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The Society for Microelectronics
(GMe — Gesellschaft für Mikroelektronik)

E. Gornik, K. Riedling
Gesellschaft für Mikroelektronik,

c/o Institut für Allgemeine Elektrotechnik und Elektronik, TU Wien
Gußhausstraße 27 – 29, A-1040 Wien

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 Austria. The GMe defines its tasks
as follows:

• Support of university-based “high-tech” research in the areas of microelectronics,
semiconductor technology, sensors, and opto-electronics;

• Construction and operation of research facilities;

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

The central task of the GMe is to provide an internationally competitive infra-structure
in the area of microelectronics technology. The GMe allocates funds to maintain re-
search projects in the fields of semiconductor technology, sensors, opto-electronics, and
ASIC design. Thus the infra-structure support generates a base for research projects that
are funded by other funding agencies.

2. Activities of the Society
The present focal point activities of the GMe are:

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

• Design of application specific integrated circuits (ASICs) — UNICHIP and TMOe.

2.1 Microelectronics Technology — Cleanrooms Vienna and Linz
The main task of the GMe in the area of microelectronics technology is the operation of
cleanroom laboratories in Vienna and Linz. In 1992, the GMe coordinated the construc-
tion of the Microstructure Center (MISZ — Mikrostrukturzentrum) in Vienna; the funds
were supplied by the Austrian Federal Ministry of Science and Research. The MISZ
Vienna finished construction by the end of 1993 and went into operation in June 1994.
The GMe now finances a significant part of the operation costs for the cleanroom labo-
ratories in Vienna and Linz.
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The following university institutes receive support within this focal point activity:

• TU Wien:

− Institut für Festkörperelektronik

− Institut für Allgemeine Elektrotechnik und Elektronik

• Johannes Kepler Universität Linz:

− Institut für Halbleiterphysik

− Institut für Experimentalphysik

− Institut für Mikroelektronik

2.2 Application Specific Integrated Circuits (ASICs) — UNICHIP and TMOe
These activities of the GMe are closely linked to the requirements of the Austrian in-
dustry: Based on groups at the Technical Universities in Graz and Vienna (“UNICHIP”),
and using equipment and software that were purchased from GMe funding, two major
actions have been pursued now for more than a decade: (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 lead-
ing role in Austria. The UNICHIP groups also have a long-standing tradition in Euro-
pean cooperation; many years before Austria joined the EU, they participated in the
“EUROCHIP” European project; currently, they are involved in the “EURO-
PRACTICE” 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 Österreich (TMOe). The TMOe receives separate funding
from various federal and regional sources; the GMe acts as a mediator between the two
federal ministries that provide basic funds, and the TMOe. The TMOe includes the fol-
lowing university institutes:

• TU Wien:

− Institut für Allgemeine Elektrotechnik und Elektronik (*)

− Institut für Computertechnik

− Institut für Technische Informatik

• TU Graz:

− Institut für Angewandte Informationsverarbeitung und Kommunikationstechno-
logie

− Institut für Elektronik (*)

• Johannes Kepler Universität Linz:

− Institut für Systemwissenschaften

Since only the original UNICHIP institutes marked with “*” in the list above got direct
funding from the GMe, the other institutes included in the TMOe activity are out of the
main scope of this report.
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2.3 Microsensors and Other Projects
Microsensors are the most important among the remaining individual projects that re-
ceived some GMe support. Projects carried out at the following institutions obtained
GMe funding in 1997:

• TU Wien:

− Institut für Allgemeine Elektrotechnik und Elektronik

− Institut für Analytische Chemie

• Montanuniversität Leoben:

− Institut für Physik

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 “know-how”
between Austrian universities and industry. As an example, the GMe supplied editorial
articles to an Austrian publishing house that targets its magazines on the management
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.

To enhance the distribution of the results of the research work done with GMe support,
the GMe has put the contents of its previous annual reports — 1995 and 1996 — on its
Web server; this will also happen for this report. Although we did not explicitly adver-
tise on a larger scale the existence of this server and its contents, it has apparently been
fairly well accepted by the international community. Access statistics in operation since
November 1997 show an average access count of 3 per day; however, an amazingly
large percentage of these accesses — close to 50 per cent — originates from net do-
mains outside Austria. About one quarter of the visitors of the GMe’s web site visited it
more than once. The GMe Web server is available under the URL:

http://www.iaee.tuwien.ac.at/gme/
Finally, the GMe prepared and carried out the biennial seminar “Grundlagen und Tech-
nologie elektronischer Bauelemente” in Großarl, Salzburg, which took place in March
1997. The seminar has first been held in 1977; since 1987, the GMe contributes finan-
cial support, and since 1993, the Society acts as its main organizer. The 11th Großarl
seminar presented seven main lectures given by international experts, and 20 short con-
tributions, which resulted from work supported by the GMe. The program of this semi-
nar is included in the appendix of this report. Currently, the GMe considers a major re-
structuring of the seminar that should address the Austrian and foreign industry to a
greater degree, in conjunction with changing its venue. The next seminar is due in the
spring of 1999; the first preparations are already on their way.
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Cleanroom Vienna
G. Strasser

Institute of Solid State Electronics &
Center of Microstructure Research (MISZ), Techn. Univ. Vienna

A-1040 Vienna, Austria

In this report we describe the main activities in the cleanroom of the MISZ. Not in-
cluded into this paper are activities directly sponsored by the same society (GMe)
which, thus, have their own reports. Since 1995, in the cleanroom of the MISZ 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 Insti-
tute of Solid State Electronics maintains several collaborations with national and in-
ternational research institutions and companies by providing them with epitaxial lay-
ers (III-V-compounds). A second main research topic is the production of micron
and sub-micron devices down to nanometer scale. Patterned masks for optical lithog-
raphy are also provided to different institutions.

1. Introduction
Since 1995, the cleanroom of the MISZ is operated and maintenanced 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 as lithog-
raphy, structuring (different etching techniques), planarization and metallization of the
different layers and, finally assembling of the different optoelectronic devices are per-
formed on a routine basis. Production of patterned masks is part of the cleanroom facil-
ity as well as the deposition of dielectric materials by chemical vapor deposition (PE-
CVD). Supplementary to the normal operation and maintenance of the cleanroom and
the cleanroom equipment, additional equipment has been installed. Testing of the clean-
room quality and adjustment of parameters (laminar air flow, filters, cooling, humid-
ity…) is done continuously.

During 1997, new equipment was installed in the cleanroom of the MISZ. In detail, an
electrochemical CV profiler to measure doping versus thickness profiles was installed
and supplied with an additional photovoltaic spectrometer to determine Aluminum con-
centrations of AlGaAs layers. A UHV system to outgas Knudsen cells and fire pBN-
crucibles is under construction. A second spinner including hot plates was installed to
spin on photosensitive polyimide. This enables us to produce mesas down to 1 µm with
standard optical lithography.

The cleanroom is a necessary tool to manufacture state of the art devices. In the follow-
ing we will describe all projects within the Institute of Solid State Electronics performed
in this cleanroom.
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2. Research Activities

2.1 Experimental Investigation on Grating Coupled Twinguide
Semiconductor Lasers

(W. Schrenk, N. Finger, A. Köck, M. Haider, M. Socher, E. Gornik)

The demand on semiconductor lasers with determined emission wavelength and/or con-
tinuous tunable emission wavelength caused different sophisticated laser concepts. The
concept to be investigated is a grating coupled twinguide laser. The two waveguides are
the active laser waveguide and a passive waveguide on top of a conventional Fabry-
Perot laser structure. The two waveguides with different optical properties are coupled
via a grating contradirectional only for one determined wavelength. This mechanism
acts as a strong wavelength filter in the laser cavity. Therefore the emission wavelength
should not drift dramatically with temperature as typical for Fabry-Perot lasers.

Fig. 1: Ridge with grating (schematic).

Fig. 2: Schematic view of a ring laser.

Thus, narrow ridge lasers with gratings on the top of the ridge are needed. This problem
is solved for ridge widths down to about 1 µm and grating periods of several 100 nm.
The second step is to add the passive waveguide on a special laser structure with a thin
top cladding and to investigate the filter characteristic of the grating coupled waveguides
in respect to the theory. This can be done by a test structure with short grating length.
Consequently, a ring laser allows the demonstration of the wavelength selection. It
should be possible to reduce the mirror-reflectance of the cleaved or etched mirrors to
show laser operation based only on feedback via the passive surface waveguide. The
technology for etched laser mirrors is also present. The emission wavelength should be
tunable by changing the optical properties of the passive waveguide e.g. via the thick-
ness of the passive waveguide. By adding some asymmetry it should also be possible to
force light circulation in only one direction in the ring laser. After showing the coupling
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mechanism with the ring laser the laser concept must be designed for good efficiency.
This would probably be no ring laser but a laser with a grating extended over the full
laser length and emission at one antireflection coated laser facet while the other facet
could be a metallized mirror.

2.2 Fabrication of Vertical-Cavity Surface Emitting Laserdiodes
(T. Maier, W. Smola, G. Strasser, E. Gornik)

With the insertion of a carbon doping source in our MBE system at the beginning of the
year we began to grow our first laser structures. To facilitate the characterization of the
optical and electrical properties of our samples we used a high-quality GaAs/AlGaAs-
DH laser structure received from an external source as a laboratory standard. This
structure was grown five times, both LED and broad-area laserdiodes were fabricated,
and compared to the standard-devices. The increasing cleanness of the MBE system and
optimization of the doping levels brought a continuous improvement. Sample #4 was
the first to show laser operation, sample #5 displayed thresholds and efficiencies that
were at least equal to our standard sample (Fig. 3).
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Fig. 3: LI- characteristics of our first broad-area laser diodes compared to a standard
device.

The VCSEL structures were grown on n-doped substrates and comprised an n-doped
AlGaAs/AlAs bragg-mirror and a DH-GaAs/AlGaAs diode as an active layer. The top
mirror was deposited after MBE growth by PECVD and consisted of typically 11 pairs
of SiO/SiN. This technique allows a much higher flexibility in the fabrication of the
VCSELs compared to the usual all-epitaxial structures, especially the possibility of a
post-growth tuning of the resonator to obtain perfect matching of the laser mode and the
gain peak.
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Fig. 4: Reflectivity of an MBE grown VCSEL-structure and that of the SiO/SiN top-
mirror.
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Fig. 5: LI-characteristic of a 7 µm diameter VCSEL with the mirrors shown in Fig. 4.

Figure 4 shows the measured reflectivity of a MBE grown structure together with a cal-
culation. The good accordance underlines the high degree of thickness control during
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MBE growth that has been achieved. Also shown is the measured reflectivity of a di-
electric SiO/SiN top-mirror, reaching values of 99 %, thus fulfilling the demands for
VCSEL mirrors.Figure 5 shows the LI-plot of a VCSEL with a 7 µm aperture, measured
at a repetition rate of 10 KHz and a duty-cycle of 1 %. The lasing wavelength was 870
nm. The high threshold current densities of approximately 20 KAcm-2 are probably due
to a poor current spreading in the p-doped contact layers, resulting in a small mode-gain
overlap. By optimizing the doping levels in these layers threshold is expected to be fur-
ther reduced.

2.3 Single-Mode and Single-Beam Surface Emitting Laser Diodes in the
Visible Regime

(P.O. Kellermann, A. Köck, N. Finger, E. Gornik)

The surface-mode-emission technique (SME) was successfully applied in the visible red
wavelength regime to achieve a single-beam emission via the surface with low beam
divergence (0.16° × 10°) as well as a single-mode emission in AC and in DC operation
with a minimum spectral linewidth of 0.07 nm. The highest sidemode-suppression
achieved in AC operation is 19 dB (Fig. 6). With the SME concept the characteristics of
a horizontal cavity laser diode (wavelength, emission angle) can be adjusted by chang-
ing only the surface parameters (waveguide’s optical thickness, grating period). An op-
timization of these red GaInP/AlGaInP SME laser diodes towards higher surface emitted
power and higher sidemode suppression by contradirectional coupling between the sur-
face- and the lasermode is planned. A diversification of the SME concept to the green
regime is under progress, but at present the devices suffer from substantial heating.

Fig. 6: Single-mode emission spectra of a red SME laser diode in AC operation on the
left side and in DC operation on the right side.
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The first application of a SME laser diode was realized in high resolution radiography
using radiochromic film as dosimeter medium. The readout of the film implements ra-
diochromic film dosimeter near the film’s absorption maximum by using a SME laser
diode (675 nm). At 675 nm the effective sensitivity of the film is approximately three-
fold higher than at 633 nm (helium-neon laser densitometer). Very good accuracy, high
spatial resolution, and simple assembly of the readout system has been achieved. The
beam profiles of the different collimator helmets of the Leksell Gamma KnifeTM (Elekta
Inc., Sweden) installed at the University of Vienna, Department of Neurosurgery, were
determined experimentally. Shape and full width at half maximum of the profiles obvi-
ously correspond with the computer generated data of the dose planning system. The
output factor of the collimators, essential for the application of well defined doses, was
checked. The inquiries established an output factor of the 4 mm collimator that lies
9 % ± 1 % lower than the adjusted one.

Fig. 7: Measured beam profile of the 4 mm collimator helmet of the Gamma KnifeTM in
comparison to the computer generated data.

2.4 Investigations on Surface Emitting LEDs by Surface Plasmons and
Guided Waves

(S. Gianordoli, A. Köck, E. Gornik)

Excitation and light emission of surface plasmons (SP) represent a method to improve
LED performance. To exploit the SP-technique the surface of the investigated LEDs
was periodically structured and coated with different metal films. The dependence of the
quantum efficiency (QE) and the radiation behavior on the thickness of different metal
films (Au, Ag, Al) on cross and hexagonal gratings were investigated. The lowest beam
divergence was obtained from a 40 nm thick Ag film on a hexagonal grating and is 17°.



Cleanroom Vienna 17

The QE for this LED is only 0.22 % due to the reflection of the Au film back into the
substrate. The QE without a metal film is 1.4 % to 1.44 %. In addition, photoresist (PR)
was spin coated on the metal to stimulate also waveguide modes to increase the QE. The
beam divergence broadened but the QE increased to a maximum of 1.37 % for a hex-
agonal grating with 10 nm thick Au and a 250 nm thick PR-film. In the slope of -30° to
30° the QE is 1 % higher than without metal and PR.

To cancel the decrease of the QE due to the metal backscattering a Bragg-mirror has to
be integrated on the substrate side of the LEDs. Together with an optimization of the PR
thickness the QE also can be increased.

Fig. 8: Quantum efficiency as a function of gold thickness; the right side shows a far
field pattern of the LED.

2.5 Time Resolved Temperature Mapping in Silicon-On-Insulator Smart
Power Devices

(N. Seliger, D. Pogany, C. Fürböck, M. Stoisiek, P. Habas, E. Gornik)

Silicon-On-Insulator (SOI) by Direct Wafer Bonding has become an attractive technique
for the fabrication of smart power devices. Self-heating effects in such structures are,
however, more critical compared to bulk devices due to a reduced heat removal across
the buried and trench oxides. We have developed an optical interferometer technique
which allows measurements of the transient temperature variations inside and outside
the SOI well of these devices. The temperature variation in the Si layer is monitored by
the intensity change of an infrared laser beam (λ = 1.3 µm) which is focused on the de-
vice from the top side (Fig. 9a). A homogeneous temperature increase ∆T in the Si layer

of the thickness L causes an increase in the optical thickness ∆ ∆L dn
dT

T LOPT = ⋅ ⋅  due to

the thermooptical effect (dn/dT is the temperature coefficient of the refractive index).
Light absorption in the highly doped substrate causes that only the temperature induced
variation in the optical thickness of the SOI layer is detected via the reflectivity changes
of the Fabry-Perot (F-P) resonator formed by SiO2 passivation layer/Si layer/SiO2 buried
oxide/Si substrate (Fig. 9b).
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Fig. 9: a) Cross section of LDMOSFET with the laser beam indicated; b) Top view of
the device with marked laser beam measurement positions.

Fig. 10: Intensity signal measured on LDMOSFET and the corresponding temperature
function evaluated from the experiment. The inset shows the calculated Fabry-
Perot reflectivity as function of temperature for the SiO2/Si/SiO2-multilayer in-
herent in LDMOSFET.

Heating in the Si active layer is induced by applying short pulses of 20 µs to 100 µs
from 0 to 12V to the gate under various drain-to-source biases. From the intensity sig-
nals (Fig. 10) measured on different positions we can obtain values for the temperature
increase within the device and outside the device.

The temperature from experiment agrees well with results from simulation (Fig. 11).
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Fig. 11: Peak temperature measured and simulated at different lateral positions (see Fig.
9b) outside the well (Finite Element Simulation by ANSYS).

2.6 Internal Characterization of IGBTs Using the Backside Laser Prober
Technique

(C. Fürböck, N. Seliger, R. Thalhammer, G. Wachutka, E. Gornik)

Insulated Gate Bipolar Transistors are MOS gated devices which have a high turn-off
capability of large current densities in the case of short circuit. Laserprober experiments
have been performed on 2nd generation SIEMENS IGBTs. To make the transistor ac-
cessible to the laserprober technique the collector metallization on the backside has to
be prepared. To provide a vertical bipolar current flow, the IGBT has a thin p-doped
layer on the backside (see Fig. 12).

Fig. 12: Principle of backside laser-prober technique applied to the IGBT.
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Because of this a mechanical removal of the collector metallization is not possible. A
newly developed wet-etching technique provides the possibility to remove parts of the
metallization film without etching the silicon. Windows of 70 µm and 90 µm in square
are defined, and etched in a two-step process. To avoid multiple reflections within the
substrate, an antireflection coating consisting of SiN is deposited in the window area.

In the experiments short circuit case 1 is investigated. A high collector-emitter voltage is
applied to the device and the gate is switched to UGE = 15 V for τ = 10 µs. To provide
sufficient cooling between the pulses a pulse period of 95 ms is chosen. The voltage UCE
is varied from 50 to 300 V.

Fig. 13: Transient phase shift under short circuit operation with collector emitter volt-
ages as parameter and a pulse duration of 10 µs. The inset shows the integral
temperature change.

In collaboration with the Lehrstuhl für Technische Elektrophysik a simulation of the
IGBTs has been performed. The effect of the window in the collector contact metalliza-
tion on the device behavior was investigated. To distinguish between the signal contri-
bution from the free-carrier and temperature modulation, we made measurements at a
low collector-emitter voltage VCE. The contribution from the free carrier concentration
is in the range of a few mrad. Hence, it can be neglected at higher power dissipation
conditions. Results for this second regime (short circuit operation under high emitter-
collector voltage) are shown in Fig. 13. The phase shift is approximately proportional to
the total heat dissipated inside the device. From the phase shift an integral temperature
change is calculated using the temperature dependence of the refraction index dn/dT =
1,6⋅10-4 K-1. The results are compared with the values from DESSIS simulation, and
good agreement has been found.
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2.7 Optical Testing and Study of Thermal Effects in Semiconductor
Devices

(D. Pogany, C. Fürböck, N. Seliger, E. Gornik, S. Kubicek, T. Lalinsky)

A noninvasive infrared laser interferometric technique is used to analyze 0.1 µm test
technology NMOSFETs and 0.5 µm technology bipolar junction transistors and PMOS-
FETs from the back side. The functional state and self-heating effect in the devices are
probed by measurements of the optical phase changes caused by the free carrier and
thermo-optical effects. The optical signal is studied as a function of bias conditions,
device operation frequency and lateral distance from the device (Figs. 14 and 15).

Fig. 14: Phase shift due to the free carrier effect as a function of the gate bias. The
dashed line shows the simulation data.

Fig. 15: Phase shift as a function of distance from the emitter of a bipolar transistor. The
dashed lines are the simulation results.
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Numerical simulation based on the optical characteristic matrix representation for a
multilayer system is performed to calculate the free-carrier induced phase shift in MOS-
FETs. The thermo-optical signal is modeled using a Fourier solution of the heat con-
duction equation and a simple geometric optic approach. The experiments are in good
agreement with the simulations and shows the applicability of the laser method to test
VLSI circuits.

Fig. 16: Time dependencies of optical intensity for two power values. The laser beam is
placed in the sensor active area.

Fig. 17: Optical intensity as a function of dissipated power. The laser beam is positioned
on the Schottky diode.
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Thermal characteristics of GaAs power sensor microsystem consisting of two cantilever
beams are studied by the infrared optical interferometer. Spatial temperature distribution
on the cantilever, thermal time constant and power temperature characteristics of the
sensor are obtained from time resolved measurements of thermally induced Fabry-Perot
optical reflectivity changes (Figs. 16 and 17). A method based on mathematical analysis
of the Fabry-Perot intensity peaks is developed to calculate the temperature as a function
of time and power. The method is also used to calculate the temperature evolution in
smart power devices prepared on silicon-on-insulator (SOI) substrates.

2.8 Low Temperature BEEM Studies on InAs/GaAs Heterostructures
(R. Heer, J. Smoliner, G. Ploner, G. Strasser)

Ballistic Electron Emission Microscopy (BEEM) has been used to perform low tem-
perature studies on MBE grown InAs/GaAs heterostructures. BEEM is a three terminal
technique where electrons tunnel between a STM tip (Scanning Tunneling Microscope)
and a thin metal-film evaporated on a semiconductor such as Si or GaAs, schematically
shown in Fig. 18. The third electrode on the backside of the sample is used to measure
the amount of electrons which cross the metal film ballistically and penetrate into the
semiconductor.

Originally, BEEM was applied to determine fundamental semiconductor properties such
as metal-semiconductor barrier heights, band structure, and hot electron transport ef-
fects. Later, BEEM measurements were used to probe subsurface properties of the in-
vestigated samples and quantum confined states in a GaAs/AlGaAs double barrier were
detected directly. Quantum wires and recently super lattices have also been studied by
BEEM.

Fig. 18: Schematically set-up of a BEEM experiment, (a): Band diagram (b): Instru-
mentation.

BEEM offers the unique possibility of probing subsurface quantum states. Therefore it
is important to raise the amount of those electrons which are able to penetrate into the
sample, to improve the spectroscopic sensitivity of BEEM.

It is possible to increase the transmission coefficient through the base by more than a
factor of 10. The commonly used thin metal film has to be replaced by a MBE grown



24 G. Strasser

InAs layer. A passivated InAs cap layer leads to an attenuation length in the regime of
700Å – 900 Å. Compared to a vapor deposited Au film, with an attenuation length of
10 Å, one can see the power of this novel base electrode. In our experiments we could
reach the transmission coefficient of 70 Å vapor deposited Au with an 3000 Å InAs cap
layer.

Reducing the thickness of the InAs cap layer will lead to a much higher BEEM signal
than by the usually used metal film as base electrode, and therefore open a wide spread
field of BEEM spectroscopy in the deep subsurface region of samples.

2.9 Coherent Plasmons in n-Doped GaAs
(R. Kersting, R. Hoffmann, K. Unterrainer)

One of the most promising sources for pulsed few-cycle THz radiation are coherent
plasmons in semiconductors. Due to the large dipole moment of the coherently oscillat-
ing charges intense far-infrared emission is expected.

A fundamentally new plasmon excitation is the coherent oscillation of extrinsic elec-
trons in n-doped GaAs. Initially, the extrinsic electrons are confined between the sub-
strate and the surface depletion region (Fig. 19). Femtosecond laser excitation of the
GaAs leads to an ultrafast screening of the depletion field. The electrons respond to this
field change which starts their coherent oscillation.

Fig. 19: Left side: Scheme of the excitation process of the coherent electron oscillations.
The right side shows correlation data recorded at different doping densities.

Both the excitation and the damping process of the plasmons are investigated in time-
resolved experiments on the emitted THz radiation. Figure 19 shows correlation data of
the THz pulses. At low doping density an overdamped emission is observed since the
oscillation is slower than the damping. According to ω p n∝  the plasma frequency
increases with the electron concentration, which leads to well pronounced oscillations at
higher doping densities. Since the signals show no dependence on excitation density we
conclude that the emission results exclusively from the coherent oscillation of the ex-
trinsic electrons.
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In all experiments we observe temporally and spatially coherent THz radiation with in-
tensities of up to 100 nW. However, the pulses are damped out after few oscillations.
Temperature dependent measurements show that the damping is due to phonon scatter-
ing.

2.10 Transient Quantum Coherence of Intersubband Transitions
(R. Kersting, J.N. Heyman, E. Thaller, K. Unterrainer)

Recent technological innovations tend to use quantum coherence phenomena for novel
ultrafast devices. One of the most attractive material systems are semiconductor heter-
ostructures due to their huge oscillator strengths and sharp transition linewidths. In our
experiments we use electro-magnetic THz pulses to drive electronic intersubband tran-
sitions in modulation doped GaAs quantum wells (QWs). The temporal quantum coher-
ence gets directly visible by the time-dependent polarization of the electrons which fol-
lows the THz excitation.

The inset of Fig. 20 shows a scheme of the intersubband states in a modulation doped
QW. Electrons which are initially located at the lower quantum level are excited by an
ultrashort pulse with a center frequency of about 1.5 THz. This THz beam is transmitted
through the sample and time-resolved by mixing it with a half-cycle THz pulse and de-
tecting the superposition.

Fig. 20: Left side: The inset is a scheme of the confined electron states (e1, e2) within
the QW. The data show the THz pulse exciting the intersubband transition.
Right side: Transient response of the electrons when driven by the THz pulse.

Driving the electrons with the few-cycle THz pulse leads to a transient polarization
which counteracts the field of the exciting pulse. Modulating the gate bias of the struc-
ture and thus the population of the QWs makes the response of the electrons directly
visible. The oscillating signal results from the coherent superposition of the states in the
first and second subband. During the first ps the exciting THz pulse leads to an increas-
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ing amplitude of the electron oscillation. After the driving pulse decayed the amplitude
decreases and shows the free induction decay of the collective mode. The solid line is
the result of a two-level model calculation. The good agreement enables us to determine
the dielectric function of the isolated electron gas in the quantum system.

2.11 Far-Infrared Emission from Parabolic Quantum Wells in Magnetic
Fields

(R. Zobl, M. Fuchshuber, K. Unterrainer, E. Gornik)

In recent years various types of semiconductor quantum structures have been studied for
emission in the THz range. Here the concept of a parabolic potential well and its plas-
monic type of FIR emission is studied under lateral current injection. The most inter-
esting feature of parabolically confined potentials is that they absorb and emit radiation
only at the bare harmonic oscillator frequency ω0, independent of the number of elec-
trons in the well. This is in accordance with Kohn’s theorem which states that cyclotron
resonance absorption is unaffected by electron-electron interaction.
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Fig. 21: FIR emission of a parabolic quantum well at 0 T and 4 T. The magnetic field
shifts the center frequency by about 20 cm-1. The sample has two top contact
pads and a grating coupler.

To investigate the effect of a magnetic field on the FIR emission of the PQW magnetic
fields up to 5 T were applied. For a magnetic field direction perpendicular to the layers
no CR emission can be observed while the normal intersubband emission almost imme-
diately vanishes even at low magnetic fields. If the magnetic field is applied parallel to
the well but perpendicular to the direction of current flow (Fig. 21) CR emission again is
not seen whereas a frequency shift of the intersubband radiation is observed starting at



Cleanroom Vienna 27

magnetic field strengths above 2 T. The shift is attributed to the formation of a strong
electric field perpendicular to the well via Hall effect. At 4 T the center frequency of the
FIR emission has moved from 50 cm-1 to 70 cm-1 accompanied by a decrease in signal
intensity of 50 %. The shifted center frequency position still is independent from the
laterally applied electric field and the current flow.

2.12 Growth and Characterization of GaAs/AlGaAs Mid-Infrared Emitters
(L. Hvozdara, S. Gianordoli, W. Bichl, G. Strasser, P. Kruck, M. Helm, E. Gornik)

Environmental monitoring, medicine, optical communication and many other areas of
technology create a field of application for both, coherent and non-coherent emitters for
wavelengths from three to 15 microns.

In the structure depicted in Fig. 22 the intersubband radiative transition (3–2) can be
achieved. The energy spacing between levels two and three can be tailored so that the
corresponding emitted photon belongs to the mid-infrared band. For the achievement of
lasing action there must be a population inversion between the level three and the level
two established. An LO-phonon transition between level two and level one secures
quick emptying of level two and in this way the condition t(3-2) > t(2-1) for population in-
version is satisfied.
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Fig. 22: Calculation of the biased structure. Transition 3–2 is radiative.

I-V characteristics and the photovoltage spectra (Fig. 23) are recorded and the correla-
tion between the self-consistent calculation and the experimental results is found excel-
lent. First attempts to design a laser structure encountered problems with the trade-off
between the electrical and the optical properties of the cladding layers.
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2.13 Ballistic Electron Spectroscopy of Semiconductor Quantum
Heterostructures

(C. Rauch, G. Strasser, M. Kast, C. Pacher, W. Boxleitner, E. Gornik)

The technique of hot electron spectroscopy is used to measure the transmission proper-
ties of resonant tunneling diodes and semiconductor superlattices at different electric
fields.

Fig. 24: Conduction band diagram of a hot electron transistor. The inset shows an SEM
picture of the device.
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A three terminal is used to generate an energy tunable electron beam by a tunneling bar-
rier that passes the superlattice after traversing a thin highly doped n-GaAs base layer
and an undoped drift region. The measured collector current reflects the probability of
an injected electron to be transmitted through the superlattice. The transmittance of the
superlattice can be measured directly at given superlattice bias conditions by varying the
injected current independently from the superlattice bias voltage. When a uniform elec-
tric field is applied to the superlattice, the quasi-continuous minibands break up into a
ladder of discrete Wannier-Stark states. This localization of the electron wave function
has direct consequences on the ballistic electron transport. The structures were grown by
molecular beam epitaxy on semi-insulating GaAs substrate, the devices were fabricated
using standard lithography. An SEM picture and the conduction band diagram of the
device is shown in Fig. 24.

Fig. 25 shows the miniband transmission versus applied electric field at 4.2 K. For
negative collector bias (decelerating field) the measured current is proportional to the
coherent current since electrons that are scattered within the miniband are accelerated
back to the base. In case of positive collector bias we measure the coherent current and
the additional field induced incoherent current due to Esaki-Tsu like band transport.
Since the coherent current is considered to be symmetric for both bias directions, we are
able to distinguish between the coherent and incoherent contribution of the collector
current.

Fig. 25: Miniband transmission versus electric field. Coherent (dashed line) and inco-
herent current (squares) is present.

These experiments demonstrate for the first time the transition from coherent transport
to band like scattering induced transport in a superlattice miniband. Furthermore we
have determined the scattering time and the coherence length (lcoh = 80 nm) of the elec-
trons in these superlattices.



30 G. Strasser

By making the length of the superlattice close to the mean free path we believe to match
the conditions for Bloch oscillations. The realization of a THz laser based on Bloch os-
cillation is subject of further experiments.
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The goal of this project was the production of a planar Schottky diode with inte-
grated bow-tie antennas. Due to the planar structure of this device it can be easily
implemented into integrated circuits, making it attractive for use as a Terahertz de-
tector. Because of the importance of the RC product for high frequency applications
one has to minimize the size of the Schottky contact. This can be achieved by elec-
tron-beam lithography and a new combination of positive and negative lithography
processes, which allows the production of contacts with typical diameters of 100 nm.
Furthermore, a first electrical characterization was made.

1. Introduction
Metal-semiconductor junctions are known since the end of the last century [1]. Point-
contact diodes have been used for detector- and mixer-applications in the millimeter
region for decades. Their parameters strongly depend on the manufacturing process,
which causes poor reproducibility.

With the development of new technologies like MBE (molecular beam epitaxy) or
evaporation of metals it was possible to increase the quality of the Schottky contacts.
Although point-contact diodes are used in various applications, it is desirable to develop
planar Schottky-diodes with integrated receiving antennas which can easily be imple-
mented into existing electronics.

If one wants to extend the range of operation of the Schottky diode into the THz range,
some problems have to be considered:

• Parasitic capacitance of contact pads and antennas are large;

• Electron beam lithography has to be used instead of optical lithography to define
small Schottky contacts ;

• The coupling of the signal to be measured into the planar structure is poor compared
to the whisker antenna.

The parasitic capacitance can be reduced by integrating the contact pads into the anten-
nas. By use of electron beam lithography defined airbridges it is possible to reduce the
contact areas to dimensions of 100 x 100 nm.
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2. Submicron Schottky Diodes

2.1 Fabrication
A new processing technology for the fabrication of planar terahertz diodes has been de-
veloped utilizing electron-beam lithography and trench isolation. The major processing
steps are summarized in Fig. 1.

Fig. 1: Fabrication process of the submicron Schottky diode.

The first step was the evaporation of Ni/Ge/Au ohmic metal on the surface of the etched
n+-layer surrounding the active area. The bow tie antennas were defined by conven-
tional photolithography. In the next step, a narrow line (200 nm) was defined in the ac-
tive region of the diode by electron beam lithography (EBL) in a positive process. After
that it was necessary to irradiate the region surrounding the narrow line with an electron
dose high enough to crosslink the macromolecules of the resist. This is needed for the
isolation between the airbridge and the n-layer. Definition of the airbridge by EBL and
evaporation of gold followed. The bow tie antennas were finally isolated by a deep
trench etching down to the semi-insulating substrate. Scanning electron microscope
pictures of the fabricated device and the Schottky contact are shown in Fig. 2 and Fig. 3.
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Fig. 2: SEM picture of the device including the airbridge and the Schottky contact.

Fig. 3: SEM picture of the Schottky contact.

2.2 Measurements
The measurement of the I-V-curve (see Fig. 4) of the Schottky diode allowed the ex-
traction of important parameters regarding the estimation of the working frequency of
this device. The series resistance of the diode was found to be 150 Ohm.

The capacity of the Schottky contact can be calculated from the contact area and the
width of the depletion region [2]. From a contact area of 200 nm x 250 nm follows a
capacity of 1 fF, which results in a cut-off frequency of 11 THz.
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Fig. 4: I-V-curve of the Schottky diode.

3. Conclusion
A planar Schottky diode with integrated bow-tie antennas was fabricated. The process
which was used for this device does not use ion implantation but etching techniques,
simplifying the fabrication process drastically. First DC-measurements showed that it is
possible to use this Schottky diode as a terahertz-detector. Measurements in the far in-
frared have to be done in the near future.
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Novel Single-Mode Emission Laser Diodes
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We present novel laser diode devices based on the surface-mode-emission (SME)
concept. An array of single-mode and single-beam surface emitting laser diodes was
realized. The emission wavelengths of the individual laser diodes were controlled by
a postgrowth adjustment of the surface structure. The resulting average wavelength
spacing is 1.1 nm with a deviation of 0.13 nm. The side mode suppression ratio
(SMSR) was measured to be 20 dB in the best case. A beam-steering device based
on a SME-laser diode is presented, which is capable of steering digitally a single,
surface emitted beam with a divergence of 0.2° and a steering-range of 4.9°. The
beam steering is achieved by a thermal mode-switching between two single-mode
emission wavelengths. A single-mode visible red GaInP/AlGaInP laser diode with a
side mode suppression of 19 dB was realized. A theory based on a Floquet-Bloch
expansion was developed to investigate the underlying waveguide structures of SME
laser diodes numerically.

1. Introduction
Semiconductor laser diodes have an important impact in the area of light wave transmis-
sion systems for optical telecommunication. In order to achieve high data transmission
rates single-mode lasers are required to build up high-speed data highways using
Wavelength-Division-Multiplexing (WDM). Various types of single-mode laser diodes
like distributed-feedback (DFB) lasers, distributed-Bragg-reflector (DBR) lasers, cou-
pled-cavity lasers and vertical-cavity-surface-emitting lasers (VCSELs) have been real-
ized so far. Today most commonly DFB lasers are used for the purpose of optical tele-
communication [1], [2].

Beam steering devices are expected to have many novel applications in future free-space
optical communication systems like free-space communication between satellites, opti-
cal data storage and data reading and future optical computers [3], [4]. Incorporating the
steering mechanism within the laser diode is the most efficient approach. Edge emitting
[5], [6] as well as surface emitting [7], [8] laser diode beam steering devices have al-
ready been realized.

Semiconductor single-mode laser diodes in the visible regime are very suitable to be
employed as light sources in the next generation optical disk drives because of their
ability of reading and writing highly condensed optical information [9].

The surface-mode-emission (SME) concept, which was successfully applied to realize
single-mode and single-beam surface emitting diode lasers [10], [11], was exploited to
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realize a variety of optoelectronic devices: A novel device for WDM applications with
postgrowth wavelength adjustment was realized. The SME technique was also used to
make a laser diode beam-steering device. Furthermore, a single-mode and single-beam
surface emitting visible red laser diode is presented. Hence the proposed flexibility of
the SME-concept is proved. In order to improve the design of the SME-laser diodes a
theory was developed to perform device simulation as far as the optical properties are
concerned.

2. Experimental

2.1 Five-Wavelength Surface Emitting Laser Diode Array
We report on a five-wavelength surface emitting laser diode array achieved from mono-
lithically integrated SME laser diodes [12]. The array consists of 15 laser diodes divided
into five groups. The laser diodes of each group are assigned to emit the same wave-
length. Each group emits at a different wavelength by a postgrowth-adjustment of the
thickness of the surface waveguides. The emitted wavelengths vary from 867.92 nm to
872.67 nm and the average wavelength spacing is 1.1 nm with a wavelength deviation
within the groups of 0.13 nm.

Fig. 1: Left: Schematic structure of the SME diode laser array. The thickness of the
surface waveguide is slightly different on each laser diode group which leads to
emission of different wavelengths. Right: Spectra of the array elements from
first group (bottom layer) to fifth group (top layer). The waveguide thickness
decreases from the first group to the fifth group.

The samples are MOCVD-grown GaAs/AlGaAs double heterostructure diode lasers
consisting of an n-Al0.35Ga0.65As cladding layer grown on an n-GaAs substrate followed
by the GaAs active region (90 nm thick) and the 550 nm thick p-Al0.3Ga0.7As top clad-
ding layer. The crucial difference to conventional diode lasers is a surface-relief grating
(period Λ = 415 nm, 100 nm deep) etched by ion-milling covered with a semitransparent
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AuZnAu film (thickness 5/5/20 nm) and a spin coated photoresist layer (AZ6615;
d ∼ 300 nm) forming a surface waveguide (schematic drawing: see Fig. 1 left).

The single mode surface emission is a consequence of the excitation of the TE0 surface-
mode in the surface waveguide: The laser light in the active region couples via one
grating vector kg = 2π/Λ to the TE0 mode. The excited TE0 surface mode either couples
back into the laser structure, thus providing an active feedback resulting in single-mode
operation, or decays via one grating vector into the air as the surface emission. By thin-
ning the surface waveguide the dispersion relation of the TE0 shifts, resulting in a shift
of the emission wavelength towards longer wavelengths.

On the laser array the surface waveguide thicknesses of all laser diodes were thinned to
∼ 255 nm by low power plasma ashering for single mode emission around 868 nm. Then
the waveguide thicknesses of the distinct laser groups were adjusted by low power
plasma ashering resulting in thickness differences of 2.2 nm between the groups.

Fig. 1 shows the measured emission spectra of the array. The samples were driven under
pulsed conditions with the same current and duty cycle (pulse width = 0.5 µs; fre-
quency = 30 kHz). The typical threshold current density is 1.8 ±6% kA/cm2 over the
array. Every laser diode shows single mode operation with a side mode suppression ratio
(SMSR) of about 20 dB in the best case. The average full width at half maximum
(FWHM) was measured to be 0.08 nm. The total emitted power of one individual laser
is about 35 mW. About 20% of the power is emitted into a single surface beam with a
FWHM of 0.12°. Single mode emission is achieved at a current of 1.1×Ith retaining up to
1.4×Ith. The wavelength spacing between laser diode groups is 1.1 nm in average and the
average deviation within each group is 0.13 nm.

2.2 Digital Beam Steering from SME Laser Diodes
We present a GaAs/AlGaAs laser diode beam steering device based on a single-mode
SME-laser diode [13]. The temperature-dependence near room-temperature of the
emitted wavelength of the SME laser diode was investigated: At temperatures below
285 K the mode near 871 nm is emitted. Heating the sample results in a red-shift with a
rate of 0.07 nm/K, which is actually less then the rate of 0.09 nm/K for DFB lasers. Af-
ter the temperature is raised to 286 K the mode near 878 nm is preferred. The emitted
wavelength continues to shift towards longer wavelengths at the same rate as before.
Thus a bistable operation of the laser diode can be achieved adjusting the temperature of
the sample.

Since the angle of the surface emission α = arcsin(neff·2λ/Λ) (neff = 3.39 is the effective
refractive index of the laser structure and Λ is the grating period) depends on the wave-
length λ, a switching between different wavelengths yields a switching between differ-
ent angles. Driving the laser diode with short current-pulses (I = 270 mA, pulse width
Dp = 0.2 µs) results in a single-mode and single-beam emission at λ1 = 874.13 nm and
α1 = 58.5°. Applying longer pulses (I = 215 mA, pulse width Dp = 4 µs) leads to a heat-
ing of the sample and results in an emission at λ2 = 874.13 nm and α2 = 63.4° (see
Fig. 2). The beam divergence is in both cases 0.2°. Driving the laser diode with double
pulse sequences yields the desired mode switching and the digital beam steering be-
tween α1 and α2 with a steering range of 4.9°. As the mode switching is based on ther-
mal effects, the maximum frequency of applying double pulses is limited to 0.15 MHz.
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Fig. 2: Short-pulse operation of the device results in single-mode and single-beam op-
eration at λ1 = 874.13 nm and α1 = 58.5° (a). Long-pulse operation yields emis-
sion at λ2 = 874.13 nm and α2 = 63.4° (c). Double pulses yield mode-switching
and thus digital beam-steering (b).

2.3 SME Laser Diodes in the Visible Regime
The SME technique was successfully applied in the visible red wavelength regime to
achieve single-mode emission in AC and in DC operation as well as single-beam emis-
sion via the surface [14]. The devices realized in this work are MOVPE-grown com-
pressively strained double-quantum well GaInP/AlGaInP laser diodes. The asymmetric
cladding layers (by the aspect of thickness and refractive index) are designed to shift the
distribution of the optical field towards the surface to achieve a sufficient coupling be-
tween the laser light and the TE0-surface mode. The first order grating for surface mode
coupling (grating period = 328 nm, height = 100 nm) was etched into the top cladding
layer (thickness 400 nm) using ion milling. The surface-waveguide structure is formed
by a semitransparent AuZnAu film (5/5/20 nm thick) and a spin-coated photoresist
(AZ6615) slab waveguide (schematic sample structure: see Fig. 3 left).

The SME laser diodes have threshold current densities between 1.4 kA/cm2 for AC- and
1.9 kA/cm2 for DC-operation. Single mode emission is achieved both in AC- and DC-
operation with a side mode suppression of 19 dB in the best case. Fig. 3 shows single-
mode emission spectra for AC- and DC-operation: The emitted wavelengths are
λ = 675.17 nm (driving current I = 1.2×Ith, f = 16.6 kHz, pulse width wp = 4 µs) with a
FWHM of 0.08 nm for AC- and λ = 679.79 nm (driving current I = 1.1×Ith,
FWHM = 0.07 nm) for DC-operation. The farfield of the single-beam surface emission
has a beam divergence of 0.16° in the y-direction. Presently a power of 2 % (0.14 mW)
of the whole light power (7 mW at I = 1.7×Ith) is emitted via the surface.
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Fig. 3: Left: Schematic sample structure of the SME-laser diode. Right: Single-mode
emission spectra for AC-operation (I = 1.2×Ith, f = 16.6 kHz, wp = 4 µs) and
DC-operation (I = 1.1×Ith).

3. Theory
In order to understand the coupling mechanisms within SME laser structures pro-
foundly, the underlying waveguide structure (i.e. metallized surface-relief grating cou-
pled waveguides) was investigated numerically. The analysis is based on a Floquet-
Bloch expansion of the optical field [15]. Propagation constants and optical field distri-
butions can now be calculated without a priori assumptions. In a further step coupling
coefficients are extracted from the Floquet-modes providing the possibility of device-
simulation using coupled mode theory. Longitudinal mode spectra and the radiation
characteristics of SME lasers are calculated.

Fig. 4 shows the results for a SME laser structure based on a GaAs/AlGaAs-double-
hetero-laser structure (sample W688): The tooth-shaped coupling-grating (period =
535 nm, height = 100 nm, duty cycle = 0.5), covered with a 30 nm thick Au-film, is
followed by a SiO/SiN-surface waveguide (100 nm/425 nm thick). The cavity is taken to
be 500 µm long with as cleaved facets. The longitudinal mode spectrum (threshold-gain
vs. wavelength) and the radiation properties show a resonant behavior around 875 nm
(TE0 resonance). The plotted output powers via the facets, via the surface and into the
substrate are normalized with respect to the power generated in the active region by
stimulated emission. The total waveguide losses decrease in case of TE0 resonance due
to a reduction of the radiation losses into the substrate because a supermode of the twin-
waveguide-system (laser-waveguide, surface-waveguide) is excited. On the contrary, the
desired radiation losses via the surface increase due to an efficient coupling between the
TE0 surface-mode and the radiation field emitting into the air.
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Fig. 4: Left: Calculated longitudinal mode spectrum. Right: Calculated output-powers,
normalized with respect to the power generated by stimulated emission. The
TE0-resonance occurs at 875 nm.

4. Conclusion
Compared to DFB laser diodes the SME laser concept has various advantages. No re-
growth processes are required and the device fabrication is simple and very flexible.
Especially for WDM applications the possibility of post-growth wavelength adjustment
makes the SME concept very suitable because monolithically integrated devices can be
fabricated easily.

The major problem to be solved is the poor side mode suppression under high-injection
conditions. To overcome this problem narrow index-guided laser structures have to be
made to avoid the excitation of higher lateral modes. Recent calculations showed that a
dramatic improvement of the wavelength-filter characteristics of the laser structure can
be achieved by using contradirectional surface-mode-coupling instead of codirectional
coupling. By changing the type of coupling the spectral linewidth of the surface-mode
resonances can be decreased by one order of magnitude, which will result in a signifi-
cant increase of the SMSR.

In the visible wavelength regime (especially for green and blue laser diodes) the SME
concept has to be preferred rather than the DFB concept to achieve single-mode laser
diodes. DFB laser diodes demand gratings with extremely small periods (100 nm and
less), which would cause complicated and thus expensive device-processing (e-beam-
lithography). SME lasers require longer grating-periods which can be processed easily
using optical lithography.
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In this work, magnetophonon resonances in quantum wires were investigated. It was
found that magnetophonon resonance measurements can be used as a tool for the
characterization of the subband spectrum of quantum wires. The method proves to be
particularly useful at low electron densities, when only few subbands are occupied
and the standard magnetic depopulation characterization technique can no longer be
used. By variation of the electron density in the wires through illumination with a red
LED the 1D subband spacing, as determined from magnetophonon resonance meas-
urements, is found to increase with decreasing electron density. In addition, subband
energies determined by magnetophonon resonances were found to be systematically
higher than the subband spacing obtained from magnetic depopulation measurements
on the identical samples. We give an explanation of this observation which indicates
that the combination of both transport characterization methods provides information
on the actual shape of the underlying confinement potential.

1. Introduction
LO-phonon induced resonant scattering of electrons between Landau levels, also called
the magnetophonon (MP) effect, has been widely used to obtain information on band
structure parameters such as the effective mass and the electron-LO-phonon interaction
in bulk and two-dimensional semiconductors. The magnetophonon effect has proved to
be a useful magnetotransport tool for the determination of effective masses and is
moreover particularly suitable to carry out investigations of the temperature dependence
of m* in a temperature range which is commonly not accessible to other methods such
as cyclotron resonance measurements.

In 2D systems such as quantum wells and single heterojunctions the magnetophonon
effect has been used not only to measure effective masses of 2D electrons [1], but also
to investigate the influence of various scattering mechanisms on the high temperature
transport properties of these systems. Evidence has been found that interface phonons
are especially effective in the MP resonant scattering in heterostructures and their fre-
quency has been determined [2]. The self consistent consideration of all scattering
mechanisms in the calculation of the high temperature magnetoresistance leads to the
prediction of the collapse of MP oscillations at high magnetic fields, and excellent
agreement between theory and experiment has been obtained [3], [4].

In quasi-one-dimensional electron gases (1DEGs) the investigation of magnetophonon
resonances (MPR) is considered as an useful magnetotransport tool for the determina-
tion of the energy difference between adjacent 1D subbands arising from the lateral con-
finement. It can be shown that the lateral quantization leads to a shift of the magnetic
field positions of the resonant extrema in the high temperature magnetoresistance. Un-
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der certain premises this shift is proportional to the subband spacing E0 and provides a
particularly simple method to determine E0. This is particularly useful in those cases
where, due to a very low electron density or relatively high subband spacing, only a
small number (less than, say, four) of subbands is occupied in the quantum wire. In
these cases the standard magnetic depopulation (MD) method, commonly used to esti-
mate the subband spacing, is no longer a suitable transport technique for the characteri-
zation of quantum wires. The MD method exploits the oscillatory structure in the low
temperature magnetoresistance occurring when the magnetoelectric hybrid levels are
successively shifted across the Fermi level by increasing the magnetic field. A small
number of occupied subbands drastically reduces the oscillatory structure in Rxx(B) and
thus, the commonly used evaluation methods [5], [6] cannot be applied any more.

2. Experimental
The samples used in this work were conventional modulation doped heterostructures on
which arrays of 40 quantum channels were fabricated by laser holography and wet
chemical etching. The electron mobility and electron density of the unstructured samples
are 1.6 x 106 cm2/Vs and 1.1 x 1011 cm-2, respectively, at 4.2 K. The measurements of
the magnetoresistance were performed using a standard constant current procedure and a
cryostat equipped with a variable temperature inset and a superconducting magnet
which allowed magnetic field strengths up to 10 T. For measurements at variable elec-
tron densities, an array of wires has been fabricated which were completely depleted at
4.2 K due to the low carrier concentration of the underlying heterostructure. This allows
to obtain the same set of wires at different electron densities if carriers are generated by
illumination using a light emitting diode. After illumination, the samples were slowly
heated to temperatures between 100 K and 160 K. When equilibrium, i.e. stable sample
resistance, was reached the magnetoresistance was measured showing a distinct struc-
ture due to the magnetophonon effect. Subsequent to the high temperature measurement,
the samples were cooled down slowly to T = 2 K and a magnetic depopulation (MD)
measurement was performed to determine the electron density. Then the temperature
cycle was repeated, while further gradual reduction of the carrier density was achieved
by maintaining the sample at 180 K for several hours before the next MPR experiment
at T near 100 K was performed.

3. Results
Typical data are shown in Fig. 1. As first striking feature, we find a strong dependence
of the strength of the observed magnetophonon oscillations on the used sample structure
and the preparation process. The effect is most pronounced in samples where the remote
impurity scattering is reduced as far as possible by e.g. low doping and large spacer lay-
ers. We explain this observation by the fact that all kinds of additional scattering lead to
a broadening of the density of states of magnetoelectric hybrid levels in the wires which
smears out the MPR oscillations. Since the wet chemical etching, by which the con-
finement of the wires is achieved, induces additional sources of scattering such as a con-
siderable surface roughness, it is clear that deeper etching on the purpose to get a
stronger confinement will weaken or eventually destroy the magnetophonon effect in the
wires. This is exactly what we observed. In Fig. 1, the oscillatory part of Rxx, normalized
to the zero field resistance R0, is shown for two samples which differ only by the depth
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of the etch pits. When only slightly deeper etching is done, the amplitude of the reso-
nances is reduced by almost an order of magnitude. Thus, to observe sufficiently pro-
nounced MPRs we had to restrict ourselves to the case of relatively weak confinement,
i.e. wires displaying subband energies in the range of 1 meV.
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Fig. 1: Oscillatory part Rosc of the magnetoresistance at T = 100 K for two different
samples, obtained after subtraction of the background resistance and normaliza-
tion to the zero field resistance R0. The two samples differ by the depth of the
etch pits defining the lateral confinement. For g166/1 approximately 85 Å of the
cap layer were removed, for g166/8 the etching depth is only 70 Å. Note the dif-
ferent scaling of the y-axes.

The main purpose of this work was to verify that the magnetophonon effect can be used
to determine subband energies of quantum wires with small numbers of subbands occu-
pied. We therefore compare the results of a high temperature measurement with those of
a magnetic depopulation measurement performed at 2 K. Fig. 2 (a) shows a plot of the
squared magnetic field positions of the resonant minima in the oscillatory part of Rxx
measured at T = 100 K versus the inverse squared index N which is defined according to
the generalized resonance condition (see e.g.[1]) N"ω eff = ELO, with ELO = 36.6 meV
being the LO phonon energy in bulk GaAs, ("ωeff )2 = ("ωcyclotron )2 + E0

2  and E0 the
subband spacing of the 1D wires. As seen from Fig. 2 (a), the measured resonance posi-
tions lie clearly on a straight line and may therefore be analyzed in terms of the above
resonance condition which can be rewritten in the following form :
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According to this formula, the slope of the straight line is a measure of the polaron mass
in the quantum wire, whereas its intersection with the B2-axis gives the subband spacing
E0. It should be emphasized that this simple relationship is only valid if the confining
potential can be approximated by a parabolic well. Another major approximation made
is the assumption that the energy of the LO phonons is not influenced by the additional
confining potential and can be taken to be the same as in bulk GaAs. With these as-
sumptions we obtain from the data shown in Fig. 2 (a) a polaron mass of 0.069 me and a
subband spacing of 1.6 ± 0.3 meV which is enhanced in comparison to the correspond-
ing value obtained from a subsequent magnetic depopulation experiment (1.1 ± 0.3
meV). This enhancement was found in all investigated samples where a direct compari-
son was feasible and the subband spacings determined from MPR lie some 30% above
those extracted from magnetic depopulation experiments.
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Fig. 2: (a) Plot of the squared magnetic field positions of the minima in Rosc versus the
inverse squared index N explained in the text. The inset shows the sample
structure. (b) Schematic potential forms used in the text to explain the differ-
ence in the subband spacing obtained by magnetophonon resonance and mag-
netic depopulation measurements.

Since temperature effects on the confining potential are small unless considerable re-
charging and reordering of electrically active impurities occurs [7], this difference can
be explained by the following considerations (Fig. 2 (b)): The confinement in the inves-
tigated samples is obtained by very shallow etching leading to a relatively weak confin-
ing potential. From self consistent calculations reported earlier [8] it is known that the
potential shape should be sinusoidal instead of simply parabolic. This in turn implies
that the subbands near the upper edge of the confinement potential are closer to each
other than they are at the bottom where the potential is parabolic to a good approxima-
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tion. In MD experiments the subband spacing is estimated from the deviation of the low
field minima in Rxx from the behavior observed in unstructured 2DEGs. In this case the
value obtained for the subband spacing is determined by the depopulation of subbands
lying near the upper edge of the confining potential which occurs at fairly low magnetic
fields. MPR, on the other hand, are observed at the other end of the magnetic field scale
where the magnetic confinement dominates the electrostatic one. Also electrons at the
bottom of the confining potential can undergo resonant LO phonon scattering processes
into empty states 36 meV higher in energy. Due to the increased density of states in high
magnetic fields, a reduced number of subbands is occupied. They correspond to those
states located deep in the confining potential where it is well described by a parabolic
form. At high magnetic fields the deviation of Vel from the parabolic form is therefore
negligible and the subband spacings determined from MPR correspond to those near the
(parabolic) bottom of the confining potential which are larger than those estimated from
MD experiments.
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Fig. 3: Dependence of the subband spacing on the one dimensional carrier density in
the wires determined by MPR experiments (open circles) and magnetic de-
population experiments (solid circles). The latter could be obtained only if suf-
ficient numbers of subbands were occupied in the wires to apply standard
evaluation methods. The straight line is the result of a linear fit to the values and
is only a guide to the eye. The arrow indicates the regime, were MD measure-
ments were not possible.

Using the procedure described in the experimental part of this paper the dependence of
the subband spacing on the electron density in the quantum wires was investigated. The
results of these measurements for sample g166/8 are displayed in Fig. 3. The E0 values
plotted in this figure are taken from MPR measurements at T = 100 K (open circles) as
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well as MD experiments at T = 2K (solid circles). From the latter we could get this in-
formation only if a sufficient number of subbands was occupied to apply the evaluation
method proposed by Berggren et al. [8]. The solid line drawn in Fig. 3 stems from a
linear fit to the data and is only intended as a guideline to the eye.

The observed increase of the subband spacing with decreasing electron density has been
predicted by self consistent calculations [9] and can be qualitatively explained as fol-
lows: The confining potential is formed by a periodic modulation of the donor distribu-
tion induced by the etching process. If the presence of conduction electrons in the so
defined 1D channels is taken into account self consistently, the bare potential of this
positive space charge is partially screened out. Therefore, the confinement will be the
stronger the less electrons are present in the wire. Note that the same behavior of E0 as a
function of n1D is also observed for various samples with different wafer structure, when
the electron density is varied by alternative methods, e.g. by applying a back gate volt-
age.

4. Conclusion
In summary, we have used the magnetophonon effect to investigate the energy spectrum
of quasi-one-dimensional electron systems. A systematic study of the dependence of the
1D sublevel spacing on the channel electron density was performed. By variation of the
electron density in the wires through illumination with a red LED the 1D subband
spacing, as determined from magnetophonon resonance measurements, is found to in-
crease with decreasing electron density. Further, the subband spacing determined by
MPR is found to be systematically higher than the subband spacing obtained from si-
multaneous magnetic depopulation measurements. It was further demonstrated that the
combination of the two transport methods provides a particularly simple way to obtain
direct information on the shape of the underlying electrostatic confinement potential in a
way that MD measurements probe the subband spacing at the Fermi level and MPR
measurements the subband spacing at the bottom of the confining potential.
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Development of THz-Devices
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THz emission from two different types of quantum well structures is reported. A
novel combination of a stepped quantum well with a resonant injector and extractor
is used to generate far infrared emission by excitation of instable plasma oscillations.
The observed radiation is weak. Parabolically graded quantum wells were studied in
two other sets of experiments. By putting the well in a 90° tilted position into a mag-
netic field a spectral shift of the emission by about 20 cm-1 is observed. Optical ex-
citation of a similar parabolic well with ultrafast laser pulses enables one to investi-
gate the dynamic response of the 2DEG in the well. The frequency of the emitted
THz radiation at room temperature is around 50 cm-1. A minimal increase of the fre-
quency with excitation density is observed.

1. Introduction
Plasma effects are of special interest for FIR generation since the plasma frequency of
free carriers in semiconductors usually is in the terahertz region. On one hand strong
electroluminescence in the FIR region from a parabolic quantum well was recently
demonstrated [1] whereas on the other hand the excitation of rising coherent oscillations
in gaseous plasmas is a well known effect. In solids, however, these instable coherent
modes are in strong competition with ordinary incoherent plasma oscillations and even
more with thermal relaxation processes of the carriers so that the effect is not clearly
identified in solids so far. To investigate various plasma effects two different sample
types were prepared: a wide parabolic quantum well (PQW) and a stepped quantum well
structure (G205). Time resolved experiments on parabolic quantum wells are explained
in detail in section 6.

2. Plasma Oscillations

2.1 Parabolically Graded Quantum Well Potentials
One of the interesting features of parabolically confined potentials is that they absorb
and emit radiation only at the bare harmonic oscillator frequency ω0, independent of the
number of electrons in the well This is in accordance with Kohn’s theorem [2] which
states that cyclotron resonance absorption is unaffected by electron-electron interaction.
The similar property of the intersubband emission in parabolic quantum wells (PQW) is
attributed to the formation of an electron slab in the well and a deformation of the self-
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consistent potential to rectangular shape, thus exactly canceling out the depolarization
shift normally observed in 2D wells.

2.2 Theory of Plasma Instabilities
Monoenergetic current flow in collisionless gas plasmas excites oscillations. If the dis-
persion relation of these oscillations is complex, Im(ω) > 0 leads to exponentially
growing plasma waves. A necessary condition for their self startup is a locally inversion
of the carrier distribution in momentum space. This perturbation of the normal Max-
well-Boltzmann distribution must exhibit at least two maxima (Penrose criterion).
Quantum mechanically the process is a particle-plasmon interaction [3]. Relaxation of
single carriers by a direct transfer of energy into the plasma mode is only possible above
a certain threshold so that high current injection is needed. This in turn leads to severe
problems with heating and the effect can easily be wiped out by interaction with pho-
nons. Careful sample design in form of small mesas is mandatory for this reason.

3. Sample Structures
Band structures of both samples are shown in Fig. 1 and Fig. 2 .
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Fig. 1: Band structure of a wide parabolic quantum well (PQW).

The PQW consists of a single graded GaAs/AlGaAs quantum well grown on a semiin-
sulating substrate. On both sides of the well the barriers are modulation doped. The well
is nominally 200 nm wide resulting in a bare oscillator frequency of 50 cm-1. The sam-
ple has two annealed Au/Ge/Ni top contacts and a 20 µm period grating for outcoupling
of the spontaneous terahertz emission. The net emissive area is 5x5 mm2. Simple heat-
ing of the electron gas by lateral current injection is used to populate higher energy lev-
els and to induce radiative downward transitions. There is no deformation of the poten-
tial shape through the lateral biasing.
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To excite instable plasma modes in a 2DEG a stepped quantum well structure was fabri-
cated. Electrons are injected selectively through a thin barrier into the upper miniband in
the well. Due to the extension of this miniband in the wide area of the well the level
spacing is small compared to the intermediate miniband in the narrow well region. The
energy separation of the upper and the lowest miniband is matched to the LO phonon
energy in GaAs. This in combination with a resonant extractor formed by two thin barri-
ers leads to an effective depopulation of the intermediate levels while the upper and
lower minibands are strongly populated by current injection and phonon assisted down-
ward transitions, respectively. To minimize overheating effects the sample is designed
as small mesas with annealed grating couplers on top which also act as top contacts.
Between the grating metallization the highly doped regions are etched away to reduce
self absorption.
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Fig. 2: Band structure of the stepped quantum well G205.

4. Measurements
All measurements were performed at 4,2 K in liquid helium. A triple set of photocon-
ductive detectors is sitting in the center of a 7 T superconducting magnet at the lower
end of the cryostat. One p-Ge broadband detector and two magnetically tunable fre-
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quency selective detectors (GaAs, InSb) cover the spectral range from 30 cm-1 to
300 cm-1. Radiation from the samples is guided to the detectors via a metallic light pipe.

For magnetic field dependent measurements the PQW was placed in the center of an
upper magnet (up to 5 T). Two different sample orientations in the magnetic field were
used as shown in Fig. 3 and Fig. 4 (see also Fig. 6).

FIR emission

active region

B

I

EH

Fig. 3: Standard orientation of current flow I, magnetic field B and Hall field EH for
measurement of the parabolic quantum well in magnetic fields. Due to the sam-
ple geometry no Hall field is established in this arrangement. The grating on top
of the sample is not shown.

EH

B

I

active region

brass mirror

FIR emission

Fig. 4: Measurement of the PQW in a 90° tilted position. In this orientation the Hall
field is strong. The outcoupling grating again is not shown.

On both sample types measurements were performed by applying pulses of several volts
and several µs duration. A repetition rate of 23 kHz gave a duty cycle of 10 % to 20 %.
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Fig. 5: Integral emission intensity of G205 with the GaAs detector. Also shown is the
derivative of the I-V curve.

Figure 5 shows the measured broadband signal of sample G205 vs. applied voltage.
Also shown is the derivative of the I-V. The change in the slope of the derivative coin-
cides with two maxima in the emission, indicating the onset of a growing plasma mode
in a narrow regime around 700 mV.
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To investigate the effect of a magnetic field on the FIR emission of the PQW magnetic
fields up to 5 T were applied. For a magnetic field direction perpendicular to the layers
no CR emission can be observed while the normal intersubband emission almost imme-
diately vanishes even at low magnetic fields. If the magnetic field is applied parallel to
the well but perpendicular to the direction of current flow (Fig. 6) CR emission again is
not seen whereas a frequency shift of the intersubband radiation is observed starting at
magnetic field strengths above 2 T. The shift is attributed to the formation of a strong
electric field perpendicular to the well via Hall effect. At 4 T the center frequency of the
FIR emission has moved from 50 cm-1 to 70 cm-1 accompanied by a decrease in signal
intensity of 50 %. The shifted center frequency position is still independent from the
laterally applied electric field and the current flow.

5. Conclusions for the Electroluminescence Experiments
For the sample G205 the formation of an instable plasma oscillation under vertical in-
jection was demonstrated. The emitted FIR radiation was either too weak or outside the
reach of the spectrally resolving detectors, a problem which can be overcome by simple
increasing the number of emitters and switching to other detectors respectively. On the
other hand the PQW shows a strong signal. So while the carrier distribution in a para-
bolic well cannot be inverted by itself a combination of the excellent oscillatory behav-
ior of the PQW with resonant vertical injection through barriers seems promising. Add-
ing a superlattice within the parabolic potential could create a gap between the energy
levels of the well giving way to the formation of a growing plasma mode. However as
the magnetic field measurements show, care must be taken that the symmetry of the
structure is not affected for instance by the bias voltage which would lead to a break-
down of the Kohn theorem.

6. Few-Cycle THz Emission from Intersubband Plasmon
Oscillation in Parabolic Wells

Few-cycle THz emission is observed from semiconductors excited by ultrafast laser
pulses. The investigation of this THz emission is important for the understanding of the
underlying carrier dynamics as well as for possible applications in spectroscopy and
imaging. The emission is explained by coherent charge oscillations if the laser pulse
generates a superposition within the subbands of a heterostructure, or by the instantane-
ous polarization and by the subsequent motion of photoexcited carriers in a depletion or
in a built-in field of a semiconductor.

During the investigation of the ultrafast field screening on p-i-n structures in pump and
probe experiments oscillations of the built-in field due to plasma oscillations of the
photo generated carriers were observed [4]. We have performed THz emission experi-
ments in such structures and have observed emission due to coherent plasma oscilla-
tions. In addition, we have also found that the screening of the surface field by the opti-
cal excited carriers induces plasma oscillations of cold electrons beyond the depletion
zone of the n-doped epilayers. The plasma oscillations of cold electrons are character-
ized by a long damping time which leads to a very efficient emission process [5].
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Fig. 7: Schematic band diagram of the parabolic well and of the top GaAs layer for
photoexcitation.

In order to improve the THz emission and to investigate the dynamic response of a quasi
two-dimensional electron gas we have designed a structure with a parabolic well just
beyond the depletion zone of a n-doped GaAs cap layer (Fig. 7). From electrons in
modulation doped wells we expect much longer damping times. According to Kohn’s
theorem the electrons in parabolically confined potentials will interact with light only at

the bare harmonic oscillator frequency ω0 =
8∆

L2m *
 (∆ is the depth of the parabolic

potential, L the width, and m* the effective mass) independent of the carrier concentra-
tion in the well. The parabolic well was designed to be 2000 Å wide and to have a reso-
nance frequency ω0 of about 1.5 THz. The structure was modulation doped to give an
electron concentration in the well of about 5⋅1011 cm-2. The design is similar to the one
used in the previous explained electroluminescence setup. In experiments on a similar
parabolic well where the electrons where heated by a lateral current spontaneous THz
emission was observed at the expected resonance position [1].

The optical excited experiments were performed using a mode-locked Ti:Sapphire laser
emitting 100 fs pulses at 800 nm. A 4.2 K bolometer is used to detect the THz radiation.
Time resolution is achieved by focusing two delayed pulses on the samples and by re-
cording the time integrated THz auto correlation signal as a function of the delay time.

We have observed coherent THz emission from the parabolic well sample at room tem-
perature. The auto correlation signal and the Fourier transformed spectra are shown in
Fig. 8 and Fig. 9 for different excitation densities. Clear oscillations are visible with a
damping time corresponding to the DC mobility of the quasi two-dimensional channel.
The observed frequency is around 1.5 THz. According to Kohn’s theorem we do not
expect a dependence of the emission frequency on the carrier excitation density. How-
ever, we observe a small increase of the frequency with excitation density which we
suppose is due to filling of the parabolic well by photoexcited carriers.
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Fig. 8: Auto correlation of the THz emission from the parabolic well.
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The activities in the two cleanrooms of the Johannes Kepler Universität Linz are de-
scribed which were supported in their operation through funds from the Gesellschaft
für Mikroelektronik . The main activities are the molecular beam epitaxial growth of
Si based heterostructures (Si/SiGe, Si/SiC and Si/SiGe/SiC, Si/SiGeC), the growth of
magnetic heterostructures and superlattices like CdTe/CdMnTe, as well as of
PbTe/EuTe and the MOCVD growth of GaAs based heterostructures like GaAs/
GaInAs. The lateral patterning of Si/SiGe based heterostructures through holo-
graphic lithography as well as through electron beam lithography has been per-
formed and the electronic properties of such structures were investigated by trans-
port, magnetotransport as well as photoluminescence. A standard process module for
Si-based heterostructure devices and for the implementation of modulation doped
field effect transistors was developed consisting of either 5 or 6 lithographic masks.
Furthermore, characterization techniques like UHV-STM AFM were used for studies
of the surface morphology of heterostructures and reflectance difference spectros-
copy has been implemented as an in situ control process in II-VI molecular beam
epitaxy. In addition, experimental results with a 35 GHz Doppler radar unit are re-
ported in this contribution. The measurement setup consists of a RF-front-end, signal
conditioning, signal processing and a display unit. The sensitivity of the receiving
part has been enhanced by matching a recently developed InGaAs-detector diode
with the characteristic impedance of the microstrip transmission line.

1. Introduction
The GMe funding has made possible research work on various topics carried out by
groups from three institutions in the two cleanrooms at the Institut für Halbleiterphysik
and at the Institut für Mikroelektronik in Linz. In the following we give short presenta-
tions of the results achieved through support of various efforts carried out in these clean-
rooms. This concerns the MBE and MOCVD growth of materials, the structural char-
acterization of heterostructures and multilayers through several in situ as well as ex situ
methods, the characterization of their electronic and optical properties, and finally the
realization of standard process modules for Si based and GaAs based heterostructure
devices and the development of high frequency emitters and detectors. Furthermore,
research directed to the use of multiquantum well and superlattice structures for infrared
detectors and emitters is reported. Detailed information is contained in the cited refer-
ences, where also all contributors to the investigations are listed.
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2. Experimental

2.1 Si-based Process Technologies
(F. Schäffler)

2.1.1 Si Molecular Beam Epitaxy
The activities regarding Si-based heterostructures rely strongly on the quality of the epi-
layers, which are grown on-site in our Riber Si-MBE machine. It is located in the clean
room of the Semiconductor Physics Group in Linz and utilizes the infrastructure there
for substrate preparation and the initial mechanical characterization of the epi-layers by
means of a step profiler.

Before introducing the 4” or 5” silicon substrates into the load-lock chamber of our
MBE machine, they are chemically pre-cleaned. Since the wafers are usually produc-
tion-quality substrates from a leading manufacturer, degreasing or other chemical treat-
ments for a removal of organic contaminations are considered detrimental to the quality
of the as-delivered substrate surfaces, and therefore avoided, unless a pre-structuring or
dicing of the substrates has been performed before growth. Instead, the wafers are either
pre-cleaned by a simple dip in diluted (typ. 5 %) HF, or they experience a modified
RCA-cleaning procedure, which is very similar to the final treatment applied by the wa-
fer manufacturers after polishing of the substrates. This process, which is named after its
inventor, the RCA company, consists of a sequence of two etchants, namely SC1
(NH4OH/H2O2/H2O 1:1:5) and SC2 (HCL/H2O2/H2O 1:1:5), which remove organic and
metallic contaminations, respectively. Both SC1 and SC2 are kept in quartz tanks near
the boiling point during the agitation period of typically 15 min. The wafers are thor-
oughly rinsed in DI water after either bath for as long as it takes to bring the DI water
resistance to at least 15 MΩ. Combinations of the RCA clean with one or more HF dips
(before and after SC1 and after SC2, or just after SC2) are frequently employed to re-
move the chemical oxide caused by both SC1 and SC2. The last step before mounting
the substrates in the load-lock chamber is always dry blowing in an N2 gas stream.

In 1997 we implemented the RCA cleaning procedure in a flow box next to our MBE
machine. Heatable and temperature-controlled quartz tanks capable of adapting up to 6
4” or 5” Si substrates (i.e. the capacity of our load-lock chamber) were acquired from a
commercial vendor. The HF tank was home-built and milled from one block of Teflon
to avoid any source of contamination that could result from the gaps in a multi-part de-
sign. An N2 bubble rinser connected to the DI water supply in our clean room and a N2
blower for drying the wafers complement the cleaning facility.

Because of the decomposition of H2O2 in the RCA baths, and because of hydrocarbon
contamination of the HF bath, all chemical agents used in this standard cleaning proce-
dure can only be used once. To keep the cost for the required chemicals as low as possi-
ble we therefore reduced the tank volumes to the absolute minimum necessary to com-
pletely cover our maximum wafer size of 5”. Also, whenever possible (e.g. for calibra-
tion wafers or simple epi-tests) we skip the RCA procedure and employ just an HF dip
for oxide removal immediately before introducing the wafers into the load-lock cham-
ber. The disadvantage of the HF dip is the concomitant carbon contamination of the
interface, which, although it is not electrically active in silicon, is not always acceptable,
even if a Si buffer layer is introduced between the interface and the active heterolayers.



Microstructure Research: Cleanroom Linz 87

2.1.2 Standard Process Module for Si-based Devices
For an electrical characterization of Si-based heterostructures and for the implementa-
tion of modulation-doped field-effect transistors we developed a standard process mod-
ule consisting of either 5 or 6 lithographic masks (diploma thesis Günther Steinbacher,
1997). Besides an array of field-effect transistors with variable gate length, the layout
comprises gated Hall bars and various test structures for process characterization. For
example, transmission lines allow to assess the Ohmic contacts, whereas Schottky di-
odes give access to the Schottky barrier heights an the doping profile near the epi sur-
face.

The process module at this stage is based on the simple mesa technique usually em-
ployed for III-V devices, but employs as a Si-specific feature implanted Ohmic contacts.
In addition, the process sequence is compatible with a SiO2 or Si3N4 passivation layer,
low-temperature deposition of which is planned to be installed in the near future.

The process sequence commences with reactive ion etching (RIE) of alignment marks,
which are used for the subsequent lithographic layers. These marks are necessitated by
the implanted contact areas, which cannot be used as marks because they become indis-
tinguishable in the optical microscope of the mask aligner after recrystallization. The
second lithographic layer defines the contact areas, which are implanted in-house with
the photoresist as an implantation mask. After removal of the resist in an O2 plasma and
rapid thermal annealing (RTA) of the implanted areas, the same lithography mask is
used a second time for lift-off definition of the metallic contact pads. The third litho-
graphic mask defines, per lift-off, the Schottky gates of the transistors, the gated Hall
bars and the test Schottky diodes. The fourth mask defines the mesa areas, i.e. it facili-
tates the lateral electrical separation of the devices and test elements. For this step a
negative resist is employed in order to keep the polarity of all mask layers the same. The
layout of the mesa-mask is such that the gates of the Hall bars operate as self-aligning
mesa masks, i.e., the gate control of the Hall bars is not affected by misalignment. Mesa
separation is then accomplished by RIE, with parameters that lead to relatively shallow
mesa slopes. These are required by the fifth mask layer, which provides the gate contact
pads via a lift-off procedure. To avoid shorts to the underlying active layers induced by
ultrasonic contact bonding, the gate contact pads are located in the trenches between
mesas, and hence require a connection to the gates on top of the mesas that has to climb
up the slope. It is therefore essential to avoid too anisotropic etching of the mesas. The
sixth, optional mask layer provides a back contact to the Schottky diodes, which is again
located in the plane of the gate contacts. Alternatively, the Schottky diodes are fabri-
cated in a planar fashion, with both contacts in the mesa plane.

The complete process module has been tested, and suitable process parameters for the
respective steps have been assigned. Further improvements or fine tuning of these pa-
rameters are introduced as experience is gained with the process, or when required by
special demands regarding the epi-layer design. For example, contact implantation has
to be adapted to the depth of the 2D carrier gas underneath the surface, and it has been
recognized that a double implantation, with a shallow projected range for maximum
carrier concentration at or near the surface, and a deeper projected range near the 2D
channel, is required for optimum contact performance.

The original layout of our process module is based on optical contact lithography. Hence
the smallest reproducible structures are 1 µm wide (0.8 µm with some over-exposure).
To allow submicron gates of the transistors, additional alignment marks are provided
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that can be recognized in our e-beam writer. In such a hybrid process all but the gate
process are implemented by optical lithography, whereas e-beam lithography and
PMMA resist are used for the definition of the gate per lift-off process.

2.1.3 e-Beam Lithography
In 1997 our recently commissioned e-beam writer (Jeol 6400 SEM plus Raith Elphy
driver) became operational with demonstrated minimum feature sizes < 100 nm both in
additive and subtractive processes (diploma thesis Britta Fünfstück, 1997). The former
are used for structuring of metal layers (“lift-off”), whereas the latter are utilized for
pattern transfer into the heterostructures via RIE.

So far, our lift-off process is based on a single layer resist, which is only possible by
careful determination of the exposure dose. Under optimum conditions, a negative slope
of the resist edges develops through overexposure near the substrate by means of secon-
dary electrons generated in the substrate. This procedure has been demonstrated to be
working quite well in a situation where a single gate has to be written, which will be the
case for implementing the hybrid process mentioned in the preceding subsection. For
more complicated structures, or for double gates, where the proximity effect interferes
with the required in-depth resist profiling via secondary electrons, more complicated
procedures, such as two layer resists, may be required.

Fig. 1: Anti-dot superlattice defined by e-beam lithography and transferred by RIE into
a modulation-doped Si/SiGe heterostructure.

Experiments revealed that structured PMMA is directly useable as a resist for RIE of Si-
based heterostructures. By careful adjustment of the RIE parameters in a SF6/CH4 proc-
ess, we were able to achieve comparable etching rates for Si and PMMA. This is for
many purposes sufficient, since usually the RIE process is used for rather shallow trench
or mesa etching, which need only be deep enough to interrupt the 2D channel of a highly
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mobile carrier gas (typically less than 500 Å underneath the surface). As an example,
Fig. 1 shows an anti-dot array produced this way with a period of 0.3 µm and an anti-dot
diameter of about 150 nm. It was etched into one section of a Hall bar with six potential
probes to the depth of the 2D electron gas of a modulation-doped Si/SiGe heterostruc-
ture grown in our Riber MBE apparatus. Despite non-optimized RIE parameters, which
resulted in reduced carrier mobilities due to RIE damage, we observed a clear commen-
surability maximum in magnetoresistance measurements. We therefore believe that
commensurability oscillations can be used as a sensitive probe for assessing, and opti-
mizing, RIE process parameters with respect to minimum damage.

2.2 X-ray Diffraction and Reflectivity from Dry Etched SiGe Wires and Dots
(Y. Zhuang, A.A. Darhuber, J. Stangl, P. Mikulik and G. Bauer)

Si based heterostructures like Si/SiGe have found increasing interest especially because
of their potential for application in high frequency circuits. In the SiGe material system
the electronic properties depend strongly on the strain status of the layers, i.e. both the
band gap as well as the band offsets differ significantly for fully strained or fully relaxed
SiGe layers on Si. Any lateral structuring of Si/SiGe heterostructures induces a position
dependent elastic relaxation of the misfit strain between the Si and SiGe layers. There-
fore for a proper interpretation of optical and electronic properties of laterally patterned
SiGe wires and dots, a knowledge of the strain status of the layers is required.

In the case of laterally periodic structures like arrays of wires and dots, the x-ray dif-
fraction (XRD) peaks split into a series of satellites which can be investigated by a map-
ping of the two-dimensional intensity distribution in the reciprocal space. Information
on the geometrical shape of the wire and dot structures is obtained from x-ray reflectiv-
ity measurements. Our experimental investigations have shown that strain relaxation in
wires and dots is rather complex due to side wall related phenomena, as evidenced by a
comparison with finite element calculations.

We have investigated series of dry-etched Si/SiGe quantum wires and dots which were
fabricated from MBE grown 10 period Si/SiGe multiquantum well (MQW) structures
with Ge contents about 20 %, SiGe layer thickness of about 30 Å and MQW periods of
about 200 Å. The wires and dots were defined in the clean room Linz by holographic
lithography using an Ar-ion laser set-up and were reactively ion-etched by using a mix-
ture of CH4 and SF6 in an Oxford Plasmalab reactor. Apart from these about 200 nm
wide structures, in collaboration with a group from the Nanoelectronics Research Cen-
ter, Glasgow, also smaller dot structures which had been defined by e-beam lithography,
were investigated as well.

With XRD reciprocal space maps of the wire and dot structures close to the (004) and
(224) reciprocal lattice points were recorded as shown in Figs. 2 and 3 (10 period
Si/Si0.84Ge0.16 MQW structure, dSi = 214 Å, dSiGe = 62 Å, lateral period: D = 440 nm,
wire or dot width: 220 nm). The elastic relaxation is deduced from a shift of the diffrac-
tion pattern of the etched structures with respect to the substrate peak. The reduction of
the in-plane compressive strain after the etching process manifests itself in a shift of the
envelope of the wire and dot satellites. The elastic relaxation leads to a decrease of the
measured average in-plane strain which is different for wire and dot structures. Due to
the uniaxial compression exerted by the Si substrate along the wire axis, the average in-
plane elastic relaxation in the wires turns out to be larger than that for the dots.
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Fig. 2: X-ray diffraction ((004) and (224) reflections) from Si/SiGe reactive ion etched
wires.

Fig. 3: x-ray diffraction ((004) and (224) reflections from Si/SiGe reactive ion etched
dots

This relaxation is defined in relation to the bulk lattice constants of a corresponding
SiGe mixed crystal with the same average lattice constant as the MQW structure.

The x-ray reflectivity measurements are sensitive to the grating shape as well as to the
interface roughness of the Si/SiGe layers. In the reciprocal space maps recorded around
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(000), the presence of even order truncation rods reflects side wall imperfections. Fur-
thermore we have observed subsidiary diffuse maxima in between the high intensity
wire satellites, which correspond to a period of about 1 µm. Since the Si/SiGe MQW’s
were grown on slightly miscut substrates, strain induced step bunching occurred during
growth, which leads to terrace widths in the observed length scale. In collaboration with
V. Holy, it has been shown that this step-bunching leads to the observed oblique rough-
ness replication in Si/SiGe multilayers grown on miscut (001) Si substrates.

These investigations require in addition to the work done with laboratory x-ray sources
experiments at synchrotron sources. We are grateful to DESY, HASYLAB, Hamburg,
as well as to ESRF, Grenoble where x-ray diffraction and reflectivity work on these na-
nostructures has been performed. The MQW samples used for these investigations were
grown by S. Zerlauth and F. Schäffler with the Si-Ge-C molecular beam epitaxy growth
apparatus in the clean room of the semiconductor physics laboratory, Linz.

2.3 Quantum Well Infrared Detectors and Emitters for the Infrared
(M. Helm)

2.3.1 Infrared Detectors on the Basis of Si/SiGe Quantum Wells
The activities on the fabrication and characterization of infrared detectors on the basis of
Si/SiGe quantum wells were continued. These detectors, with a spectral response be-
tween 4 and 10 µm, are highly sensitive and compatible with silicon technology. The
fabrication in the clean room includes several steps of photolithography for the defini-
tion of etch and metallization areas, etching of the approximately 100 µm large detector
mesas with reactive ion etching, as well as metallization for the formation of electrical
contacts using electron beam evaporation. Finally, gold wires are bonded to the contact
areas. The characteristics of the best detectors include a peak responsivity (at λ = 5 µm)
of R = 75 mA/W and a detectivity D* of 2x1010cmHz/W, both at a temperature of T =
77 K.

2.3.2 GaAs/AlGaAs Quantum Cascade Emitters
In collaboration with the Institute for Solid State Electronics at the TU Vienna activities
were started to fabricate infrared sources on the basis of intersubband transitions in
GaAs/AlGaAs quantum structures. The goal is the realization of a so called quantum
cascade laser on the basis of GaAs, similar to the InP based laser, which has already
been developed by other laboratories. The fabrication in the clean room again includes
several photolithographical steps for the definition of etch and metallization areas, wet-
chemical etching of the 100 µm large mesa structures, as well as metallization by e-
beam evaporation for the forming of electrical contacts, and gold-wire bonding. Such
structures already operate as infrared light emitting diodes, presently at a wavelength of
around 7 µm. Eventually, stripe-shaped laser structures will be fabricated by using a
suitable waveguide cladding and resonator. Their fabrication technology will require
several steps more in the clean room.

2.3.3 Transport and Infrared Absorption in Semiconductor Superlattices
Transport and infrared absorption investigations were performed in GaAs/AlGaAs su-
perlattices, aiming at the observation of a Wannier-Stark ladder and Bloch oscillations.
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Standard mesa structures were fabricated using photolithography, wet-chemical etching,
metallization, and bonding. The transport measurements show a negative differential
resistance, in the infrared measurements the transition from minibands to a Wannier-
Stark ladder could be demonstrated through a corresponding absorption line splitting.

2.4 Atomic Force and Scanning Tunneling Microscopy
(G. Springholz)

Atomic force microscopy (AFM) is extensively used for the characterization of the epi-
taxial layers grown in the three different molecular beam epitaxy systems at our insti-
tute. For the Si-Ge-C system, the main focus was on the characterization of the cross
hatch surface pattern developed during strain relaxation of SiGe layers on Si substrates
as a function of Ge content, rate of Ge increase in graded buffer layers and of growth
conditions. A considerable part of these measurements were carried out in a research
cooperation with the Daimler-Benz research laboratories in Ulm, Germany. For SiC
layers, a distinct surface roughening was observed when the carbon content in the layer
exceeds a certain critical value. Both observations have important implications for de-
vice applications. AFM was used also for defect characterization in strain relaxed SiGe
layers where the defects are made visible by selective chemical etchants. For IV-VI
semiconductor epitaxial layers, AFM is routinely able to resolve the atomic step struc-
ture on the surface and therefore the threading dislocation density in the layers can be
directly determined by AFM measurements. AFM is here also used for determination of
the size, density and size distribution of self-assembled PbSe quantum dots grown by
MBE. Due to the high aspect ratio and highly faceted shape of these quantum dots, the
true dot shape could be resolved only when using special ultra-sharp AFM tips. Similar
measurements were also made on InAs dots on GaAs and for Ge dots on Si. Atomic
force microscopy was also used as a metrology tool for determination of the critical di-
mensions of semiconductor nanostructures and for the development of sub-micron litho-
graphy and pattern transfer processes. We have also performed such measurements for
industrial partners, in particular for Sony DAC, Salzburg, for characterization of process
modifications in the production of compact discs.

For scanning tunneling microscopy (STM) under ultra-high vacuum conditions, we have
designed and set up a new UHV vacuum chamber combined with a small UHV vacuum
transfer chamber with which samples prepared by the molecular beam epitaxy systems
can be transferred to the separate STM system all under ultra-high vacuum conditions in
order to preserve the ultra clean surface structure present after epitaxial growth. With
this new system we have investigated the growth mode transitions in strained-layer het-
eroepitaxy as well as the formation of subsurface defects such as interfacial misfit dislo-
cations formed during lattice-mismatched epitaxial growth. In addition, we have also
investigated the surface modifications due to buried 3D islands produced by strained-
layer heteroepitaxy in the Stranski-Krastanow growth mode, which are of high interest
for direct fabrication of quantum dots. Using spectroscopic techniques we found direct
evidence for the electronic confinement in such structures by scanning tunneling mi-
croscopy.

As a final activity, we have also started a research activity on the development of sub-
micron lithography based on mechanical modifications of thin photo resist layers by
scanning force microscopy tips. As a first step we have successfully developed a spin
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coating process for ultra-thin photo resist layers (thickness of 10 to 30 nm), which will
be used as etch mask after modification by the AFM pattern generation.

2.5 Molecular Beam Epitaxy of IV-VI Heterostructures
(G. Springholz)

The activities on molecular beam epitaxy on IV-VI semiconductors were concentrated
(a) on the direct synthesis of self-assembled quantum dots and (b) on the fabrication of
Bragg mirrors for surface emitting lead-salt based optoelectronic devices for the 3 –
5 µm spectral region (mid infrared). Further work included the growth of short period
magnetic semiconductor superlattices for the investigation of magnetic interlayer cou-
pling and the preparation of various semiconductor heterostructures for surface studies
by scanning tunneling microscopy.

The direct synthesis of self assembled quantum dots by molecular beam epitaxy is based
on the general fact that for heteroepitaxy of highly strained layers, nano-scale three di-
mensional (3D) islands are spontaneously formed on the surface once a critical layer
thickness is exceeded (Stranski-Krastanov growth mode). We have studied here a new
materials system for the growth of self-assembled quantum dots, namely, heteroepitaxial
growth of -5.4 % lattice-mismatched PbSe on PbTe (111), materials that have long been
used for fabrication of efficient mid-infrared diode lasers. Epitaxial growth was studied
using reflection high energy electron diffraction studies in situ during the deposition
process and the evolution of surface morphology as a function of layer thickness deter-
mined by atomic force microscopy (AFM). We find that when a critical coverage of 1.5
monolayer is exceeded, first chains of PbSe islands are nucleated on the wetting layer,
whereas homogenous nucleation sets in at a somewhat larger coverage. Both types of
dots exhibit the same pyramidal shape that results from the formation of well defined
(100) side facets. As compared to other materials systems (e.g. InAs/GaAs or SiGe/Si),
the self-assembled PbSe quantum dots exhibit a remarkably narrow size distribution
with relative variation of the dot heights of only ±10 %, which is more than a factor two
smaller than for other materials. In addition, this small size variation is found to be in-
dependent of layer thickness. These facts indicate the presence of a highly effective
mechanism for self-limitation of the island growth, which is obviously related to the
highly faceted shape of the PbSe islands. Thus this materials system seems to be very
promising for the investigation of zero dimensional quantum structures and for applica-
tions for mid-infrared light emitting devices.

With respect to the MIR Bragg mirrors, we have explored the possibilities to fabricate
such mirrors by molecular beam epitaxy on the basis of IV-VI materials such that they
can be used for IV-VI vertical cavity surface emitting lasers in the 3 – 5 µm region in
order to achieve higher operation temperatures for the IV-VI diode lasers. As a starting
point we have successfully designed and implemented the fabrication of a Bragg mirror
stack consisting of 30 λ/4 layer pairs of Pb1-xEuxTe with alternating Eu content of 6 and
1 %, where the latter is realized as a short period PbTe/Pb1-xEuxTe superlattice. Thus,
the whole structure consists of more the 1000 individual epitaxial layers and the total
thickness is about 15 µm. The reflectivity of the Bragg mirror is tuned to the PbTe en-
ergy band gap at 77 K and optical measurements prove a more than 98% efficiency of
the fabricated structures. For fabrication of a real laser structure, various wet chemical
and plasma etching techniques for mesa definition, as well as the p-type doping of such
mirrors was developed.
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2.6 ZnSe/ZnCdSe Quantum Wire Structures Fabricated by MBE Growth
on Patterned GaAs Substrates

(W. Heiss)

We have fabricated blue light emitting quantum wire structures by MBE growth of
ZnCdSe/ZnSe quantum wells on patterned GaAs substrates. In particular, we structured
(001)-oriented epi-ready GaAs substrates by laser holography using the 457.9 nm line of
an Ar+-ion laser. The period of the gratings were chosen to be between 600 nm and 800
nm. Wet chemical etching with a citric acid : H2O2 solution gave an etch rate of about 2
nm/s and resulted in U or V shaped grooves along the crystalline [1 -1 0] direction.
Between the grooves, trapezoid-shaped stripes are formed with widths varying between
230 nm and 400 nm. The topology and surface quality of the achieved patterned sub-
strates was checked by scanning electron microscopy and atomic force images. Prior to
the growth, the substrates were cleaned and etched in hydrochloric acid for 30 s. This
HCl etching procedure strongly improved the crystalline quality of the overgrown ZnSe
layers.

On the patterned samples Zn1-xCdxSe/ZnSe multilayer stacks were grown by MBE using
elementary Zn, Cd and Se effusion cells. All samples were grown at a substrate tem-
perature of 350 °C in an anion enriched growth regime. Prior to the growth the sub-
strates were thermally cleaned in the UHV chamber at 650 °C until the characteristic
reflection high energy electron diffraction (RHEED) pattern became visible. In the
RHEED pattern, which exhibits a three dimensional spotty pattern, swallowtail features
of the RHEED spots in [1 -1 0] direction reflected the geometry of the {1 1 1} sidewalls
of the etched grooves. The growth rate of about 0.1 nm/s was monitored by laser interfe-
rometry and by observing the RHEED patterns.

2.7 II-VI Compound Heterostructures: Molecular Beam Epitaxy
(H. Sitter)

II-VI compound heterostructures based on ZnSe, ZnTe, CdSe, CdTe, MgSe, MgTe as
well as ternary and quaternary compounds were grown on (001) GaAs as well as
CdZnTe substrates. In particular, a computer based control system has been installed for
choosing and controlling the growth parameters. In situ control is achieved through
RHEED, laser interferometry in the visible spectral range, and ex situ control through
scanning electron microscopy, transmission electron microscopy, photoluminescence
reflectance difference spectroscopy, and x-ray diffraction.

In particular the studies on the doping limits of various II-VI compounds for p-type
doping have been investigated. For that purpose two nitrogen plasma sources were de-
veloped and realized, one based on DC operation (discharge current) and the other on
electron cyclotron resonance (ECR). The plasma parameters were characterized through
optical spectroscopy.

Furthermore, RDS has been used for the first time as an in situ control method for the
growth of II-VI epilayers in order to characterize surface processes which are related to
doping. Using the linear electro-optical effect it turned out to be possible to optimize the
doping process and to determine the doping concentration in situ. Using these in situ
control methods further improvements in the realization of blue electro-luminescent II-
VI heterostructure-diodes were achieved.
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2.8 A Matched InGaAs Detector Diode for a Ka-Band Radar Front-End
(K. Lübke, G. Haider, C.G. Diskus, A. Stelzer, A.L. Springer, H.W. Thim)

2.8.1 Introduction
The demand for an increase in data transfer rate and sensor sensitivity raises the interest
in devices for millimeter wave applications. The advantage of millimeter-wave sensors
is their robustness against environmental factors like dust, water vapor, and noise.

In millimeter-wave systems suited for automotive applications Schottky-barrier diodes
are used for detecting and mixing signals because of their high switching speed which
results from the unipolar conduction mechanism. III-V semiconductors are the preferred
materials because of their higher electron mobility. In this work the design and fabrica-
tion procedures of a GaAs FECTED oscillator and a zero bias In0.38Ga1–0.38As-Schottky
detector diode for 35 GHz are described.

2.8.2 Experimental
The voltage sensitivity of a detector diode is a function of the reverse saturation current.
For optimum sensitivity this current has to be in the range of 10–6 A. To achieve this
value with GaAs technology at zero bias – which is desirable to keep the circuit as sim-
ple as possible – the barrier height must be tailored to 0.22 – 0.25 eV by incorporating
indium. With increasing In content the energy gap of the semiconductor is lowered from
1.42 eV (GaAs) to 0.33 eV (InAs). With In0.38Ga0.62As the desired barrier height of the
Schottky contact can be adjusted. The diodes have been fabricated using epitaxial layers
of GaAs and InGaAs grown by metal organic vapor deposition (MOCVD) on GaAs
substrates. Ni/GeAu/Ni/Au films have been evaporated thermally respectively by e-
beam and annealed to form ohmic contacts on n-type layers, Ti/Au and Cr/Au were
evaporated and used for Schottky contacts. The ohmic contacts have been recessed by
wet chemical etching and the connection to the Schottky contact on the top is led over a
SiO2 bridge. The etching of the SiO2 has been performed in a reactive ion etching (RIE)
reactor.

For reduced bandwidths the sensitivity can be further improved by matching the imped-
ance of the diode to the characteristic impedance of the transmission line. The equiva-
lent circuit of the diode has been deduced from network analyzer measurements. For the
frequency range of 34 – 36 GHz a matching circuit consisting of a microstrip stub ter-
minated by a radial stub has been designed and fabricated (Fig. 4).

The oscillator is a special planar Gunn diode (FECTED, Field Effect Controlled Trans-
ferred Electron Device) instead of a sophisticated transistor oscillator [1]. The device
and the circuit have been fabricated on a 4 x 5 mm2 GaAs chip with standard processing
technologies. Further details of the FECTED have been published in [2].

The patterns for the contact pads, the interconnections and the matching network have
been transferred to the substrate using both optical and e-beam lithography.
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Fig. 4: Schematic illustration of the matching network for the detector diode.

A relatively inexpensive RT/duroid 5880 (a trademark of Rogers Corp.) substrate ma-
terial has been used for the fabrication of the antennas and the 10 dB directional coupler.
Each antenna consists of 8 x 8 microstrip patches yielding a beamwidth of 8 degrees.

To guarantee a sufficiently high signal level at the A/D-converter an amplifier with
automatic gain control (AGC) is provided. A band-pass filter enhances the quality of the
signal by eliminating both noise and low frequency variations. The Doppler signal is
converted with a resolution of 16 bit. The signal processing is performed on a DSP-
board (Digital Signal Processor) equipped with a SHARC (Super Harvard Architecture
Computer, Analog Devices Inc.) signal processor.

2.8.3 Conclusion
The speed sensor has been built and evaluated using an automatic test bench. An accu-
racy of 0.1 % has been achieved in the case of a corner reflector moving at constant
speed. The maximum operational range exceeds 25 m.
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ZnSe/ZnCdSe Quantum Wires on Patterned
Substrates

W. Heiß, D. Stifter, G. Prechtl, H. Sitter, W. Jantsch
Institut für Halbleiter- und Festkörperphysik,

Johannes Kepler Universität Linz, A-4040 Linz, Austria

Wide gap II-VI semiconductor compounds are important materials for the fabrica-
tion of blue light emitting laser diodes. In this contribution ZnSe/ZnCdSe is used to
fabricate quantum well wires. This is achieved by MBE growth on nonplanar GaAs
substrates, which are submicrometer gratings with U or V shaped grooves and trape-
zoidal shaped ridges. In these samples blue luminescence is observed up to room
temperature. One dimensional confinement effects are observed by several experi-
ments due to the lateral modulation of the electron gas in the quantum well.

1. Introduction
The first semiconductor lasers emitting green or blue light are based on wide gap II-VI
compounds. In particular ternary ZnCdSe alloys have been used in the active zone of
these laser structures [1], [2]. II-VI laser diodes are not available commercially, since
the lifetimes of these devices are restricted to several hundred hours. To date, blue light
emitting semiconductor lasers based on the GaN material system are more promising for
industrial applications. Nevertheless, for several reasons, still lots of efforts are put in
the development of laser diodes based on II-VI compound semiconductors.

For III-V semiconductor lasers emitting in the near infrared it was demonstrated already
that devices realized from quantum well wire structures possess superior properties, like
reduced threshold currents or narrowed emission bandwidths, compared to conventional
quantum well lasers [3]. The aim of this work is to fabricate ZnSe/ZnCdSe quantum
wire structures using the same technologies as used for the fabrication of laser diodes.
ZnSe/ZnCdSe quantum wires showing lateral confinement effects have been achieved in
the past by electron beam lithography and wet chemical etching or reactive ion etching.
However, these technologies are not commonly used for laser fabrication. In this report
we investigate the possibility to obtain II-VI quantum wire structures by MBE-growth
on patterned GaAs substrates.

2. Sample Structures and Results
A cross section of a typical sample is sketched in Fig. 1. We use GaAs gratings with
submicrometer periods having U-shaped or V-shaped grooves in a crystalline [11 0]
direction as substrates. On the substrates ZnSe/ZnCdSe multilayers are grown by mo-
lecular beam epitaxy. In particular, ZnSe buffer layers with various thicknesses are
grown, followed by a ZnCdSe quantum well, 50 Å thick, and finally by a ZnSe capping
layer. A quantum wire is formed due to the dependence of the growth rate on the crys-
talline orientation. Thus, the lateral width of the quantum wire is determined not only by
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the period of the substrate, but also by the thickness of the buffer layer. Therefore, wire
widths much smaller than the period of the substrate can be achieved.

Fig. 1: Cross section of a typical ZnSe/ZnCdSe quantum well sample.

We have obtained ZnSe/ZnCdSe quantum wire structures, giving intense blue lumines-
cence up to room temperature. TEM images have revealed that the quantum wires are
formed on top of the GaAs ridges as sketched in Fig. 1. Depending on the sample
structure, luminescence blue shifts up to 10 meV due to the lateral confinement are ob-
served [4]. Furthermore, confinement induced optical anisotropies are observed for sev-
eral samples [4]. The spatially resolved cathodoluminescence image in Fig. 2 shows
clearly a stripe-like intensity distribution of the luminescence confirming the quantum
wire nature of our obtained sample structures. Both X-ray investigations and photolumi-
nescence experiments indicate a complex, lattice mismatch induced strain distribution in
the quantum structures [5]. Finally, time resolved luminescence experiments reveal a
modulation of the exciton-recombination time due to the lateral confinement. This fact
opens us the possibility to design the exciton recombination time by nanostructurizing
the quantum well samples. This can have important consequences for the improvement
of blue light emitting II-VI laser diodes.

Fig. 2: Spatial resolved cathodoluminescence intensity.
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3. Conclusion
We have fabricated blue light emitting ZnSe/ZnCdSe quantum wires by MBE growth on
patterned GaAs substrates. The achieved structures have been investigated by transmis-
sion electron microscopy, X-ray measurements and spatial and temporal resolution in
photoluminescence experiments. All performed experiments show confinement effects
due to a lateral modulation of the two-dimensional electron gas in the quantum well.
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Si/Si1-x-yGexCy Heterostructures
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Institut für Halbleiter- und Festkörperphysik, Abteilung für
Halbleiterphysik,

 Johannes Kepler Universität, A-4040 Linz, Austria

Si/Si1-x-yGexCy heterostructures are promising candidates for all-pseudomorphic n-
type hetero-MOSFETs with enhanced electron mobilities that could become an al-
ternative to n-channel Si/SiGe structures on virtual SiGe substrates. We report on the
successful optimization of the growth parameters for this novel material combina-
tion, which allowed us to overcome problems reported in the literature concerning
complete substitutional carbon incorporation into the intrinsically metastable Si1-yCy
layers. By concise characterization of the epi-layers with photoluminescence, x-ray
diffraction and refraction, and atomic force microscopy, we could also establish a
range of growth and annealing conditions that allows a low defect density and a
smooth surface morphology. Thus we surpassed in several respects the state-of-the-
art quality standards in this material system and achieved a sound material basis that
will allow further assessment of this heterosystem regarding future high-performance
device applications.

1. Introduction
It is the outstanding property of Si-based heterostructures to provide the application
relevant combination of bandstructure engineering and the compatibility with silicon
very-large-scale-integration (VLSI). In the past few years most of the basic properties
regarding the lattice mismatched Si/Si1-xGex material combination, and especially the
effects of strain on the band offsets and bandgaps, have been investigated [1]. It has
been found that the band offset at the interface between a pseudomorphic Si1-xGex 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 employing 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/ Si1-xGex material system, reaching
from heterobipolar transistors (HBT) [2] over p- and n-type modulation-doped field ef-
fect transistors (MODFET) [3] to optical detectors in the near infrared, and even light
emitters [4]. Nevertheless, so far only the pseudomorphic Si/SiGe HBT has reached
production 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 Si1-xGex buffer layers. These have successfully been implemented by several
research groups [5], [6], [7], but defect and morphology control still require further re-
finement to make them suited for a production environment.
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Ternary Si1-x-yGexCy 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 heter-
ostructure [8]. However, in contrast to the binary Si1-xGex alloys, which are thermody-
namically stable for all compositions x, carbon has almost negligible solid solubility in
both Si and Ge, but instead exists in various SiC polytypes. Since strain engineering
requires C concentrations of a few atomic percent to provide useful modifications of the
band structure [9], 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 recent progress that has been made in Linz regarding
the growth and characterization of heterostructures containing ternary Si1-x-yGexCy al-
loys. The main emphasis in the report period has been put on optimizing the growth
conditions to allow a complete substitutional carbon incorporation without sacrificing
the structural, morphological, and optical qualities of these layer sequences. These in-
vestigations are the most essential prerequisite for any further assessment of the future
role Si1-x-yGexCy alloys can play in the field of application-driven band structure engi-
neering.

2. Experimental

2.1 Epitaxial Growth of Si/Si1-yCy Heterostructures
(S. Zerlauth, M. Mühlberger, C. Penn, H. Seyringer, F. Schäffler)

In order to establish and optimize growth conditions for the substitutional incorporation
of carbon in concentrations on the order of 1 – 3 at.% we designed and grew a series of
six-period Si/Si1-yCy superlattices (SLs) for subsequent characterization by x-ray rocking
analyses, photoluminescence (PL), and atomic force microscopy (AFM). The aim of
these investigations was to reach a high level of substitutional carbon (to be character-
ized by the x-ray strain measurements), a low level of electrically or optically active
defects (to be characterized by PL measurements), and a smooth surface morphology (to
be characterized by AFM experiments).

The two most important parameters for the growth of the thermodynamically metastable
compounds, such as Si1-yCy layers, are the growth temperature and the growth rate. Both
affect the interplay between surface mobility of the impinging atoms and substitutional
incorporation. Low growth temperatures and/or high growth rates always tend to sup-
press segregation or non-substitutional incorporation, but also lead to defective growth
which finally yields an amorphous layer [10]. On the other hand, high growth tempera-
tures and low growth rates move the system closer to thermal equilibrium, which re-
duces the defect density, but also leads to reduced carbon incorporation or, finally, to
stochiometric β-SiC precipitation. Moreover, higher surface mobilities of the impinging
atoms will favor three-dimensional (3D) growth, which is frequently observed in
strained heterosystems that are allowed to minimize their surface free energy. Under



Si/Si1-x-yGexCy Heterostructures 113

such conditions the reduction of the strain energy via 3D growth has to be larger than
the added surface energy introduced by the 3D morphology [11].

In the experiments to be reported here, the growth rate was kept constant at MBE-
typical values of around 1 Å/s, and only the growth temperature was varied systemati-
cally. To prevent artifacts that might have been introduced by long term fluctuations in
the flux of our e-beam carbon source, the complete temperature range to be investigated
was frozen into each of our SL samples. To achieve this, the samples were grown under
constant Si and C fluxes each, whereas the substrate temperature was systematically
increased by 50°C from Si1-yCy layer to Si1-yCy layer over the six periods. This way,
each SL contained implicit information on the temperature-dependent incorporation of
carbon in the temperature range between 400 and 650 °C. To deduce this information
unambiguously, x-ray rocking curves of the SL samples were simulated dynamically
with additional input from a set of reference spectra, which came from SLs that were
grown at a constant temperature each [16].

Fig. 1: Carbon incorporation as a function of growth temperature.

The results of these experiments are plotted in Fig. 1. The basic trend is a decrease of
the percentage of substitutional carbon both with increasing y and with increasing tem-
perature. In contrast to earlier results of other groups [13], however, we could demon-
strate that with reasonably high growth rates (here 1.2 Å/s) complete substitutional car-
bon incorporation of up to about 2 % is possible at growth temperatures ≤ 500 °C. Even
higher growth temperatures of up to 650 °C are allowed, as long as the desired carbon
concentration remains below 1 %.

Beyond the limits established in Fig. 1, the amount of substitutionally incorporated car-
bon drops drastically with increasing growth temperature (hatched area in Fig. 1). By a
combination of RHEED and AFM experiments we found that in this range surface
roughness is also strongly increased, whereas the morphology remains basically smooth
in the region of complete substitutional incorporation. Additional experiments are re-
quired (and planned) to figure out whether increased surface roughness causes the sub-
stitution incorporation of carbon to drop, or, vice versa, whether non-substitutional car-
bon triggers a transition to 3D growth.
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Because of the large difference in the covalent radii of Si and C, it was not clear whether
a linear interpolation between the lattice constants of Si and diamond (or of Si and SiC)
is a good enough approximation even within the quite limited range of substitutional
carbon concentrations accessible. Therefore, in cooperation with the group of A.V.
Drigo in Padua, who performed resonant backscattering experiments at 5.72 MeV, we
studied the variation of the lattice parameter of Si1-yCy layers as a function of the sub-
stitutional carbon concentration y. In good agreement with theoretical predictions by
Kelires [12], we found a pronounced deviation from Vegard’s rule, which can be as
large as 30 %. The reason for that behavior is attributed to the quite significant charge
transfer from Si to C, which leads to a faster reduction of the lattice parameter with y
than would be expected from a linear scaling of the average bond-length. These new
results can be accounted for with a parabolic interpolation scheme, which has to be em-
ployed for an accurate determination of the substitutional carbon content via x-ray
rocking analyses.

2.2 Assessment of Si/Si1-yCy Layers by Photoluminescence
(C. Penn, S. Zerlauth, G. Bauer, F. Schäffler)

The unexpectedly large range of growth parameters that allows substitutional carbon
incorporation (Fig. 1 above) makes it possible to grow at sufficiently high substrate
temperatures to achieve Si1-yCy layers of high crystal quality with substitutional carbon
concentrations of up to at least 2 at. %. In fact, we were able to observe clear bandgap
photoluminescence from Si/Si1-yCy SLs within this composition range that allowed us
the deduction of the strain-induced band gap narrowing in Si1-yCy layers grown pseudo-
morphically on Si substrates (dashed line in Fig. 2).

Fig. 2: Band gap variation with increasing substitutional carbon content as derived
from photoluminescence measurements.

A linear band gap shrinkage with a slope of -70 meV per percent of substitutional car-
bon is observed, which leads to a useful band offset of 140 meV at y = 2 % in good
agreement with results from other groups [9]. This band gap shrinkage, which is be-
lieved to be mainly accommodated by a conduction band offset [9], is almost entirely
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due to the tensile in-plane strain in a pseudomorphic Si1-yCy layer on a Si substrate,
whereas a chemical contribution of the carbon atoms is rather small in the investigated
concentration range. At higher concentrations (expected to be beyond 10 at.%) the band
gap has to increase again, to finally approach the much larger band gaps of β-SiC
(2.2 eV) or even diamond (5.5 eV). However, such large substitutional carbon concen-
trations are beyond the conceivable limits of metastable, pseudomorphic growth, which
renders the question about the composition of the Si1-yCy alloy with the minimum band
gap interesting but of little practical relevance.

Photoluminescence spectroscopy is a versatile technique, which not only provides in-
formation on the band gaps and the band offsets, but is also a sensitive indicator of the
overall crystal quality of the layers, since the density of non-radiative recombination
centers has to be small enough to allow the observed phonon- or alloy-disorder-assisted
radiative recombination. We have therefore investigated the changes in the PL spectra
induced by thermal annealing of the samples, and also as a function of the sample tem-
perature during the PL experiments to get insight into the thermal stability of these in-
trinsically metastable epi-layers and in the annealing behavior of growth defects.

Three types of samples were grown for these studies, namely Si1-yCy single layers,
Si/Si1-yCy multiple quantum wells, and strain compensated Si/Si1-yCy/Si1-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 Si1-yCy 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 Si1-xGex buffer layer and is therefore of
special interest for the implementation of n-type MODFETs. Band alignment in the
Si/Si1-yCy/Si1-xGex superlattices, which are interesting for infrared detector applications
because of the inherent strain compensation, is more complex: Since the Si1-xGex 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 Si1-yCy layers and holes in
the Si1-xGex 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 PL spectra of comparable quality measured on MBE layers [9]. As an
example, Fig. 3 shows the spectrum of a ten-period Si/Si0.989C0.011/Si0.9Ge0.1 superlattice
together with a schematic view of the strain-induced band alignment. Two distinct peaks
are observed, which originate from band edge recombination in the vicinity of the
Si1-yCy/Si1-xGex 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 tran-
sition, 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 a
heterointerface 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 sub-
strate. Obviously, the quantum wells very efficiently collect electron-hole pairs from the
several µm 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 de-
fects in the layers and at the heterointerfaces associated with non-radiative recombina-
tion would quench the PL signal altogether. This is indeed the case when growth tem-
peratures below 450 °C are employed.
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Fig. 3: PL spectrum of a ten-period Si/Si0.989C0.011/Si0.9Ge0.1 superlattice. The domi-
nating signals are the no-phonon (NP) band edge recombination from the quan-
tum well section and its TO-phonon replica. The shaded part of the spectrum is
Si-related.
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Fig. 4: Evolution of the PL signal of a single Si1-yCy layer for increasing annealing
temperatures. Note the blue shift and the line narrowing.
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Compared with the well established quantum well luminescence from single Si1-xGex
layers [14], the PL signal in Fig. 3 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 provided 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 Si1-yCy layer
of comparable 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 Si1-yCy layers, which were
grown thin enough to remain within the critical thickness limitations, but thick enough
to suppress 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.

Fig. 4 shows a series of PL measurements from a 100 nm thick Si0.989C0.011 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 temperatures
shown here. (ii) There is a noticeable blue shift of the PL lines amounting to about
15 meV. (iii) The line width after background subtraction becomes much narrower as
the annealing temperature is increased. In fact, the linewidth of 8.4 meV in the topmost
curve of Fig. 4 is the narrowest observed to date in any Si1-yCy 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.
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Fig. 5: 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.
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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 ne-
glected 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 temperature.
This is shown in Fig. 5, where the TO-replica of the band gap recombination, which is
not affected by spurious signals from the Si substrate, is plotted for measurement tem-
peratures in the range between 4.2 and 20 K. The most striking feature of these meas-
urements, 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.

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 C2 and C3
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 em-
ployed. Based on these assumptions the following effects will occur during annealing:

(i) At low annealing temperatures (middle curve in Fig. 4, 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.

(ii) At higher annealing temperatures (upper curve in Fig. 4, 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-
centration. Second, the line width becomes narrower as the statistical fluctuations be-
come 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.

(iii) Although the fluctuations of the carbon concentration become more homogeneous
upon annealing, the remaining alloy is still random. This explains the red shift with in-
creasing measurement temperature, which results from carriers bound to alloy fluctua-
tions, as has been observed in Si1-xGex [15] and other random alloy material systems,
too. With increasing temperature the electrons become mobile and establish an equilib-
rium distribution that preferentially fills the regions with the smallest band gaps. The
many available reports in the literature allow the conclusion that a red-shift upon in-
creasing the measurement temperature is a characteristic feature of strongly disturbed
alloys with local carrier confinement, which certainly applies to the situation here, be-
cause of the large local strain induced by the unusually large difference of the covalent
radii of Si and C.

(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.
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2.3 Interface Morphology in SiGe/SiC/Si Superlattices
(J. Stangl, A.A. Darhuber, G. Bauer, S. Zerlauth, M. Mühlberger, F. Schäffler)

As has been mentioned above, too high growth temperatures can lead to a roughening of
the Si1-yCy layers at the growth front. This may be of crucial influence on the envisaged
MODFET applications, because interface roughness scattering can be a mobility limit-
ing mechanism. Now, roughness scattering in a Si1-yCy channel MODFET would occur
at the interface between the channel and the subsequently deposited Si spacer layer, and
not on a free surface. Because the growth kinetics could modify that interface, it is im-
portant to employ a technique that is capable of probing a buried interface.

Sample No. Periods Layer 1 Layer 2 Layer 3 Remark
Z-SGC 312 10 Si0.9Ge0.1 27Å Si0.988C0.012 23Å Si 162Å surfactant
Z-SGC 314 10 Si0.989C0.011 21Å Si0.89Ge0.11 25Å Si 150Å
Z-SGC 315 10 Si0.989C0.011 22Å Si0.89Ge0.11 25Å Si 149Å surfactant
Z-SGC 319 10 Si0.91Ge0.09 31Å Si0.989C0.011 28Å Si 191Å
M-SGC 575 8 Si0.79Ge0.21 25Å Si0.998C0.002 75Å Si 191Å
M-SGC 576 8 Si0.78Ge0.22 25Å Si0.991C0.009 42Å Si 191Å
M-SGC 577 8 Si0.775Ge0.215 25Å - Si 191Å
M-SGC 580 8 Si0.805Ge0.195 26Å Si0.996C0.004 74Å Si 191Å

Table I: Structural parameters of the investigated samples as obtained from x–ray dif-
fraction and x–ray reflectivity measurements.

This rules out the commonly used and readily available surface sensitive techniques,
such as atomic force microscopy or scanning tunneling microscopy. Transmission elec-
tron microscopy would be a useful approach, but it is restricted to very small sample
areas per micrograph, and, in addition has an in-depth averaging problem that depends
sensitively on the quality of sample.

X-ray reflectivity techniques, which are sensitive to changes in the average electron den-
sity and thus to chemical composition, can be used instead. In addition, these nonde-
structive techniques provide information on sample areas which are several mm2 in size,
and consequently considerably larger than those which are scanned with scanning probe
techniques. However, x-ray reflectivity measurements are not useful for the determina-
tion of the strain status of the layers, which requires in addition x-ray diffraction tech-
niques.

Apart from the above mentioned advantages, there are several disadvantages: x-ray re-
flectivity techniques require the use of synchrotron radiation for sufficient scattered in-
tensity as well as the use of a quite elaborate data analysis. The scattered intensity is
recorded in the vicinity of the origin of the reciprocal space (000), and information on
interface roughness and its correlation properties are obtained from the analysis of dif-
fusely scattered radiation which accompanies the coherently scattered one.

To investigate the interface morphology and its replication in Si/SiGe/SiC heterostruc-
tures, two series of superlattice (SL) samples have been grown by MBE. The first sam-
ple series consists of four 10–period Si0.9Ge0.1/Si1-yCy/Si superlattices grown on (001) Si
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substrates. The growth temperature of all samples was set to 500 °C to ensure fully sub-
stitutional incorporation of carbon; the flux rates were typically 1 Å/s. With this series
the influence of the layer sequence (SiGe/SiC/Si or SiC/SiGe/Si) and the possible influ-
ence of a Sb surfactant was checked. All samples have a nominally 1000 Å thick Si cap
on top, as they were also designed for PL–investigations of their neighboring confine-
ment band structure.

The second sample series consisted of four superlattices, where the C content of the
Si1-yCy layers was varied, while the SiGe layer composition and thickness as well as the
superlattice period were kept constant. The Si1-yCy layer thickness was chosen accord-
ingly to the C content in order to keep the superlattices strain symmetrized. The nominal
growth parameters are listed in Table I.

All samples were characterized by (004) XRD rocking scans, and the miscut of the sub-
strates was measured using triple axis diffractometry (TAD): The orientation of the lat-
tice planes was measured for four different azimuths using the (004) Bragg reflection.
The surface orientation was measured in the same azimuths by measuring the position of
the specularly reflected beam at low incidence angles (typically 0.5°). By this method
the miscut can be determined with a precision of about 0.01° in magnitude and 5° in
azimuth.
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Fig. 6: Scans of the specularly scattered intensity (solid lines) of the first sample series,
together with calculations (dotted lines). The corresponding r.m.s. interface
roughness values are given in brackets.
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Fig. 7: ω–scans through satellite peaks of the specular curve for two samples.
a) for a sample with small miscut, no significant features are observed in the
scans; b) for a sample with relatively large miscut, side maxima in the scans are
clearly visible.

X–ray reflectivity measurements of the specularly as well as the diffusely scattered in-
tensity were recorded at the Optics beamline (BM5) at the ESRF in Grenoble, France, at
the beamlines D4 and RÖMO1 at HASYLAB, DESY, in Hamburg, Germany, and at a
laboratory diffractometer in Brno, Czech Republic.

The specular scans of the first sample series (Z-SGC 312 … Z-SGC 319) is shown in
Fig. 6, together with calculations using a Parrat-formalism. The resulting r.m.s. rough-
ness values are listed in brackets in the figure. No significant influence of the layer se-
quence and of the surfactant on the r.m.s. roughness could be detected.

ω–scans of the diffusely scattered intensity revealed different interface morphologies of
samples with relatively large miscut (e.g. sample Z-SGC 315 with a miscut of 0.31°)
and those with a relatively small miscut (e.g. sample Z-SGC 314 with a miscut of
0.11°), see Fig. 7. For samples with low miscut, no specific structure in the ω–scans
besides the sharp central peak of the specularly scattered beam could be observed (Fig.
7a). For samples with high miscut strong features in the ω–scans could be observed,
depending on the azimuth of the measurement. If the scattering plane was perpendicular
to the miscut steps of the surface, side maxima in the ω–scans were clearly observed
(Fig. 7b). From calculations using distorted wave Born approximation, the correspond-
ing length scale of the interface waviness was determined to be approx. 1.7 µm. If the
scattering plane is parallel to the miscut steps, only one broad peak in the center of the
scan is observed. Furthermore, the vertical correlation length, i.e. the typical decay
length for the replication of interface features, is of the order of 2500 Å for the samples
with higher miscut, but only 100 to 200Å for samples with small miscut. This clearly
indicates that the miscut of the substrate has a significant influence on the growth of the
heterostructures.
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Fig. 8: Scan of the specularly scattered intensity of sample M-SGC 577, together with a
simulation.

For the second sample series (M-SGC 575 … M-SGC 580) the interface roughness is
slightly smaller: Simulations of the specularly reflected intensity yield an r.m.s. value of
4 Å (see Fig. 8). Virtually no vertical correlation of the interface morphology is ob-
served in these samples, not even in the reference sample M-SGC 577 without SiC in-
terlayers.

The vertical correlation lengths are lower than 100 Å, at least for lateral length scales
over 4000Å, which are probed with our experimental setup. We ascribe this effect to the
relatively low growth temperature of our samples of only 500 °C.

3. Conclusion
We have established MBE growth conditions for high-quality Si/Si1-yCy and
Si/Si1-yCy/Si1-xGex samples with substitutional carbon concentrations of up to 2 %.
Well-behaved PL signals from band edge recombination in the Si1-yCy layers, and at the
Si1-yCy/Si1-xGex interface, respectively, have been observed. The quality of the layers
improves significantly upon annealing at moderate temperatures of about 725 °C, with-
out affecting the substitutional carbon concentration. At these temperatures annealing
mainly reduces the defect density in the layers and leads to a more homogeneous distri-
bution 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. By em-
ploying x-ray diffraction and refraction techniques, we were able to gain information on
the roughness and replication of buried Si/Si1-yCy interfaces, which is important for in-
terface roughness scattering and almost impossible to gain by other techniques.

Successful growth of carbon-containing, Si-based heterostructures is an important pre-
requisite for a future implementation of n-type MODFETs with tensilely strained Si1-yCy
quantum wells. In a next step the established growth parameters for high-quality Si1-yCy
layers on Si will be used as a starting point for the implementation of modulation-doped
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Si1-yCy quantum wells. This will allow a direct comparison with the established Si-
channel MODQWs on strain-relaxed SiGe buffer layers. It will be of special interest to
assess the role of alloy scattering in the Si1-yCy wells which directly competes with an
elemental Si channel. From such experiments further insight both in the importance of
alloy scattering and the future use of Si1-yCy layers can be derived.
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UNICHIP Vienna —
ASIC Design with Austrian Universities

N. Kerö, G.R. Cadek, W. Kausel, E. Kowarsch, P. Thorwartl
Institute for General Electrical Engineering and Electronics,

Techn. Univ. Vienna, A-1040 Vienna, Austria

After giving a short overview of the main goals of the UNICHIP initiative and its
development over the last years selected activities are presented which have been
completed in the last year. Besides two research oriented projects in the area of user
programmable logic devices the results of another two ASIC designs for Austrian
SMEs are summarized. The report concludes with a description of a LEONARDO
project dealing with continued education in Austrian electronic industry.

1. Introduction
The UNICHIP project was originally proposed in 1987 by the Institute of General EE
and Electronics at the Vienna University of Technology. Since its very beginning this
national activity was focused on three main topics in the area of the design of digital and
analog integrated circuits. Firstly, undergraduate education had to be intensified by
means of offering students unrestricted access to state-of-the-art hard- and software
electronic design automation (EDA) together with the possibility to actually manufac-
ture selected designs. Secondly, the effective accomplishment of research and advanced
development projects should become feasible. Finally, the Austrian industry – mainly
small and medium sized enterprises (SMEs) – need to be supported in using new tech-
nologies and design methodologies.

All of these aims required continuos investments in design hard- and software tools.
Additionally a measurement lab had to be installed enabling the verification on both
digital and analog behavior of integrated circuits which have been fabricated in the
scope of UNICHIP.

The GMe has funded UNICHIP throughout the past years so we were able to set up and
operate a ASIC design facility and thereby achieve every one goal of UNICHIP at least
to a certain extent within the first years. The participation in the ESPRIT project
Teaching VLSI Design Skills (EUROCHIP) and later on in EUROPRACTICE turned
out to be a major breakthrough for UNICHIP. Both of these projects were launched by
the European community to accomplish similar goals as UNICHIP but on a pan-
European level. Several services are available such as very cheap access to both a vari-
ety of EDA tools and to IC prototype manufacturing facilities. Education and academic
research word are showing great success and have been pushed to an advanced level
comparable to other European universities. In the recent past the SME support activities
— by far the most difficult task — have been successful.
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2. An SCSI-2 Target Marco for FPGAs
In order to speed up the design process of complex digital systems it is common design
practice to use macro blocks or modules wherever possible. As long as an FPGA family
is selected as the target device these blocks tend to be highly technology dependent.
Even worse, families from different FPGA vendors have varying module libraries, thus
making it very difficult to migrate a design from one family to another.

Therefore, the aim of this project was to design a re-targetable SCSI-2 macro, to be in-
cluded in any complex FPGA design. Besides its wide spread usage for the connection
of mass storage devices the SCSI bus can handle the attachment of nearly any custom IO
device to a standard PC. The necessity to either use (and program) a full fledged SCSI
controller or to design one from scratch has been the limiting factor for such applica-
tions as shown in Fig. 1.

 FPGA

 Target Initiator (PC)

 Makro

 CPU

 Hostadapter SCSI

Fig. 1: Typical SCSI application.

The macro was designed not only by means of VHDL, but with a generic library for the
design capture system ViewLogic®. This approach has been chosen because ViewLogic
is supported by nearly every FPGA vendor.

The SCSI macro was successfully targeted both to XLINX® and ALTERA® devices.
The complexity is roughly 2500 gates which equals 60 CLBs for the logic family XC-
4000 from XILINX. A prototype implementation consisting of 4 devices has been tested
without any problem with several host adapters.

3. CULT — Classification of User Programmable Logic Devices
with Scaleable Test Structures

The purpose of this project was the search for a new means of classification for User
Programmable Logic Devices (UPLD) together with their associated software needed
for the design process. In the area of UPLDs are many different concepts and devices all
of which are well promoted by their manufacturers as the optimum solution for any
digital circuit. Thus an independent classification is of utmost important for the cus-
tomer, who must select the right architecture for his design problem. All specifications
in the official data sheets, like the number of gates or the maximum system frequency,
must be corrected by the factor UGF (User Gullibility Factor), depending on the quality
of the marketing division.
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Existing benchmarks evaluate UPLDs by implementing a set of well defined complex
test circuits. The selection of these circuits is a major influence on the results. This proj-
ect uses very simple identical circuits, so that different UPLD can be compared with
each other and also with an easily calculated near optimum result. The different test
structures are optimized for measurement of interesting features like system frequency,
propagation delay, and utilization of the device.

Entering a certain number of circuits for any different device type seems a rather dull
task. A program was developed which can generate all the necessary files in most of the
common formats like ViewLogic WIR Files, EDIF or VHDL. Another advantage of this
method is the parameterization and scaleability of the benchmark. It is very important to
use a well defined design flow to reproduce the results. The single steps of a the design
flow are executed automatically with batch files or scripts. The results of the bench-
marks are stored in a database.

With this method it is also possible to compare the computational power of different
development platforms (PC, SUN). The concepts of this kind of test circuits were veri-
fied with all the actual device families from to different vendors (Altera, Xilinx). For the
measurement of the propagation delay it is a good idea to use very simple combinatorial
circuits like AND gates, exclusive OR gates or multiplexers.

There are three parameters to vary complexity of the test circuit:

• The number of product terms which means the kind of the gate;

• The number of the input pins;

• How often the structure is repeated.

The actual maximum propagation delay is measured with a static timing analyzer. If,
with an increasing number of output pins, the delay time converges the devices can be
called predictable. This is typical for CPLDs in contrast to FPGAs. A comparison of
delay time with the number of input pins shows the granularity of the logic cell in a de-
vice and the number of logic levels to implement the gate.

On the other hand, for the measurement of the maximum clock frequency the simplest
sequential circuit is a serial shift register with various numbers of flip-flops. The results
show us the effects of utilization an the maximum possible system frequency. Typically
this value is much smaller than the toggle frequency of the D-flip-flops which is the
preferred value presented in the data sheets. This test stresses also the partitioning, place
and route tools, adjacent flip-flops must be placed as close as possible to each other to
achieve the maximum system frequency. This can easily be verified in a floor planner.

The third kind of benchmarks are barrel shifters, which are a combination of the pre-
ceding test structures of multiplexers with shift registers. When the number of input pins
increases, also the number of logic levels for the combinatorial logic grows and the sys-
tem frequency decreases rapidly. From these results you can determine the maximum
number of logic levels for a given system frequency.

One goal of this work was the demonstration of usefulness of this kind of benchmarks
and the development of a set of tools for their evaluation. This is the first type of UPLD
benchmark which compares the results to a calculated optimum result derived from
theoretical analysis instead of comparing with other UPLD structures.
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4. IVASIC16 — A Binaural Audio Processor ASIC
In a previous project we designed a customized DSP called DAP (Digital Audio Proces-
sor) in cooperation with the Austrian company AKG for processing digital audio data to
simulate a realistic and natural sound impression, which is achieved by special deep FIR
algorithms. The audio processing system was developed by AKG for usage in a profes-
sional digital audio environment like recording studios. It comprises a microcontroller,
fixed memory, a DAC, a fast static RAM, some glue logic, and finally the ASIC spe-
cially designed for this purpose.

We extended the idea of this audio processing system to applications in the area of con-
sumer electronics. For this purpose we had to adapt the concept of the DAP in order to
meet the special requirements of a high volume consumer market. We implemented all
functions into one chip except for the digital-to-analog conversion and the storage of
coefficient data. The goal of this work was to prove the capability of system integration
to minimize the overall system cost. Beyond these more economical reasons we wanted
to gain detailed experience in using logic synthesis through this industrial design task.

In order to obtain an easily transferable design we decided to use the hardware descrip-
tion language Verilog® for functional design input together with the logic synthesis tool
SYNOPSYS®. Placement and routing were accomplished using the CADENCE® soft-
ware. The design was initially started as a diploma thesis and later carried on as an in-
dustrial cooperation together with AKG.

We showed that using system integration offers a large number of benefits. The overall
system cost may be reduced by a considerable amount. The usage of VERILOG based
functional design entry combined with synthesis using SYNOPSYS showed not only
good results but also a speed-up of the design entry task and the capability of fast
switching from one ASIC technology to another. The whole design task took about six
months. The design has been finished and prototypes have been tested successfully.
Volume production is expected to be started within the next months.

5. Design of a DSP-Based Quad COMBO
Together with our partner company SEMCOTEC we developed a new DSP based four-
channel (quad) Combo® device which in turn will be manufactured by National Semi-
conductor Corp. The main application area of such devices is the telecommunication
industry because in digital telephony one Combo® is required for every single sub-
scriber. Currently an advanced integrated circuit production technology permits the inte-
gration of the required A/D converter, D/A converter with all the associated filters not
only for one subscriber channel but for several channels in a single chip. Devices like
that are often referred to as Single/Multi-channel Combos (a combination of COderDE-
Coder + Filter).

The first monolithic Combo devices have become feasible years ago when switched
capacitor technology enabled the manufacturing of fully integrated high precision filters
together with A/D and D/A converters on the same chip. Devices from this first Combo
generation are often referred to as type one Combos and for many good reasons their
usage has still not decreased, even today. A type one Combo together with a state of the
art monolithic SLIC - or with a conventional transformer SLIC - builds a complete sys-
tem which can operate a standard voice telephone with all its functionality like ringing,
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dialing, on-hook/off-hook detection and so on from a standard PCM highway and a
digital signaling data carrier. Many thousands of these so called line cards are present in
typical digital exchange offices.

The targeted device is a simple, efficient, easy to use, multi-channel Combo. It has to be
familiar to the system designers and system manufacturers all over the world who have
gained a lot of experience with so called type-one Combos. Therefore all of the features
which are not used in low end but high volume applications need not be present. Supe-
rior and highly repeatable transmission performance however will distinguish the new
multi-channel Combo device from the older and newer analog competitors. By using a
state of the art, sub-micron process allowing digital signal processing in combination
with over sampling converter techniques most of the disadvantages of current analogue
competitors can be avoided.

• Small chip area (first priority)

• Optimum yield (minimum matching requirements)

• Shortest possible testing times (design for testability)

• Minimum power consumption

• Repeatable transmission performance (digital filters, minimum analogue content)

• Modular design to allow reuse of parts in high-end and eight channel devices

• Small package (SO-40, PLCC-44)

• Customer diagnostics and production test modes

Modulator Decimator Transmit Filter PCM Encoder

Demodulator Interpolator Receive Filter PCM Decoder

Prefilter

Postfilter

switched capanalog digital digital

digital digitaldigitalDAC &

Interface
digital

Interface
analog

Clock generation
and control logic

PLLVref
Iref

Fig. 2: Global Block Diagram.

The architectural design and the design of the digital blocks were done by the authors
while the analog blocks were designed by design engineers from National Semiconduc-
tor. The digital design was described in VHDL and extensively simulated with respect
to transmission characteristics. Finally, we used SYNOPSYS DesignCompiler for logic
synthesis. It took about 15 months from the specification of the devices to the first sili-
con. The first prototypes were tested successfully. Only some minor design changes
have to be applied to adjust the analog behavior. Currently the devices are qualified for
production.
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6. LEONARDO Transnational Training Institute
Being a member of the EUROFORM network the institute participates in the LEO-
NARDO project “Transnational Training Institute”. The scope of work is the evaluation
of the training methodologies employed in SMEs in the area of microelectronics. To-
gether with 7 other partner institutions the efficiency of different approaches such as
external or in-house training is analyzed. As a consequence of an overall comparison of
the evaluation results in 6 countries the most effective means of training is selected in
terms of increased ability to solve given design problems.

EUROFORM is an European network consisting of 60 partners. Within each country a
node is responsible for the national coordination of all activities. These nodes are:

• France: University of Paris-Sud XI

• France: University of Bordeaux I

• Germany: University of Aachen

• Italy: University of Bologna

• Ireland: Trinity College of Dublin

• Portugal: INSEC

• Spain: University of Computer Science of Madrid

In Austria a cooperation with all institutions dealing with training on microelectronics
was established. Together with the University Extension Center of the TU Wien and
Danube (European Training, Research & Technology) a questionnaire was designed and
sent to all known participants of recent training activities. Besides some general infor-
mation of the structure of the enterprise the questions were focused of the respective
activity and the method of distributing the knowledge of the training within the SME.

Finally the SMEs were asked to comment on the type of training they prefer and
whether they would accept modern means of presentation (CD-ROM, Internet and the
like) and the like.

First evaluations show a strong interest in external training courses with considerable
emphasis on hand-on training using EDA-tools and workstations.
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To satisfy the growing demand for engineers trained in the design of integrated cir-
cuits (ICs) the Department of Electronics offers several academic courses to cover
this topic. In order to establish fundamental knowledge on design flow, verification,
and test of ICs also some research projects are carried out at the Department. The
main area in IC-design is the wide topic of mixed signal ASICs in CMOS or
BiCMOS technology. In the following chapters there will be an introduction to the
facilities and the courses at the Department of Electronics. Furthermore some IC
projects of the year 1997 are presented.

1. Introduction
A main part of the 1997 activity at the Department of Electronics in UNICHIP was
training the students in the field of IC-design. The Department offers 5 courses to cover
the following topics:

• Basic IC-technology (fabrication, design-flow, silicon-technology)

• Fundamentals of MOS and bipolar transistors

• Use of CAD tools (analog and digital simulation, layout, standard-cell design etc.)

• Analog and digital circuit design

• Testing integrated circuits

In order to get a deeper understanding of the problems encountered with analog inte-
grated circuit design a course at the Imperial College in London/Great Britain was at-
tended by a member of the project team.

2. Academic Courses
The following table shows the titles and further information on all courses related to IC
design offered at the Department of Electronics.

There were 16 theses worked on in 1997. Some of them where carried out in close co-
operation with the three major enterprises in Austria dealing with IC design and manu-
facturing (AMS, Siemens-EZM and Philips Semiconductor Gratkorn).
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title of the course type hours/term participants/year
Integrierte Schaltungen 1 VO 30 80
Integrierte Schaltungen 2 VO 30 40
Integrierte Schaltungen 2 UE 30 40
Testen Integrierter Schaltungen LU 45 28
Elektronikprojekt PR 90 10

Table 1: Courses dealing with IC-design

3. Facilities

3.1 Hardware
We are using the following hardware components in our courses as well as for research
projects:

• 11 SUN-SPARC Stations, 6 PCs

• Micromanipulation Tool with Laser-Cutter

• PC-based measurement environment and logic verifier for digital ICs

3.2 Software
We are using the following software-tools in our courses and for research projects:

• Mentor Graphics®: V8.5 Design Framework; GDT

• Analog Simulation: HSPICE (Meta Soft®); PSPICE (MicroSim®)
• XACT; Xilinx tools for FPGA-development using Mentor Graphics front-end

• HP-VEE; PC-based test-program-generation for IEEE-488 bus system

4. Experimental
In many courses there is a practical aspect, which leads to fabrication of chips by means
of MPW-runs (Multi-Project-Wafer).

4.1 Student Projects

4.1.1 Testboard Development for Automated AD-Converter Characterization
Five testboards were successfully designed and used for various AD-Converters (types:
20 bit charge-balance; 12 bit successive approximation; sigma-delta and 8 bit flash) to
automate the characterization by means of PC-based test programs, which were part of
each project.
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4.1.2 Characterization of a 1 GHz Mixer Chip
The design of a test environment and prototype testing for a mixer chip used in a GSM
transceiver chipset was carried out in this project.

4.1.3 Design, Simulation and Layout of Source-Coupled-Logic Building Blocks
Source-coupled-logic building blocks (NAND, NOR, Latch etc.) were designed and
compared to standard cells with respect to area as well as static and transient current
consumption.

4.1.4 VHDL-Based Digital Circuit Design
The digital parts of a 20 bit AD-Converter and a quantization unit for periodic, digital
signals were designed using VHDL and logic synthesis.

4.2 Research Projects

4.2.1 Evaluation of Former Projects
The engineering samples of two projects of 1996 (ENDOR [1], ENDEAVOR [2]) were
tested and their correct functionality was evaluated.

4.2.2 Device Generators for Contacts and Cap-Arrays
Two generators were realized to expand the palette of device generators for Mentor
Graphics® IC-Design framework used at our department. One is for shape- or path-
based contacts and the other one is for binary weighted arrays of capacitors with mini-
mum mismatch errors.

4.2.3 Automated Characterization of Operational Amplifiers by Means of
Simulation

For details see [3].

4.2.4 Design, Simulation and Layout of the Analog Elements of a 12-Bit AD-
Converter

For details see [4].

4.2.5 Realization Studies for the Monolithic Integration of a Velocity-of-Sound
Encoder

 To measure the velocity of sound in a fluid the time can be determined which an ultra-
sonic pulse needs to propagate over a known distance. In existing PCB systems this time
is approximately 10 µs, and a resolution of 10 ps has to be achieved. Realization studies
were carried out to integrate such a system on one chip.
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5. Conclusion
The design of integrated circuits from the idea to the chip is the main goal for the project
“UNICHIP-Graz, Entwurf integrierter Schaltungen”. To train the students in this field
there are some academic courses offered. There are also some research projects which
are all together in the field of mixed-signal ASICs for sensor applications.
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High Precision Depth Profiles with SIMS
H. Hutter, K. Piplits, M. Gritsch

Institute of Analytical Chemistry, Vienna University of Technology
A-1060 Vienna, Austria

This contribution demonstrates applications of surface analysis techniques for the in-
vestigation and characterization of materials and production processes. SIMS depth
profile measurements of erbium in silicon demonstrate that high precision measure-
ments of low concentrations are necessary to assist implantation and simulation
groups. Measurements of the internal structure of light-emitting diodes verify that the
development of new microelectronic components is a great challenge for analytical
chemistry.

1. Introduction
Surface analysis techniques play an important role in supporting material development
and process optimization. One of the most common techniques is Secondary Ion 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.

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 insulators. The emitted wavelengths practically coincide
with those observed for isolated atoms and depend only little on the host material. Er-
bium implanted into Si produces rich spectra of sharp lines in photo- and also in elec-
troluminescence in a narrow spectral region close to 1.54 µm. This wavelength stimu-
lates interest in Si:Er as a candidate for light emitting devices for fiber optics communi-
cation systems and also for on-chip and inter-chip optical data transfer [1].

In this project an erbium containing silicon film on a waver was produced by an MBE
process. The erbium concentration was verified by the used sources with different Er-
content. The results of different sources and different parameters were determined. The
concentrations of O and Er were determined by the use of standards. The C and B con-
tent were not quantified, because only the relative differences of the samples were rele-
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vant. Fig. 1 gives an example of the measurements. In this example it is visible that the
O concentration is not constant and there is a C contamination on the interfaces.

Fig. 1: SIMS depth profile of an erbium film on silicon. The elements Er and O were
quantified by the use of standards, therefore the concentration is given in at/cm3

(left axis). Because for the elements B and C no standards were available only
the counts/s are indicated (right axis).

2.2 Blue Light-Emitting Electrochemical Cells
Light-emitting diodes based on conjugated polymers (PLEDs) can be realized with high
efficiencies over the whole visible range. The most attractive application of PLEDs is
their usage in self-emissive flat panel displays [2].

This part reports the investigations of blue light-emitting electrochemical cells (LEC)
based on a ladder-type poly(paraphenylene) (m-LPPP). The turn-on voltage of these
LECs occurs at 2.7 V and external efficiencies of around 0.3% and a brightness of
around 250 cd/m2 at 10 V were obtained with the LECs based on m-LPPP. The phase
morphology of the LECs based on m-LPPP can be optimized in a way that LECs with a
very fast pulse response in the range of 20 – 30 µs are obtained.

These LECs consist of three layers. The first is an ITO layer (thickness: ~200 nm) as
transparent electrode on a glass substrate, the second consists of the conjugated polymer
mixed with polyethylenoxide and LiCF3SO3 (ratio 20:10:3, thickness: ~100 nm). As
top-electrode usually Al was evaporated on top of the blend film in high vacuum (thick-
ness: ~200 nm).

The SIMS measurements should clarify if there is a separation of the Li+ and the
CF3SO3

- ions during production and/or the use of the diodes. Ti was of special interest if
an enrichment of the ions on the interfaces polymer-ITO and polymer-Al is observable.
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Fig. 2: SIMS depth profile of the LED. Primary ions: O2
+. On the right side of the pro-

file the insulating glass substrate is reached. The sample becomes charged at
this depth. The Li+ signal is shifted to the right side (relative to the C-peak).
This indicates an enrichment of Li at the interface polymer–ITO.

Fig. 3: SIMS depth profile of the LED. Primary ions: Cs+. Due to the atomic-mixing
effect the C peak appears wider under Cs bombardment compared to the oxygen
profile. The F peak is shifted to the left side relative to the C peak. This indi-
cates an enrichment of F at the interface polymer–Al.

Here only the results of the unused LECs are presented. Due to the different sensitivity
of the ions it was necessary to measure the Li+ distribution under oxygen bombardment
(see Fig. 2) and the F- and O- ions under cesium bombardment (see Fig. 3). The detec-
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tion of the S- ion was not possible without the use of high mass resolution, because of
the mass interference with O2

-. The detection of C as an identifier of the polymer in both
measurements allows to fit the depth profiles. This fit is presented in Fig. 4, by way of
exception (for SIMS depth profiles) this diagram has a linear y-axis.

In Fig. 4 is clearly visible that there is a enrichment of the ions at the interfaces. This
separation takes place already during the manufacturing of the LECs, not by contacting
to the supplying voltage.

Fig. 4: Normalized intensities from the Cs+- and O2
+ measurements. The C peaks from

both measurements are printed. For indication of the layers the Al+ and O- signal
are given. The maximum of the F- peak is at the interface polymer–Al, the
maximum of the Li- peak is at the interface polymer–ITO.

In this project furthermore the influence of different electrodes (Al and Au) was deter-
mined. Besides the change of the ions distribution during the use of the LECs were ob-
served.

3. Conclusion
Microelectronics is a continual challenge for modern material analysis. In many cases
improvements of well established analytical methods, like SIMS, are 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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Integrated Sensor-Microflow-Systems
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This report describes first experiences with a new high resolution, miniaturized opti-
cal pH sensor principle we developed and presents results obtained for a novel bio-
sensor for liver enzymes assay and a wide range conductometric sensor. The integra-
tion of those sensors, among others, on a common carrier requires advanced inte-
grated sensor-microflow-systems. This topic is addressed by an experimental study
on different miniaturized fluidic mixer structures and the investigation of miniatur-
ized flow sensors using a new signal conditioning device.

1. Introduction
Modern medical research and intensive care requires very complex biochemical analysis
to be done e.g. at the patient’s bedside. This task necessitates small sensors as well as
cheap and handy equipment. Integrated sensor-microflow-systems address those techni-
cal needs. To build up effective integrated analysis systems there is a variety of essential
prerequisites like miniaturized sensors, bioreactors, actuators, and valves. Beside these
miniaturized components there must exist adequate techniques to interconnect these
essential components.

2. Experimental

2.1 A Novel Thin Film Integrated Optics pH Sensing System
By combining an ultrathin photopatterned pH dependent swelling membrane with a rep-
licated chirped grating coupler as a transducer an optical pH sensor was created.

The pH sensitive membrane is made from a poly(80 mol% Hydroxyethyl methacrylate –
20 mol% N,N’ Dimethylaminopropyl methacrylate) copolymer. With a pK value of 7.5
the pendant amino groups become protonated. This leads to an increase of the osmotic
pressure in the gel that increases the swelling and, due to the relative lower refractive
index of water, the gel’s refractive index decreases. A polymer solution, comprising
benzoquinone as photoactive agent, is applied to the substrates by spin coating to pro-
duce layers of 100 nm thickness. Benzoquinone forms a charge transfer complex with
the amino groups of the polymer which facilitates crosslinking upon UV exposure. This
makes it possible to pattern this “negative working” membrane precursor with a mask
aligner at one minute exposure time.

The replicated chirped grating couplers, which are contributed by the Paul Scherrer In-
stitute Zurich, are made on polycarbonate with a TiO2 waveguide and two chirped grat-
ings. Since the grating periodicity continuously varies at chirped gratings, the coupling
criterion is matched only on one point. In this way, changes in the refractive index are
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related to moves of the emitted light point at the outcoupling grating. Such devices
showed a resolution of 10-4 pH units and response times of less then one minute. Be-
cause of the relatively easy and potentially cheap manufacturing, their planarity, and
sensitivity, they are attractive candidates for microphysiometry applications. Even
quantification of single cell metabolic activity seems feasible.

2.2 Rapid Liver Enzyme Assay with Bioanalytical Microsystem
Assays of transaminases present in the serum play an important role in diagnosis and
monitoring of the course of liver diseases or myocardial infarction. Elevated serum ac-
tivity of GOT – Glutamic Oxaloacetic Transaminase – indicates severe damage to the
cells of heart or liver. Especially in the early detection of myocardial infarction moni-
toring of GOT during the first 24 hours helps to gain an insight into the seriousness of
the infarction. GPT – Glutamic Pyruvic Transaminase – is present in high concentra-
tions only in the cytosol of hepatocytes. Therefore raised plasma activity of GPT indi-
cates a severe liver disease like viral hepatitis or toxic liver necrosis causing disruption
of cell membranes.

The realized amperometric assay detects the transaminase acivities by detecting the
product glutamate by means of a thin film glutamate biosensor. Production and per-
formance of the thin film biosensor array are described by Moser et al. [1]. The sensor
array comprising two glutamate sensors and two blank sensors is 4x7 mm2 wide and
made by means of thin film technology. The transaminase activity assaying device com-
prises of the thin film biosensor array assembled on a microfluidics realized with the dry
film photoresist technology (see 2.5). This integration not only minimizes the sample
volume required but also increases the reliability of the analysis performed.
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Fig. 1: Calibration graphs of GPT and GOT assays.
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2.2.1 Experimental Results
The calibration graphs of the GOT and GPT assays are shown in Fig. 1. Increased activ-
ity of the enzyme in the range of 100 – 200 U/l indicates most of the liver diseases [1].
Compared to the traditional spectrophotometric techniques of transaminase acivity as-
says this novel analytical device offers serious advantages. Most important, readout can
be obtained within a few minutes. Sample volume requirement is reduced, too. No
NADH and no soluble enzymes are required in the assay and therefore the stability of
the substrate solutions is enhanced. The small dimensions of the device, the stability of
the reagents used, and the relatively simple measurement electronics should allow the
development of a hand-held device for the point of care assay of GOT and GPT.

2.3 Miniaturized Planar Four Electrode Conductometric Sensors
Conductometric transducers covered with functional membranes will become important
transducers in medical, biological, and environmental diagnostics. We studied planar
devices featuring structure widths of 2 µm and 5 µm (Fig. 2) and two as well as four
electrode arrangements. The results of impedance measurements obtained with these
were compared with simulation results for the voltage-current relations. Measurements
using two and four electrode techniques were carried out. The voltage applied at the
current terminals of such transducers must not exceed 10 mVeff to prevent electrochemi-
cal reactions, and the useful frequency ranges from 100 Hz to some 10 kHz.

Fig. 2: Electrode structures used for the experiments and the simulations. Interdigital
distances typical 2 to 5 µm, overall area 2 by 2 mm2.

With shrinking structure widths the limited rate of charge transfer between the elec-
trodes and the electrolyte becomes of main importance. For two-electrode impedance
measurements they put severe limits on the measurable ion concentration ranges and the
maximum operating frequency. By using four-electrode techniques one can extend the
measuring range far beyond these limits if signals in the 1 µV range are acceptable.
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For miniaturized structures the large relative width of the voltage measuring electrodes
causes deviations near the surface from the ideal electric field configuration of four
probe arrangements. Also the influence of the electrolyte layer thickness, which is de-
termined by the dimensions of the miniaturized flow channel cross section, have to be
taken into account. Because of the lateral channel dimensions and the periodicity of the
electrode arrangement a two-dimensional model of the electrolyte cell geometry was
chosen for all numerical simulations which were carried out using the ANSYS software
packet.

2.3.1 Measurement Results
A comparison of measured and calculated admittance values shows good consistence of
the concentration dependency, leading to a extremely wide useful measuring range of
0.001 mS/cm to 100 mS/cm (Fig. 3). As long as the electrolyte resistance doesn’t domi-
nate the over-all resistance the calculated admittance of the model is significantly higher
than the measured quantity, indicating that the model assumes too high values for the
charge transfer rates at the electrodes.

Fig. 3: Comparison between calculated and measured admittance of a four-electrode
transducer.

2.4 Miniaturized Flow Transducers
Controlled intermixture of reagents or the addition of small amounts of drugs during
infusion calls for miniaturized flow sensors. Hot film flow sensors based on thin-film
amorphous germanium thermistors offer quick response, high sensitivity, recognition of
flow direction, and a wide dynamic range. Integration of these thermistors on a micro-
machined thin membrane could further enhance their sensitivity and, as a benefit from
miniaturization, give a faster response to flow changes. Flow direction could be recog-
nized using two temperature sensors placed on the membrane symmetrically to a thin-
film platinum resistor that sources the heat. Figure 4 shows a realized structure of a mi-
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cromachined flow sensor which comprises two substrate thermistors that can be used to
eliminate the influence on sensor performance of ambient temperature changes.

Fig. 4: Mask layouts of two different miniaturized flow sensor structures. The micro-
machined membrane area, defined by the smallest rectangles, bears two flow
sensing thermistors and an intermediate metal film resistor. Two additional
thermistors serve for substrate temperature monitoring.

2.4.1 Flow Measurement Results
A constant temperature difference between the ambient and the average temperature of
the membrane thermistors was maintained by an electronic controller. The signal was
derived from the temperature difference at the membrane thermistors sites. An investi-
gation of the transducer mounted to a flow channel of 0,5 mm2 cross sectional area de-
livered a useful measuring range from 200 µl/h to 200 ml/h for the volume flux of wa-
ter. That measuring range should be sufficient for nearly all medical applications. The
corresponding detection limit for the volume flux of air was 1,3 ml/h for the same ar-
rangement. This are reasonable good results for a transducer optimized for short re-
sponse time rather than maximum flow sensitivity.

The observed response time of 1 ms is in good agreement with the predictions of FE
model calculations. The output power of the controller could be used as a measure for
the magnitude of the flow velocity, too. But in this operation mode the recognition of
the direction of flow is not possible. A linear response to the flow was obtained at full
bandwidth by digitizing the sensor signals and using a look-up table transformation.

2.5 Dry Resist Miniaturized Mixing Devices
Three different types of miniaturized mixer structures have been fabricated by means of
dry film photoresist technology [2]. Enhanced mixer performances using specially de-
signed microstructures were compared with that of a smooth channel, which is 600 µm
wide, 100 µm high and 170 mm long.
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The second type of micro-mixer consists of a channel of the same dimensions but with
additional diagonal grooves in the bottom. These grooves add a rotational movement to
the stream.

The so-called Moebius principle has been applied for the third mixing device. The basic
element of a Moebius mixer performs rotation, splitting the flow, separate rotation and
recombination. Rotation is achieved by groups of fins at the bottom of the channel.

2.5.1 Measurement and Results
The mixing behavior was made visible using solutions of iodine-starch blue and Na
thiosulfate, which decolorizes the first one by chemical reaction. Complete mixing takes
a considerably long time in a smooth channel and therefore very low flow rates have to
be used. Grooves improved the mixing performance roughly by an order of magnitude.
The improved performance of the Moebius type of mixers is very impressive. Complete
mixing occurs at considerably higher flow rates and takes much less time, while the in-
ternal volume is even lower.

type of mixer internal volume complete mixing at mixing time
smooth channel 10.2 µl ≤ 0.12 µl/min 85 min
channel with 164 diagonal
grooves

16.3 µl ≤ 1.3 µl/min 12.5 min

4-stage Moebius mixer 6.5 µl ≤ 285 µl/min 1.4 s

Table 1: Performances of different types of static mixers

3. Conclusion
Our recent developments of sensors extend the field of metabolics measurable by micro-
sensors. The progress of cheap integration technologies enables complete integrated
sensor-microflow systems to be built. We have shown that this concept works well by
the new transaminase assay, which is based on a specific implementation of the inte-
grated sensor-microflow-system concept.
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Scanning Force Microscopy Investigations
of Thermally Grown Oxides on Polysilicon

F. Kuchar, A. Benkitsch
Institut für Physik, Montanuniversität Leoben,

A-8700 Leoben, Austria

The investigations concerned the topography of oxides on silicon and oxygen pre-
cipitates in the Si wafers which strongly influence the performance of the oxide lay-
ers. In the second case, the size and distribution of oxygen precipitates in Czochral-
ski (CZ) silicon were investigated by Atomic Force Microscopy (AFM). In order to
cover the range of interstitial oxygen provided by CZ silicon growth, three ranges of
oxygen, 20 – 25, 25 – 30, and 30 – 35 ppma were chosen. The influence of the pre-
cipitation behavior on the device performance was determined by measuring the
alignment accuracy and the device yield. It could be shown that device performance
is not only influenced by the initial oxygen content but also by the size and distribu-
tion of oxygen precipitates.

1. Introduction
We have studied the topography at the transition from the gate oxide to the field oxide.
Observed were influences of the nitride etching, thinning of the gate oxide near the
bird’s beak, remains of organic resist layers.

To meet the requirements of additional process module integration into deep sub-µm
CMOS processes, the properties of the substrate become increasingly important. There-
fore AFM investigations have been performed to investigate the size and distribution of
oxygen precipitates which are known to directly influence the number of gate oxide de-
fects in MOS transistors.

Since almost all silicon wafers used for the production of VLSI devices are grown by
CZ silicon crystal technology, the wafers used for this study were taken from CZ grown
ingots. During a CZ process silicon is molten in a quartz or fused silica (SiO2) crucible.
A seed crystal is brought into contact with the melt and then slowly withdrawn. Oxygen,
an unintended dopant, enters the crystal via melt dissolution of the crucible. The oxygen
rich silicon melt rises along the crucible wall, following the thermal convection flow
pattern to the surface of the melt, and then to the melt center. There it is drawn towards
the crystal by the forced convection induced by the crystal rotation [1].

Only a small fraction (< 5 %) of the dissolved oxygen is incorporated into the growing
crystal, because most of the oxygen (> 95 %) evaporates from the free melt surface as
silicon monoxide [2]. Therefore the oxygen content of CZ ingots usually ranges from 20
to 33 ppma (old ASTM, 1979).

During the diffusion steps of a CMOS process oxygen precipitates are formed, which
causes two advantages. First, the mismatch of the Si and SiO2 lattices and the increase
in volume (VSi : VSiO2 = 1 : 2) lead to the emission of dislocations, which getter unin-
tentional contaminants and increase the capability of the wafer to withstand thermal
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stress. Second, as these precipitates reduce the lifetime of minority carriers, they im-
prove the junction breakdown characteristics [3].

There is a strong interrelationship between crystal growth conditions, grown-in defects,
and their impact on device performance. The higher the cooling rate of the crystal, the
higher the density of grown-in defects and the smaller their size [4]. Since defects of the
lattice are nucleation sites for oxygen, the thermal history of the ingot has a strong influ-
ence on the precipitation behavior of the wafers.

2. Experimental
The radial distortion of 30 N-type wafers (14 – 24 Ohm*cm) with an oxygen content
varying from 20 to 35 ppma Oi was measured by determining the current alignment
mark position of each chip on the wafer by a laser interferometer after each diffusion
step of the CMOS process. To estimate the width of the denuded zone as a function of
the oxygen content, a simulation was performed [8].

Additionally one wafer per oxygen range was cleaved and etched with a 50% SECCO
etching solution [5], [6] to determine the size and distribution of the oxygen precipitates
by an UHV-AFM in contact mode. At the end of the CMOS process, the yield was de-
termined and correlated with the radial distortion of the wafers.

3. Results
A strong correlation between oxygen content and radial distortion was found (see Fig.
1). But in contrary to what one might expect, the medium oxygen range showed the
highest distortion values. Usually the lowest oxygen range should show the highest dis-
tortion due to the reduced ability to withstand thermal stress [7]. Further distortion dur-
ing subsequent diffusion steps doesn’t seem to be influenced by the initial oxygen con-
tent (see Fig. 2).
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The precipitation simulation yielded a denuded zone of 20 µm for wafers with 35 and 70
µm for wafers with 20 ppma Oi, respectively [8], [9], [10].
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The overall wafer yield also corresponds very well to the scaling values of the wafer
(Fig. 3). Wafers showing high distortion exhibit few but big oxygen precipitates (Figs. 4
and 5), whereas wafers showing low distortion exhibit many small precipitates (Fig. 6).
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Fig. 4: Cross section of (100) wafer containing 25 – 30 ppma Oi.

Fig. 5: Cross section of (100) wafer containing 20 – 25 ppma Oi.

Fig. 6: Cross section of (100) wafer containing 30 – 35 ppma Oi.
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Fig. 7: Step on the cross section of the cleaved wafer (100).

The surface structure exhibits steps and other topographic features (see Fig. 7) due to
interaction of the crack with reflected stress waves from the surface of the wafer [11].
These can cause local stress fields at the tip of the crack to be perturbed, thereby altering
the trajectory of the crack by kinking it. Other causes of an uneven crack can be load
variations as the crack advances. Due to the sufficiently low height of the steps found,
no further preparation between cleaving and preferential etching was applied. Apart
from that, additional techniques, like polishing, may cause other topographical effects.

4. Conclusion
The abnormal distortion of some wafers is due to heterogeneous precipitation of oxygen.
This is indicated by the different sizes and distributions of the precipitates. Since all
wafers were taken from one ingot the different thermal history of each wafer and hence
the different densities of intrinsic point defects, which act as nucleation sites, can ex-
plain this behavior. In order to reduce the yield loss due to scaling, which reduces the
alignment performance of lithography steps, one does not only have to take the oxygen
content of the wafers into account but also their thermal history.
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Regular arrays of sub-0.5 µm tips are of increasing interest, for example, as field
emitters, calibration structures, or, in our particular case, as collector surfaces for
sub-µm dust particles in a space experiment. This contribution describes the prepa-
ration of 1 x 1 cm² arrays of micro-columns with a high aspect ratio (10:1) and a di-
ameter in the sub-micrometer range (150 – 300 nm). The process is based upon a
chemically amplified novolak resist (CAR), electron beam lithography, and ECR
plasma etching.

1. Introduction
For a space mission of ESA, arrays of sub-µm structures are required as collectors for
particles of cosmic dust with 50 – 500 nm diameter. The collected particles will be im-
aged and classified by atomic force microscopy techniques. It is important that the col-
lector surfaces can collect small high-speed particles with high efficiency and without
damage to the particles. They must absorb the kinetic energy of the incoming dust by
inelastic processes to avoid reflection of the particles. This can, for example, be
achieved by using an array of free-standing columns with a diameter of the order of
0.3 µm and a height in the µm range. An impinging particle may break a number of
these columns, thereby incurring an inelastic energy loss that depends on the fracture
stress and modulus of the column material and on the column geometry.

The properties of these “collector surfaces” can therefore be tailored to the particular
requirements by a variation of the column material and dimensions. By ion etching
photoresist column structures into a silicon substrate it is possible to produce arrays of
free-standing cones whose fracture energy is considerably lower than that of the resist
columns.

2. Experimental
One of the prerequisites for an optimized plasma etching transfer of the structures from
the resist layer into an inorganic substrate (for example, silicon or SiO2) is a uniformly
structured, relatively thick resist layer with close to perpendicular sidewalls, as shown in
Fig. 1.

                                                
1 Academy of Science, SK-84237 Bratislava, Slovakia
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Fig. 1: Large field (1x1 cm²) array of high-aspect-ratio and high density resist pillars
made by using e-beam lithography and chemically amplified resist.

This requires a careful optimization of the deposition, exposure, and of the pre- and
post-exposure resist processing. In the experiments reported here, a single film of a
three-component negative-toned Novolak CAR (Kalle Hoechst AZ PN 114) has been
used [1]. Although the high sensitivity of this resist type makes it very attractive, par-
ticularly for electron beam exposure, it causes problems with the control and the uni-
formity of the critical dimensions. It also requires a precise compensation of proximity
effects during electron beam exposure if the pattern dimensions decrease below 0.5 µm,
and an optimized resist processing. The most critical factor in resist processing turned
out to be the post-exposure delay, which must be less than a few minutes. Although a
simulation of the exposure process is indispensable for controlling the proximity effects,
the optimization of the entire process heavily depended on experimental work. This is
true because the complexity of the three-component resist system and the lack of an ex-
act model of the resist response prohibit a comprehensive simulation.
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Fig. 2: Large field array of resist pillars transferred into silicon by dry plasma etching
(ECR).
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The resist column structures may either be directly used as catching structures for dust
particles, or they may be transferred into the underlying silicon substrate by means of
ECR dry etching (Fig. 2). A careful choice of the etching parameters can allow virtually
any shape of the resulting silicon columns (Fig. 3), although the conical shape of Fig.
3(b) appears preferable for the particular purpose. The mechanical behavior and thus the
dust collecting capabilities of the structures may also be modified by either removing
the resist layer after the etching step or by leaving the mask layer on top of the silicon
columns, as shown in Fig. 2.

Fig. 3: Cylindrical pillars (a) and needles (b) prepared in silicon by ECR plasma etch-
ing.

3. Alternative approaches
Other large-area arrays of periodical structures may serve a similar purpose as the col-
umns presented above. Using the same techniques, an array of dust collector boxes may
be prepared (Fig. 4).

Fig. 4: Array of dust collector boxes prepared by e-beam lithography in chemically
amplified resist.
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Furthermore, dust collector structures may be “lined” with an energy absorbing sand-
wich structure consisting of alternate films of crystalline bacterial cell surface proteins
(”S”-layers) [2] and evaporated or sputtered metals, e.g., titanium, niobium, or tantalum
(Fig. 5(a)). A particle that impinges on such a damping multilayer will either break one
or more of the metal films or inelastically deform the S-layer, which results in a smooth
absorption of its energy and avoids the loss of particles by reflection (Fig. 5(b)).

Fig. 5: Damping multilayer structure (a) and stopping of a particle (b).

4. Conclusion
The careful optimization of an electron-beam lithography based single-layer resist proc-
ess permitted the high aspect ratio patterning of sub-0.5 µm structures in resist with a
thickness of up to 5 µm, which is a requirement for a subsequent deep plasma etching.
Since the limit for the etching depth in silicon is typically between 2 and 2.5 times the
resist thickness, etching depths exceeding 5 µm appear easily feasible with the process
presented [3].
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Diode-pumped tunable (over 80 nm) cw operation achieving 30 mW of output power
was demonstrated in a novel mixed garnet crystal Cr,Tm,Ho:YSGG:GSAG at room
temperature. A comparison has been made with Cr,Tm,Ho:YAG and Tm,Ho:YLF.
We also report the first demonstration of room-temperature continuous-wave laser
action at 1.5 µm of Cr4+:YAG directly pumped at 970 nm by a 2 W diode array.

1. Introduction
Compact all-solid-state tunable and mode-locked crystalline lasers, operating in the vi-
cinity of the 2 µm region, attract a lot of interest for many applications in medicine, re-
mote sensing, and laser radar measurement. The largest vibronic shift in rare-earth-
doped active media and correspondingly large tunability range of more than 100 nm was
demonstrated in Tm:YAG and Tm:YSGG [1]. The shortest published pulses (35 ps at
70 mW of average output power), generated in the 2 µm-region, have been obtained in
actively mode-locked cw Tm:YAG lasers [2]. Tm-based lasers, however, are known to
have higher threshold and be less stable in the cw regime as compared to Tm,Ho-
systems [3], associated with the combined action of the thermo-lensing effect and a
relatively small emission cross-section of Tm3+ ions. In this respect the Tm,Ho-doped
crystals are generally more favorable for diode-pumping and cw mode-locking. How-
ever, the tunability of Ho ions is characterized by smaller tuning ranges and a more
spiky tuning curve since the phonon-broadened fluorescence linewidth of individual
Stark transitions is less than the separations of the Stark lines. Although the multiplicity
of the Stark levels in the Ho and Tm ions is higher than in other rare-earth ions, their
fluorescence spectrum is not smooth, being unfavorable for both tuning and mode-
locking. That is why we looked for a suitable host crystal for Tm3+ and Ho3+ ions, al-
lowing smooth and broad tunability, simultaneously allowing for efficient diode-
pumping and mode-locking.

A few years ago, a new class of laser-active media has been developed, the crystals of
solid solutions of scandium containing aluminum and gallium garnets YSGGxGSAG1-x
[4], which we call “mixed garnets”. The disordered nature of these crystals results in a
strongly inhomogeneous broadening of both the fluorescence line (Fig. 1) and the ab-
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sorption bands. This allowed in case of Nd-doped GSAG:GSGG garnets to broaden and
smoothen the gain spectrum, and decrease the achievable mode-locked pulse duration by
an order of magnitude [5,6].
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Fig. 1: Fluorescence spectrum of Cr,Tm,Ho:YSGG:GSAG.

We implemented the approach of solid solution crystals towards the development of Tm
and Ho-doped active media, and grew high optical quality crystals of yttrium-
gadolinium-scandium-gallium-aluminum garnet with the following composition:
Cr,Tm,Ho:YSGG0.5GSAG0.5. The crystals were grown by Czochralski technique in a
radio-frequency-heated iridium crucible, which was 60 mm in diameter and 60 mm
high. The orientation of growth was <110>. The dopant concentrations in the crystal
were c1 (Cr3+) = 2x1020 cm-3, c2 (Tm3+) = 4x1020 cm-3, c3 (Ho3+) = 0,5x1020 cm-3. The
boule was 140 mm long and 22 mm in diameter. Growth conditions were characterized
by a pulling rate of 4 mm/h, a rotation rate of 20 r.p.m., and an atmosphere of nitrogen
containing 2 % by volume of oxygen. The crystals were annealed at 1200 ° C for 10 h in
the air. The lattice parameter of Cr,Tm,Ho:(GSAG)0.5(YSGG)0.5 is a = 12.4093 Å. The
crystal has a density of 5.54 g/cm3. The thermal conductivity of these crystals at a tem-
perature of 300 K is about 5.9 W/(cmK), being slightly less than in Cr:Tm:Ho:YAG and
Cr:Tm:Ho:YSAG laser crystals [7], but comparable with that of the crystal components
(YSGG and GSAG).

Another alternative for diode pumped broad band IR lasers is the Cr4+:YAG laser, first
reported in [8], being a unique laser source, tunable over an attractive wavelength range
for many applications of 1.34 – 1.6 µm [9]. Diode-pumping of Cr4+-doped materials,
however, remains a challenging task due to difficulties in growing of the crystals with
high Cr4+ concentration. The diode-pumped operation of Cr4+:forsterite and
Cr4+:Coa2GeO4 reported recently required the ideal beam of a MOPA source [10].
Hence, no results on direct diode-pumping of any Cr4+-doped material with a conven-
tional diode array are known to us at the moment.

Although only Cr4+ ions in tetrahedral sites are responsible for laser action [11], [12],
growth of this material generates a large concentration of parasitic Cr4+ and Cr3+ ions in
octahedral sites. In this work, the doping levels of Cr2O3 and charge-compensating MgO
were optimized to achieve highest concentration of Cr4+ in tetrahedral sites with lowest
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Cr2O3 level. For the final Cr tetr
4+  concentration of !1018 cm-3 the starting Cr2O3 concen-

tration was only 2x1019 cm-3. To further increase the Cr tetr
4+ /Cr oct

4+  ratio, we used anneal-
ing for 200 hours at 1250 – 1300 °C in oxygen atmosphere. This resulted in a reduced
absolute laser threshold at high initial absorption coefficient (!3 – 3.5 cm-1).

2. Experimental

2.1 Cr,Tm,Ho:YSGG:GSAG Lasers
In order to make a fair comparison of different crystals we used equal 2.5 mm thick
Brewster-cut samples. For diode pumping the resonator was X-shaped with 20 – 40 cm
arm lengths, and two curved (R = 75 mm) mirrors (Fig. 2). For mode-locking experi-
ments the arm lengths were increased to 70 cm to match the fixed frequency of the
acousto-optic modulator, and we took R = 100 mm mirrors. Output coupling was 0.6 %
– 3 % . The laser was pumped at 782 nm by both, Ti:sapphire (up to 1.4 W) and a diode
array (up to 0.9 W), but due to the unoptimized Tm3+ concentration only !35 – 50% of
pump power was absorbed. Tuning was performed by a 1.5 mm Lyot filter.

Pump
780-785 nm 

OC

HR
Lyot filter

AOML

Laser
 crystal

Fig. 2: Schematic diagram of a setup for both, diode and Ti:sapphire pumping of
Tm,Ho lasers. OC: output coupler. HR : High reflector. AOML: acousto-optic
mode-locker.

To characterize the cw performance of the newly developed Cr,Tm,Ho:YSGG:GSAG
crystal we also tested other common 2-µm active media as Cr,Tm,Ho:YAG,
Cr,Tm,Ho:YSGG, and Tm,Ho:YLF in the same cavity (see Table 1). As expected,
Tm,Ho:YLF showed the lowest threshold and the highest efficiency, pumped by either
source, but only 20 nm tuning range. In case of Cr,Tm,Ho:YAG lasing was achieved
between 2085 and 2117 nm. The tuning curve, however, consisted of distinct lines,
which could be identified as Stark lines in the fluorescence spectrum. Finally,
Cr,Tm,Ho:YSGG:GSAG allowed to reach the goal of a wide unbroken tunability under
both, Ti:sapphire- and diode-pumping (Fig. 3), which along with the good slope effi-
ciency (14.3 %, comparable to Cr,Ho,Tm:YAG) certainly favor the new material.
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Cr,Tm,Ho:YSGG:GSAG Cr,Tm,Ho:YAG Tm,Ho:YLF
Pumping: Ti:Sapphire Diode Ti:Sapphire Diode Ti:Sapphire Diode
Threshold
OC = 0.6 %
OC = 3 %

78 mW 190 mW
280 mW 460 mW

71mW 180 mW
180 mW 400 mW

40 mW 120 mW
65mW 175 mW

Slope
OC = 0,6 %
OC = 3 %

10 % 6,7 %
40 % 14,3 %

10 % 9 %
42 % 22 %

23 % 9,7 %
59 % 28,5 %

Table 1: Cw performance summary at room temperature.
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Fig. 3: Tuning curve of the diode-pumped Cr,Tm,Ho:YSGG:GSAG laser.
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Fig. 4: Collinear autocorrelation of a modelocked Cr,Tm,Ho:YSGG:GSAG laser. Pul-
sewidth is 25 " 2 ps, assuming the Gaussian pulseform.

Modelocking was obtained by means of an acousto-optic modulator and resulted in pul-
sewidths of 25 ± 3 ps at 100 mW of average output power at 100 MHz repetition rate.
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The corresponding autocorrelation trace is shown in Fig. 4. The obtained pulse duration
agrees with the theoretical prediction [13] for the parameters of our laser, assuming an
effective gain bandwidth of 40 nm.

These first mode-locking results are quite promising. The achieved broad tunability
along with good efficiency and smooth tuning curve allow to hope for successful pas-
sive mode-locking of this crystal and consequently shortening of the pulse duration
down into the femtosecond regime (theoretically down to 25 fs). However, analysis and
optimization of the cavity dispersion is necessary.

2.2 Cr4+:YAG Laser
The basic experimental setup is shown in Fig. 5. The Cr4+:YAG crystal was pumped
through the flat dichroic (HR at 1.5 µm, AR at 970 nm) mirror and absorbed over 90%
of pump radiation at 6 mm length. A 1.5 W (up to 2 W pulsed) diode was focused into a
!60 x 100 µm2 spot. The laser was operated in a stable cw regime for the first time.
With all mirrors highly reflecting we measured 0.26 % of losses through the mirrors and
1.1 % crystal internal losses. In this configuration, although using two diode arrays the
lasing threshold was 1.6 W at room temperature and total output power reached 20 mW.
For comparison, Nd:YLF pumping of the same cavity through the curved mirror yielded
0.7 W threshold.

Laser diode
970 nm, 1.5 W

Cr4+:YAG
6 mm

x     y

75 mm

Fig. 5: Experimental setup of a diode pumped Cr4+:YAG laser.

3. Conclusion
In conclusion, diode- and Ti:sapphire-pumped cw broadly tunable (80 nm) and efficient
(16% of slope efficiency) laser action of a Cr,Tm,Ho:YSGG:GSAG laser was obtained
at room temperature and compared with other common Tm,Ho-doped crystals. In the
mode-locked regime, 25 ps pulses at 100 mW of average output power and 100 MHz
repetition rate have been obtained by active modelocking. Preliminary results show a
large potential of this laser for mode-locking over the entire tuning range of 80 nm and
for obtaining much shorter pulse durations using appropriate passive mode-locking
techniques.

In case of the diode-pumped Cr4+:YAG laser, we believe that the reported results show
good feasibility of cw lasing by direct pumping with diode arrays at 970 – 980 nm. We
are currently optimizing the setup parameters to obtain higher output levels at room
temperature.
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