a reduction of the
system internal noise interference. The expected increase in the ADCs resolution is at
least from 23 to 24 bits.

e 4 times more channels (8 instead of 2).

e More flexibility: a simple terminal program can be used to visualize the results of the
conversation; the sequence of the active channel can be changed via control signals.

e Less power consumption and less space requirements for a smaller and cheaper
thermometer.

5. Conclusion

The use of ASICs in electronic instrumentation offers a wide spectrum of advantages.
Topics which lead to the decision to start the design of an ASIC are not only reduction
of space and power consumption but are also sometimes problems of EMC. In most
cases the functionality and reliability of the system can be raised as shown with the
examples of the industrial instrumentation (multi-channel measurements and better
overall performance). BICMOS technology is supposed to bring new advantages in
some critical analog integrated circuits.
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The acceptance of sensor concepts by industrial equipment producers requires an
optimization of the sensor design for the specific application. We developed
miniaturized thermal flow sensor designs for very different applications like a novel
gas meter, for the investigation of the air intake of combustion engines and an
extremely sensitive version for monitoring the flow of excess liquor cerebrospinalis
during hydrocephalus treatment. In the field of biosensors, good sensor
specifications are not sufficient for broad acceptance by the analytical equipment
industry. The needs of a complete analytical process have to be considered by the
sensor developer. For such purposes we established a cheap technology for the
production of miniaturized fluid handling modules based on dry photoresists [1]. The
flexibility of this technology allows the realization of complex structures needed for
analyte preprocessing.

1. Introduction

Because of their inherent advantages as low analyte consumption, quick response, and
cheapness, miniaturized sensors are very attractive for biomedical and many other
applications. Sensors intended for example for the survey of industrial processes or for
the monitoring of biomedical systems must fit perfectly into the specific system for
doing their job as good as possible. These biosensor systems have to fulfill many
different tasks as establishing the right environment for the sensor functioning, handling
of the analytes, linking the sensor signal to the information processing equipment. Only
a complete miniaturized sensor system will be acceptable for applications outside the
research labs.

Beside such system aspects, the sensor element itself must match to the specific
requirements of the intended use as good as possible. As a consequence, in some cases
completely different manufacturing procedures have to be used even for sensors based
on the very same technological concept. The presented examples of miniaturized
thermal flow sensors are good examples to demonstrate this influence.

2. Experimental

2.1 Dry film resist technology for miniaturized analyte handling modules

Dry films resists are available as etching resists and for solder masks (i.e. VACREL®).
The patterning of each resist layer is a three-step process: lamination, exposure,
developing (Fig. 1). The achievable aspect ratio is approx. 0.5, e.g. grooves with a
width of 100 um can be formed if the layer thickness does not exceed 50 pm. The walls
are not perpendicular to the surface but undercut at an angle of 15°. If structures higher
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than 100 um are desired, the process can be repeated using the same mask. We showed
that three-dimensional structures can be realized without special bonding techniques.
The complete process is illustrated in Fig. 1.

LAMINATION OF LAYER 1 EXPOSURE DEVELOPMENT

LAMINATION OF LAYER 2 EXPOSURE DEVELOPMENT

Fig. 1: Dry resist based manufacturing of a flow channel

The resist material must be cured after patterning of the last layer. This process consists
of a temperature step and a final exposure to UV light.

Many biosensors require perfect mixing of the analyte and some added agents to
produce accurate results. Miniaturized flow channels obstruct the mixing of fluids
because of their inherent laminar flow profiles. We designed a miniaturized Moebius-
type mixer [2] which on the one hand enhances the useful flow range and on the other
hand reduces the required dead volume.

2.2 Miniaturized flow sensors

2.2.1 Micro Flow Sensor Treatment of Hydrocephalus

This sensor (Fig. 2) is a part of a miniaturized all-silicon device for the aid of patients
suffering from hydrocephalus [3]. This device should measure the intracranial pressure
and automatically opens a shunt for excessive liquor cerebrospinalis if required. The
flow sensor serves for continuous monitoring and should detect reverse flow too. The
flow sensor was placed on a thin film membrane borne by a micro-machined Si
structure for highest flow sensitivity. A special mask alignment equipment that is
capable for mask adjustment related to structures at the backside of the wafer is needed
for the sensor manufacturing. This equipment is now available at MISZ laboratories.
The desired flow detection limit for this application, namely 50uL/h was experimentally
verified. It is planned to implement similar sensors in controlled drug delivery devices.

2.2.2 A sensor for the study of the air Intake of combustion engines

The air intake rate of a combustion engine is one of the key parameters needed for
optimizing the combustion process. To investigate the dynamic behavior of a suction
system, a useful flow sensor must offer quick response, high sensitivity, recognition of
flow direction, and a wide dynamic range. Miniaturized thermal anemometers, based on
thin film Ge thermistors, show a good compromise of the mentioned characteristics and
changing of the direction of flow could be achieved using two temperature sensors
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placed symmetrically to a thin film platinum resistor that represents the hot wire.
Thanks to miniaturization a response to changes of flow within one ms was obtained.
Prototypes of such flow sensors were successfully tested under simulated suction system
conditions.

Fig. 2: A thermal flow sensor placed on a SiNy micro bridge. Flow channel width
measures 1 mm. A thin film platinum resistor of 750 W is located in the mid of
two thin film Ge thermistors with a resistance of 56 kW.

2.2.3 Miniaturized thermal flow sensors for a novel gas meter

The gas meter concept uses the fluid oscillator principle, which is based on oscillations
of the flow velocity field inside an especially shaped flow channel. The frequency of the
oscillations increases in the range 0.1 to 100 Hz with increasing flow. The oscillation
frequency can be measured best with a pair of thin film thermistors.

There are some remarkable requirements for this applications: high reliability for long
term, service free operation (typical six to ten years), low power consumption for long
term battery powered operation, high sensitivity at low gas velocities, miniaturized
shape for undisturbed flow and simple incorporation, appropriate resistance values and
good pairing tolerance for simple data acquisition circuits. On the other hand, there are
no restrictions concerning the absolute accuracy and long term drift of the sensor
elements. After an extensive evaluation of the technological alternatives the producer of
the gas meter decided to use miniaturized self heated Ge thermistors placed on micro-
machined membranes on silicon chips as the key element for flow detection. The design
issues were minimum Si area and high thermal resistance for high flow sensitivity at
low power consumption.
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3. Conclusion

Miniaturized biosensors normally require an integrated analyte processing module to be
an acceptable sensor system for utilization. Dry film photoresists offer the possibility to
develop integrable fluid handling components in a very convenient way if modest
miniaturization is sufficient. To optimize the design of a miniaturized sensor for
integrability into a specific system is another successful way to make use of it. The
presented miniaturized thermal flow sensors are examples for that concept.
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This paper demonstrates applications of surface analysis techniques for the investi-
gation and characterization of materials and production processes. SIMS depth pro-
file measurements of implanted erbium in silicon demonstrate that high precision
measurements of low concentrations are necessary to assist implantation and simu-
lation groups. Measurements of potassium profiles in fullerene films were performed
to investigate diffusion processes in order to optimize material properties. Measure-
ments of the three dimensional distribution of trace elements in high purity molyb-
denum points out the importance of distribution analysis of raw materials for micro-
electronics.

1. Introduction

Surface analysis techniques play an important role for supporting material development
and process optimisation. One of the most common techniques is Secondary lon Mass
Spectrometry (SIMS). This is due to the high detection power of the method, the fact
that all elements are detectable and the possibility of registering two- and three dimen-
sional distributions of trace elements.

To support various investigations in the field of microelectronics, the performance of
analytical methods has to be increased. The actual questions of technology demand a
permanent development of the precision of measurements, especially at very low con-
centrations. The supervision of the implantation process stability by measurements of
depth profiles for erbium demonstrates the support of optimizing production processes.
Investigation of the implanted potassium distribution in Cg fullerenes supplies infor-
mation for the development of new materials. It will be shown that the determination of
trace element concentration is necessary for the development of high purity materials
like molybdenum.

2. Results

2.1 Erbium in Silicon

The 4f shell of rare earth elements is well shielded by the outer shell electrons. There-
fore these elements exhibit sharp and almost atom-like spectra when incorporated as
dopants in semiconductors and isolators. The emitted wavelengths practically coincide
with those observed for isolated atoms and depend only little on the host material.
Erbium implanted into Si produces rich spectra of sharp lines in photo- and also in
electroluminescence in a narrow spectral region close to 1,54 um. This wavelength
stimulates interest in Si:Er as a candidate for light emitting devices for fibreoptic com-
munication systems and also for on-chip and inter-chip optical data transfer.
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Investigations by high resolution photoluminescence and deep level transient spectros-
copy of Er-implanted silicon were made by Dr. Palmetshofer [1].

The 1on implantation of 320 keV (implanted by Dr. Palmetshofer, University Linz) and
2 MV (implanted in Guildford, UK) erbium in CZ and FZ silicon was performed at
room temperature with doses of 3,13-10" and 8,13-10" cm™. To determine the diffusion
coefficient of erbium in silicon, one series of the samples were tempered at 900 °C for
30 min in nitrogen.

The SIMS depth profiles of implanted erbium in silicon show no broadening of the
erbium implantation profiles during the temperature treatment. The maximum concen-
tration of erbium was about 2-10'® atoms per cm’, the profiles were Gaussian like. The
detection limit was lower than 1-10'° atoms per cm’. This indicates that there is no
significant diffusion of erbium at a temperature of 900 °C.

The profiles show no enrichment of Er at the surface, this indicates that Er does not
segregate during the annealing in samples with implantation doses below 10'* cm™.
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Fig. 1: SIMS erbium profiles of Si implanted with 2 MeV (2M3.13, 2M8.13) and
320 keV (320k3.12) Er” with doses of 3.13-10" cm™ (2M3.13), 8.13-10"* cm™
(2M8.13) and 0.312-1013 cm™ (320k3.12). All profiles show the expected
gaussian distribution.

Contrary to all expectations the profiles of the first measured 2 MeV samples were
channeling like. Further analysis shows that these profiles are not results of axial chan-
neling in [100] direction but of planar channeling. Probably this is the result of an incor-
rect implantation process. Renewed implantations did not show this behavior.
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2.2 Kin Fullerens

Films of chromatographically purified Cgy were prepared on silicon substrates by vac-
uum deposition. Ion implantation of 30 keV *’K* was performed at 300 °C in a vacuum
better than 10™* Pa. The depth profiles were measured using 5.5 keV O, primary ions.

CONCENTRATION (102" cM™3)
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Fig. 2: SIMS potassium profiles for Cg films implanted with 30 keV K" at room tem-
perature (1-10'®) and at 300 °C (1, 3, 5 and 10-10'® cm™).

Figure 2 shows the depth profile of **K* for samples implanted with 30 keV at room
temperature (1-10" cm'z) and at 300 °C (1, 3, 5 and 10-10"° cm'z). For room temperature
implantation, the experimental profile is Gaussian-like with a weak diffusion induced
tail at greater depths.

At 300 °C implantation temperature a peak appears in the tail region at about 100 nm,
and the K-concentration within the theoretical ion range is strongly reduced. An increase
of the dose leads to a subsequent increase of the peak at about 100 nm and to a slight
shift of its maximum into the depth. However, with increasing dose the K-concentration
in this region tends to saturate at a value of about 2-10*' cm™. A certain amount of K
diffuses out to the surface, but the diffusion into the depth is more pronounced. In all
samples more than 70% of the implanted atoms are found underneath a 70 nm surface
layer. Raman spectra indicate that there is a passivating a-C surface layer and the
accumulation of K is at the a-C/Cg interface. These structures may have useful
applications for new Tc superconducting devices on the basis of fullerenes which can be
handled on air [2].

2.3 Ultra pure Molybdenum

Due to the high heat resistivity molybdenum is used as sample holder for the MBE
process. During the MBE process trace elements with concentration below the ppm (part
per million) level diffuse in the sample, this results in contamination of the devices. The
use of ultra pure materials prevents this process. Not only the overall (bulk)
concentration is decisive for this diffusion, also the distribution and the chemical state
of the trace elements. Therefore the determination of the three dimensional distribution
is necessary for the development of functional materials.
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The material we investigated is 6N molybdenum, that means that the concentration of
all trace elements together is below 1 ppm (part per million). This material is used for
the production of MBE sample holders.

B
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K Na v
Concentration: 0.02 ppm Concentration: 0.04 ppm

Fig. 3: 3D-distributions of K (left side) and Na (right side) in high purity molybdenum
(6n purity). The K precipitates have diameters about 30 nm, the Na is concen-
trated in impurities with a diameter of about 1 pm.

The investigations indicates that the trace elements are concentrated in precipitates with
diameters depending on the measured element. There is no correlation between the dif-
ferent species, this indicates that these elements are not present due to contamination
during the production process.

3. Conclusion

Microelectronics is a continual challenge for modern material analysis. In many cases
improvements of well established analytical methods, like SIMS, is necessary to obtain
precise measurement results of the concentration of dopands and trace elements. This
knowledge makes the development of new processes and materials possible.
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FTIR Measurements of the Hydrogen
Concentration of SiN Layers

I. Jonak-Auer, R. Meisels, F. Kuchar
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We report on new very accurate Fourier Transform Infrared (FTIR) measurements of
the hydrogen content of amorphous silicon nitride (SiN) layers by evaluating the
corresponding absorption lines with the help of polynomial fits. Our measurements
show large differences in the hydrogen concentrations comparing layers which were
deposited by plasma-enhanced chemical vapor deposition with layers deposited by
thermal low-pressure chemical vapor deposition. The hydrogen content of the layers
can be successfully reduced by applying various annealing procedures.

1. Introduction

Amorphous SiN layers are essential for the semiconductor industry as an encapsulant for
silicon integrated circuits, as a diffusion barrier for H,O and sodium ions [1], as
passivation films, oxidation masks [2], gate insulators, and capacitor dielectrics [3].
Since the quality of SiN layers is highly dependent on the hydrogen content, the meas-
urements we present are very important for the semiconductor industry. Hydrogen in
SiN layers is chemically bound to Si and N, the source of hydrogen being the deposition
reactants NH,, SiH, and SiH,Cl,. If the hydrogen content in the layers is considerable, it
will affect such properties as film structure, etch rate, stress and moisture permeability
[4]. On the other hand, a certain amount of hydrogen in the films is desirable, because it
reduces the trap density by passivating silicon dangling bonds which improves the
device characteristics. Our measurements rely on the fact that the incoming IR radiation
excites stretching vibrations of the Si-H and N-H bonds in the SiN layer, which leads to
absorption lines in the MIR spectral region. The intensities of the absorption lines are
directly related to the hydrogen content of the layer, thus providing a fast and non-de-
structive method of determining the hydrogen concentration. In this study we present a
method of evaluating the N-H and Si-H absorption lines more accurately than it was
possible up to now, we compare the hydrogen concentrations of SiN layers deposited by
different processes and we also show how different annealing procedures influence the
hydrogen concentration.

2. Experimental

Our experiments were performed using a Bruker Fourier Transform Spectrometer IFS
113v with a Globar source, a KBr beamsplitter and a DTGS detector. In order to deter-
mine the areas of the absorbance peaks as accurately as possible we first measure a
transmission spectrum of the sample (SiN layer + Si substrate). To correct the data for
errors due to the absorption of the Si substrate itself we subtract a transmission spectrum
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of a pure Si wafer of the same thickness as the substrate of the coated wafer. From the
resulting transmission spectrum the absorbance is calculated by:

absorbance = - log (transmission)

In contrast to commercially available FTIR software and recommended procedures in
the literature [4], which in principle use linear baselines to evaluate the areas of the N-H
and Si-H absorbance peaks at 3350 cm-! and 2160 cm-!, respectively, we do a polyno-
mial fit of the spectral background outside the absorption lines. This yields a much
higher accuracy in determining the areas of the absorbance peaks and therefore the hy-
drogen concentration. Both cases are illustrated in Fig. 1, which shows a Si-H absor-
bance line evaluated with the linear baseline method (a) and with a polynomial fit (b).
While for the linear baseline method the areas are simply approximated by (I-I’)-Av, we
determine the areas between the absorbance line and the polynomial fit by integration.
Comparisons between the two methods of evaluation yield differences of up to 30%.

Fig. 1: a) Determination of absorbance area with the linear baseline method.
b) Determination of absorbance area with a polynomial fit.

In Fig. 2 the polynomial fit of Fig. 1 (b) is subtracted from the absorbance curve. The
resultant line shape can very well be fitted by a Gaussian curve (dashed line), a fact
which proves the high quality of the background fit.

SiN layers prepared both by plasma-enhanced chemical vapor deposition (PECVD) and
thermal low-pressure chemical vapor deposition (LPCVD) with thicknesses between 1.5
pm and 10 nm were studied. For the thermally deposited SiN layers we also studied the
influence of oxygen and nitrogen annealing procedures on the hydrogen concentration.
Especially for the thinner thermal layers high intensity-resolution and stability of the
measurement are essential since typical absorbance values correspond to changes in
transmission of down to only 0.01%. Since absorptions due to CO, and water-vapor in
the air also occur in the same spectral regions as the Si-H and N-H absorption lines,
thorough evacuation of the spectrometer is essential for obtaining correct results.
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Fig. 2: Polynomial fit subtracted from absorbance curve (solid line) and appropriate
Gaussian fit (dashed line).

In order to quantitatively determine the hydrogen concentration of SiN layers by FTIR it
is necessary to have calibration factors which allow the conversion between the intensity
of the absorption lines and the hydrogen concentration. One method of quantitative hy-
drogen concentration determination [4] is the resonant nuclear reaction

H + 15N — 12C + 4He + .

A beam of accelerated IS'N** ions impinges upon the SiN film and penetrates completely
through to the Si substrate. There is appreciable probability for reaction only at the pre-
cise energy of 6.385 MeV. Thus, if the sample is bombarded with ions at this energy, the
number of y rays measured to come from the sample is proportional to the hydrogen
concentration at the film surface. By increasing the energy of the ions a concentration
profile of hydrogen versus depth can be determined and therefore the total hydrogen
concentration can be measured. The total hydrogen concentration must then be appor-
tioned properly between the Si-H and N-H bands which show different absorptivities
(absorption per bond). The resulting equations, which relate the number of N-H and Si-
H bonds per cm? to the areas of the N-H and Si-H absorbance lines, respectively, are

[5]:

N-H _Areay y and Si—H _ Areag p
2 2

cm 53:107'8 cm 74:107"8
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3. Conclusion

The total hydrogen concentration in our PECVD layers varies between 1.3-1022 and
2.0-1022 cm-3, whereas the hydrogen concentration in the thermal LPCVD layers is much
smaller and lies between 4.5:1020 and 5.5-102! cm=3. In PECVD layers the number of N-
H bonds per cm? varies between 5.9-102! and 7.6-102!, while the number of Si-H bonds
per cm? is higher, namely between 5.8-102! and 1.4-1022 .Thermal LPCVD layers on the
other hand contain more N-H bonds than Si-H bonds: the number of N-H bonds per cm?
varies between 4.5-1020 and 5.8-102!, the number of Si-H bonds is approximately an
order of magnitude smaller than that of N-H bonds, but the Si-H lines are too weak to
allow a reliable quantitative evaluation. The effects of different annealing procedures of
thermal LPCVD layers on the hydrogen concentration are shown in Fig. 3: Oxygen
annealing reduces the hydrogen concentration more than nitrogen annealing, the
hydrogen concentration decreases from 5.9-102! cm- for the untreated layer to 1.0-102!
cm3 for the nitrogen annealed layer to 4.5-1020 cm-3 for the oxygen annealed layer. With
the presented FTIR method hydrogen concentrations of down to approximately 2-1020
cm can be measured if the layer thickness is about 100 nm. For very thin layers of the
order of 10 nm the detection limit is somewhat higher and lies at approximately 1-102!
cms3.
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Fig. 3: Dependence of N-H absorbance lines (polynomial fits are already subtracted) on

different annealing procedures for three samples (solid lines) and appropriate
Gaussian fits (dashed lines).
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Pattern Transfer of Nanostructures
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The target of the investigations reported here was the patterning of relatively thick
layers of sputtered carbon down to sub-pum structures by means of anisotropic reac-
tive ion plasma etching. A process could be successfully developed which permits
the preparation of carbon structures with an aspect ratio in excess of 1:4, using a thin
poly-silicon layer as an etching mask.

1. Introduction

Thin layers of carbon exhibit a broad range of electrical and mechanical properties,
depending on the processes used for their deposition. Their electrical resistivity may
range between insulating and fairly well-conductive, and their hardness may lie any-
where between the hardnesses of graphite and diamond. Carbon films are chemically
inert and therefore an excellent protective layer for surfaces that are subject to a corro-
sive environment or that must be biocompatible. All these properties make them an
interesting material not only for sensors and related applications but also for a variety of
purposes in some technological and micromachining processes. However, the prepara-
tion of small structures, particularly in thick carbon films, is not trivial: Wet-chemical
techniques fail due to the chemical inertness of the carbon films, and the classic lift-off
technique is hardly suitable for film thicknesses of the order of 1 um or more. There-
fore, plasma etching constitutes the only feasible ablative patterning method.

An obvious etching agent for carbon layers is oxygen plasma since the reaction products
are gaseous and volatile; no re-deposition of etched material may therefore occur. How-
ever, conventional resist materials are subject to an etch rate in oxygen plasma that is by
far greater than the etch rate of a dense carbon film. This prevents the preparation of
structures with a high aspect ratio because it would require a resist thickness that sig-
nificantly exceeds the thickness of the carbon film and therefore impedes the prepara-
tion of narrow lines. Hence, it is necessary to use a masking material for the etching
process that is not or not significantly affected by the oxygen plasma.

An attractive candidate for such a masking material is poly-silicon. Although it is also
oxidized by the oxygen plasma its masking properties do not deteriorate due to the oxi-
dation because the oxygen plasma hardly attacks silicon dioxide. Patterning by reactive
ion etching a thick carbon film down to sub-pm dimensions requires therefore a three-
step approach: (1) Deposition of a poly-silicon layer atop of the carbon film; (2) struc-
turing of the poly-silicon layer by a suitable lithographic process; and (3) transfer of the
structures in the poly-silicon layer into the carbon film by reactive ion etching.

' Academy of Sciences, SK-84237 Bratislava, Slovakia
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2. Experimental

The carbon films that were subjected to our etching experiments were generally very
dense, electrically well conducting layers with thicknesses of 1 — 2 um; they were pre-
pared by means of RF sputtering at the Academy of Sciences in Bratislava. Conven-
tional silicon wafers served as substrates. The poly-silicon etching mask film was also
deposited by RF sputtering; a thickness of 0.2 um proved to be sufficient for withstand-
ing the etching of a 2 um carbon layer. The poly-silicon mask was structured with a lift-
off technique; the resist patterns were defined by E-beam lithography. The subsequent
carbon etching took place in a Perkin-Elmer ECR-RIE-4000 plasma etcher at the Institut
fiir Allgemeine Elektrotechnik und Elektronik in Vienna, using pure oxygen as an
etching agent. In some experiments, the poly-silicon mask layer was subsequently
removed in the same vacuum process by etching with CF,4 + SF¢ (Fig. 1).

Poly-Si 0.2um) (a) (b)

Resist (1 pm)

Si Substrate

Si Substrate Si Substrate

Fig. 1: Structuring of carbon films: (a) after deposition of the poly-Si mask layer;
(b) after lift-off; (c) after anisotropic RIE-etching of the carbon film; (d) after
removal of the poly-Si mask layer.

Fig. 2: Etched carbon structures on a silicon substrate.
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By a proper choice of the process parameters, very steep sidewalls of the carbon struc-
tures could be obtained, with only a slight intentional underetching whose extent could
be adjusted with the process parameters (Figs. 2 and 3).

Fig. 3: Etched carbon structures with the poly-Si mask layer still on top.

Further optimization of the process permitted the preparation of structures with an
exceedingly high aspect ratio, virtually vertical sidewalls, and a lateral resolution down
to 0.2 um or less (Fig. 4).

133614 18KY X15.68K 2.80un

Fig. 4: High aspect ratio carbon structures after the removal of the poly-Si mask layer.
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3. Conclusion

Our investigations show that sputtered carbon layers with thicknesses of several micro-
meters may be patterned down to a few tenths of a micrometer by reactive ion etching
using a poly-silicon etching mask. The ratio between anisotropic and isotropic etching
can be varied over a broad range by a variation of the process parameters. It is therefore
possible to obtain a practically totally anisotropic etching behavior and very steep
structures with an aspect ratio of up to 1:20. This permits the preparation of sub-um
carbon structures for a variety of electronic and micromechanical devices.

It should be noted that the deposition of the carbon films is crucial for the entire process:
Special sputtering techniques are required to reduce the stress in the deposited layers
that otherwise would lead to fractured edges of the etched structures and to the for-
mation of residues where the film ought to be removed. Without stress reducing proc-
essing, such effects occur at or above a carbon film thickness of 1 um. The deposition
process developed at the Academy of Sciences in Bratislava currently guarantees stress-
free deposition of 4 um thick carbon films; it is planned to extend the feasible carbon
film thickness range to 10 pm.
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The availability of ultrabroad-band sub-10 fs optical pulses from Ti:sapphire laser
oscillators allows 0.1 TW-scale pulse generation from compact kHz-rate amplifiers.
The amplified sub-20 fs pulses can be compressed below 5 fs using novel techniques
for self-phase modulation and dispersive compression. The resultant high-power
light pulses comprising less than two oscillation cycles within their intensity-FWHM
open up new possibilities in strong-field physics including the study of reversible
nonlinear optical processes in solids beyond the 10'* W/cm? intensity level.

Despite the unmatched results in extreme ultrashort pulse generation with
Ti:sapphire since a few years alternative laser materials are under investigation in
order to achieve an all-solid-state laser design. The generation of 14 fs pulses from a
KLM-modelocked Cr:LiSAF (60 mW average output power) and a similar
Cr:LiSGaF laser (100 mW) is reported representing the shortest femtosecond pulses
with the highest average power ever produced out of Cr-doped colquiriite laser crys-
tal oscillators.

1. Introduction

The development of novel broadband solid-state laser materials along with concomitant
advances in ultrafast all-optical amplitude modulation techniques has resulted in the
emergence of a new generation of femtosecond sources over the last few years. Tita-
nium-doped sapphire has been the most successful gain medium among a number of
vibronic solid-state laser materials because of its broad bandwidth (approximately
200 nm FWHM centered at 800 nm) and excellent mechanical and thermal characteris-
tics [1]. The discovery of Kerr-lens mode locking (KLM) [2] and novel means of intra-
cavity dispersion control [3] have opened the way to an efficient exploitation of the
enormous optical bandwidth of Ti:sapphire for ultrashort pulse generation.

Soon after the first dispersion-controlled KLM Ti:sapphire lasers had been put into
operation it was recognized that system performance critically depends on the band-
width Avgpp over which the overall (negative) cavity group delay dispersion (GDD) is
approximately constant [4], [5]. This finding led to the development of Ti:sappire oscil-
lators using fused silica prisms [6] introducing the lowest cubic phase dispersion and
allowing sechant-hyperbolic-shaped pulses down to 15 fs in duration. Further pulse
shortening could be made possible by employing aperiodic (chirped) multilayer dielec-
tric mirrors for intracavity dispersion control [3]. Specifically designed chirped mirrors
have been capable of introducing a nearly constant negative GDD over a wavelength
range significantly exceeding the largest Avgpp achievable with prisms. As a result,
mirror-dispersion-controlled (MDC) Ti:sapphire lasers can produce high-quality nearly-
transform-limited pulses down to 7.5 fs in duration [7] (Fig. 1). The spectrum of these
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pulses can be centered at 790 nm with a time-bandwidth product of ~0,4. The use of
dispersion engineered mirrors instead of prisms for GDD control also improves com-
pactness and the reproducibility of system performance. This is because in MDC sys-
tems the net intracavity GDD (and hence pulse duration) is insensitive to resonator
alignment, in strong contrast to prism-controlled systems.

CM, LiSAF/LiSGaF CM,

Fig. 1: Typical setup of a MDC femtosecond oscillator

When pursuing the ultimate goal of a really compact all-solid-state femtosecond laser
system direct diode pumping of the laser material is a challenge. Thus, during the last
years several Cr-doped colquiriite crystals like LICAF, LiSAF, LiSGaF and others being
known already since longer time [8], [9] have invoked new interest because of the
availability of new red (670 nm) high power (~500 mW) laser diodes. The insights of
optimum laser resonator design for the Ti:sapphire laser have been transferred success-
fully to the Cr-doped lasers by a number of authors [10] — [13] yielding so far only
pulses in the 40-fs region as long as usable average output power is considered to be an
essential feature (>50 mW).

Chirped mirrors as they have been developed for the Ti:sapphire laser proved to be too
lossy for resonators containing the lower gain Cr-doped media. Hence, dielectric Gires-
Tournois mirrors (GTM) have been developed causing lower losses due to a smaller
penetration depth of the radiation within the structure. Their GDD is relatively high and
adjustable but highly nonlinear hardly allowing to break the 40-fs pulse limit. Only
recently, new dielectric materials and further optimized layer sequences allowed to cre-
ate chirped mirrors which could be employed as straightforward as in the Ti:sapphire
lasers [14] yielding pulse durations in the sub-20 fs regime at reasonable average powers
as it will be reported later in more detail.

The present sub-10 fs MDC-KLM Ti:sapphire oscillators are ideally suited for seeding
high-power femtosecond amplifier systems. The extremely broad bandwidth (=120 nm)
of the emitted sub-10 fs pulses centered at the gain peak of Ti:sapphire allows the
implementation of chirped-pulse amplification (CPA) in a fairly simple and compact
system. This is because, due to their ultrabroad bandwidth, the seed pulses can be sub-
stantially broadened by introducing a relatively small amount of GDD. In fact, the pulse
duration increases to several picoseconds upon passage through the usual system com-
ponents used for isolation and pulse selection. Additional broadening up to tens of pico-
seconds can be readily induced by introducing a piece of highly dispersive SF57 glass
(Schott) without adding notable complexity. In the following, it will be depicted how
5 fs pulses could be generated by further amplification and an optimized pulse com-
pression technique.
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2. Sub-TW Pulse Generation

The pulse energy can be boosted beyond the millijoule level in a single-stage 8-pass
“bow-tie” amplifier without excessive nonlinearities emerging in the amplifier crystal.
Owing to the moderate amount of positive GDD to be compensated for, pulse recom-
pression following amplification by a simple and high-throughput (=80 %) double-prism
sequence. The residual high-order phase dispersion of the system (up to fourth order) is
eliminated by specially designed chirped mirrors. The absence of an extra pulse stretcher
and lossy diffraction gratings significantly reduces system complexity and (indirectly)
gain narrowing, respectively, as compared to conventional CPA systems. The described
system currently produces 20 fs pulses beyond the millijoule level at a repetition rate of
1 kHz [15]. This performance comes in combination with excellent stability, pulse
energy fluctuations are less than +3 %.

The high-power 20 fs pulses can be uniformly self-phase modulated across the beam
profile in a microcapillary filled with some noble gas, as recently proposed and dem-
onstrated (with 140 fs seed pulses) by M. Nisoli, S. DeSilvestri, and O. Svelto [16].
Suitable choice of the nonlinear medium (Kr, Ar, Ne, etc.), the channel diameter of the
fused silica capillary, the length of the hollow waveguide, and the pressure of the noble
gas allows controlling spectral broadening and the output beam profile. The pulses exit-
ing the waveguide are propagated through an ultrabroad-band high-throughput disper-
sive system providing nearly optimum chirp compensation over the wavelength range of
650 — 950 nm [17]. Key components of the dispersive delay line include AR-coated thin
fused silica wedged plates and chirped mirrors designed and manufactured by R.
Szipocs and K. Ferencz at the Research Institute for Solid State Physics in Budapest
(Hungary). This compressor currently delivers 0.25 mJ, 5 fs pulses, which are focusable
to intensities beyond 10'” W/cm? representing the world’s shortest optical pulses.

The entire setup consisting of the MDC oscillator, multipass amplifier, recompression
stage, and pump sources occupies an area of approximately 2 m” on the optical table.
This compactness combined with the ruggedness and reliability of solid-state compo-
nents make this system a versatile tool for a broad range of experiments in nonlinear
optics and related fields. Furthermore, the unique performance described above holds
out the promise of pushing the limits of nonlinear optics.

3. Prismless Cr:LiSAF and Cr:LiSGaF Lasers

It was a great challenge to improve the technology of dielectric chirped mirrors so as to
make them suitable for LiSAF and LiSGaF lasers. New types of low loss chirped mir-
rors have been developed at the above mentioned Solid-State Physics Institute, Buda-
pest, involving new dielectric layer materials with different steps of the index of refrac-
tion. New algorithms allowed further optimization of the dispersion properties, both
aspects currently being filed for patent.

In this paper, we report the shortest, to our knowledge, pulses obtained in MDC-mode-
locked Cr:LiSAF and Cr:LiSGaF lasers of a duration of 14 fs at the substantial output
power for Cr-lasers of 100 mW at 1.6 W incident 647 nm power.

Having optimized the net intracavity GDD by taking the measured dispersion data for
LiSAF and LiSGaF crystals into account, a most simple and compact resonator design
has been realized. The cavity is a standard X-cavity, consisting of only two curved (R =
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100 mm) dispersive mirrors, the active medium, a high reflector end mirror and an out-
put coupler varying from 0.4 to 2.3 %. The Cr:LiSAF crystal used had a length of
2.8 mm and 0.8 % Cr content, the Cr:LiSGaF crystal was 4 mm long with 0.75 % of Cr.
The implemented dispersive mirrors exhibited a maximum GDD of ~80 fs” (Fig. 2).

\ s s s s 800 850 900 950
40 -20 0 20 40 Wavelength, nm

Time delay, fs

Fig. 2: Interferometric autocorrelation trace and spectrum of the shortest pulses out of a
Cr-doped laser

The autocorrelation trace and the measured spectrum of the mode-locked laser pulses
centered around A = 880 nm and having a bandwidth FWHM of 70 nm allow to calcu-
late a duration of 14 fs and a time-bandwidth product ATAv = 0.32 using a sech® pulse
shape fit indicating nearly transform limited pulse quality.

As a next step efficient diode pumping of this oscillator will be realized involving at
least 4 of the presently available moderate power AlGalnAs array diodes emitting
~500 mW. After this is realized the Cr-doped colquiriite laser could be an interesting
more compact alternative for some applications to the well established Ti:sappire fem-
tosecond laser oscillator.

4. Conclusion

In conclusion, we demonstrated the first successful realization of 5 fs (< 2 optical
cycles) laser pulses of 0.25 mJ energy via compression of amplified pulses originating
from a MDC Ti:sappire oscillator and being self-phase modulated in a microcapillary.
These pulses are focusable to intensities beyond 10'7 W/m® and may be capable of
pushing the current limit of coherent X-ray generation by laboratory scale experiments
to shorter wavelengths than 6 nm reaching the important water window.

Furthermore, we showed what is to our knowledge the first generation of nearly trans-
form-limited 14 fs pulses from prismless KLM Cr:LiSAF and Cr:LiSGaF lasers having
average powers of up to 100 mW. The laser setup is characterized by extreme compact-
ness, comprising only two dispersive mirrors, replacing conventional cavity mirrors,
giving rise to high stability of the mode-locked operation.
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