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The Society for Microelectronics
(GMe — Gesellschaft für Mikroelektronik)

E. Gornik, K. Riedling

Gesellschaft für Mikroelektronik,
c/o Institut für Industrielle Elektronik und Materialwissenschaften,

 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;

• 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

Due to funding constraints, the present focal point activity of the GMe is the operation
of university-based laboratories for microelectronics technology. Nevertheless, the GMe
tries to support the other activities mentioned above in their submission and administra-
tion of certain projects.

The main task of the GMe in the area of microelectronics technology is the operation of
the cleanroom laboratories in Vienna and Linz. The GMe has 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 GMe now
finances a significant part of the operation costs for the cleanroom laboratories in Vi-
enna and Linz.
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2.1 Microelectronics Technology — Cleanroom Vienna

The following university institutes receive support within this focal point activity:

• TU Wien:

− Institut für Festkörperelektronik

− Institut für Industrielle Elektronik und Materialwissenschaften

2.2 Microelectronics Technology — Cleanroom Linz

The following university institutes receive support within this focal point activity:

• Johannes Kepler Universität Linz:

− Institut für Halbleiter- und Festkörperphysik

− Institut für Mikroelektronik

3. Other Activities of the Society

In 2001, the biennial GMe seminar took place at the Vienna University of Technology
on April 5 and 6, 2001 under the title “GMe Forum 2001”. The seminar presented
twelve invited lectures given by international experts, and 37 oral and poster contribu-
tions which resulted from work supported by the GMe. Great emphasis was put into
making the seminar more attractive to an industrial audience, thus contributing to an
improved knowledge transfer between universities and industry.

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). To enhance the distribution of the results of the
research work done with GMe support, the GMe has put the contents of its annual re-
ports — 1995 through 2001 — and the proceedings of the latest seminars organized by
the GMe in 1999 and 2001 on its Web server. In late 2000, a new GMe Web server has
been introduced. This server now provides a variety of search facilities into the reports,
thus acting as a Microelectronics Knowledge Base. The server has apparently been fairly
well accepted by the international community. Access statistics show an average of 77
requests per day, with peaks of more than 100; an amazingly large percentage of the
accesses to the GMe server — about two thirds — originates from net domains outside
Austria. The GMe Web server is available under the address:

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

4. Changes to the Society’s Managing Committee

Günther BAUER, who has been the Society’s president for the past two years, stepped
down by the end of 2001. His successor is Erich GORNIK, head of the Institute of Solid
State Electronics (Institut für Festkörperelektronik) at the Vienna University of Tech-
nology, and in charge of the cleanroom laboratories at his university. Gerhard KRAINZ

who represented the Wirtschaftskammer Österreich has retired in late 2001; Heinz
LASEK who is affiliated to the same organization took his place. Arnold SCHMIDT who
has been a long-standing member of the board stepped down from his position in the
board, and Rainer URANSCHEK who has been the representative of the Forschungs- und
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Prüfzentrum Arsenal in Vienna left this institution in 2000 and therefore also the GMe's
board. Ernst HAMMEL and Humbert NOLL newly joined the board as representatives of
Electrovac GmbH and AMS Austria Mikrosystems AG, respectively.

We also have the sad duty to announce that Wolfgang ATTWENGER has died in the
Winter of 2002. He was formerly with ÖFZ Seibersdorf and has been a member of the
GMe's board from the time of the Society's foundation, and only retired from the board
by the end of 1999. We will remember him as a person who untiringly promoted the
issues of microelectronics during his lifetime.

5. The Annual Report for 2001 of the Society for
Microelectronics

The GMe is currently supporting the microelectronics technology activities of the clean-
room laboratories in Vienna and Linz. All projects described in this report were carried
out in the cleanrooms in Vienna and Linz, respectively. They are not specific projects of
the GMe but were funded by a variety of other sources. They all have in common that
they use the infra-structure provided by the GMe. It would therefore not have been pos-
sible to carry out these projects without the support by the GMe.
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Cleanroom Vienna
G. Strasser

Mikrostrukturzentrum der Technischen Universität Wien,
Floragasse 7, A-1040 Vienna, Austria

In this report a summary of the main activities in the MISZ TU Wien (Mikrostruk-
turzentrum der Technischen Universität Wien) during the year 2001 will be given.
We will focus on projects taking intensive use of the cleanroom and the available
technologies within. Part of the mission of the MISZ is the development and produc-
tion of optoelectronic and microelectronic prototype devices. This includes state of
the art growth of III-V nanostructures and silicon processing, structuring techniques
utilizing standard contact lithography, the production of patterned masks, ion milling
as well as dry etching and plasma enhanced chemical vapor deposition, electron
beam writing, focused ion beam etching and depositing, and different metallization
techniques. A variety of device characterization techniques like transport measure-
ments, spectroscopic techniques for optoelectronic devices and surface probing like
scanning tunneling microscopy and atomic force microscopy are available.

1. Introduction

An overview of the main research efforts with a high need of technological input are
presented within this scientific report. This summary includes the majority of experi-
mental projects of the solid state electronics institute (Festkörperelektronik TU Wien)
during the last twelve months. All the projects described below like transport studies in
low dimensional semiconductor nanostructures, scanning probe spectroscopy, realiza-
tion of new and improved optoelectronic devices, quantum cascade lasers, THz sources,
and the characterization of microelectronic devices take full advantage of the technolo-
gies installed in the cleanroom of the MISZ (Reinraum Mikrostrukturzentrum der TU
Wien).

To structure this yearly increasing number of various activities four research areas are
introduced, namely:

• Optoelectronics

• Transport in III-V Semiconductors

• Silicon Device Testing

• Focused Ion Beam Developments

To satisfy this variety of topics and demonstrate e.g. optoelectronic devices as well as
basic research and the development of new tools for semiconductor industries, various
technologies have to be kept at state of the art performance.

This includes growth of semiconductor nanostructures (molecular beam epitaxy), as
well as a complete process line including structure definition (lithography), structure
transfer (reactive ion etching, focussed ion beam etching, ion milling, wet chemical
etching techniques) and coating with metals and/or dielectrics (plasma-enhanced chemi-
cal vapor deposition, sputtering, electron gun evaporation, focussed ion beam deposi-
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tion). Surface morphology as well as local carrier concentrations probing is done with a
conventional Atomic Force Microscope (AFM) in combination with a Scanning Ca-
pacitance Microscopy (SCM) extension.

All the equipment necessary for the above mentioned technologies needs the cleanroom
environment (cooling, filtered air, constant temperature and humidity, high quality wa-
ter, different inert gases) as well as periodic maintenance of the equipment and the
cleanroom itself, e.g. pumping systems (rotary pumps, turbo pumps), exhaust filtering,
liquid nitrogen, and cleaning and repair. Testing of the cleanroom quality and adjust-
ment (laminar airflow, filters, cooling, humidity, and temperature) is done periodically.

For a more general overview the listed projects and the attached publication list may
give more insides on the broad range of activities in our facility.

2. Research Activities

The research activities are described in detail in the subsequent part of this report:

2.1 Optoelectronics

E. Gornik. G. Strasser, R. Zobl, M. Kast, C. Pacher:
Search for Plasma Instability Driven THz Radiation Sources

J. Darmo, G. Strasser, T. Müller, K. Unterrainer:
THz Plasmon Emission from an LT-GaAs/GaAs Homojunction

J. Darmo, G. Strasser, T. Müller, K. Unterrainer, Tuan Le, A. Stingl:
Voltage Controlled Intracavity Emitter of Terahertz Radiation

T. Müller, R. Bratschitsch, G. Strasser, K. Unterrainer:
Direct Measurement of Intersubband Population Dynamics

J. Ulrich, J. Kreuter, W. Schrenk, G. Strasser, K. Unterrainer:
Long Wavelength (15 and 23 µm) GaAs/AlGaAs Quantum Cascade Lasers

W. Schrenk, S. Anders, E. Gornik, G. Strasser:
Room Temperature Operation of Distributed Feedback GaAs/AlGaAs Quantum-
Cascade Lasers

S. Anders, W. Schrenk, G. Strasser:
Room Temperature Lasing of Electrically Pumped Quantum Cascade Micro-
Cylinders

R. Zobl, E. Gornik, I.V. Altukhov, M.S. Kagan:
Spectrum of Low-Voltage THz Emission of Strained p-Ge Resonant-State Laser

2.2 Transport in III-V Semiconductors

M. Coquelin, C. Pacher, M. Kast, G. Strasser, E. Gornik:
Transport Studies on Double Period Superlattices Utilizing Hot Electron
Spectroscopy

M. Kast, C. Pacher, G. Strasser, E. Gornik:
Transport Through Wannier-Stark States in Biased Finite Superlattices
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C. Pacher, G. Fasching, M. Kast, G. Strasser, E. Gornik:
Study of Electron-LO Phonon Scattering in Wide GaAs Quantum Wells Utilizing
Hot Electron Spectroscopy

J. Smoliner, D. Racoszy, G. Strasser:
Electron Transport in Kinetic Heterostructures

2.3 Silicon Device Testing 

W.Brezna, S.Harasek, H.Enichlmair, E.Bertagnolli, E.Gornik, J.Smoliner:
Scanning Capacitance Microscopy with Zirconium Oxide as High-k Dielectric
Material

M. Litzenberger, D.Pogany, E.Gornik, K. Esmark:
Effect of Pulse Risetime on Trigger Homogeneity in Grounded Gate nMOSFET
Electrostatic Discharge Protection Devices

M. Blaho, D. Pogany, E. Gornik, W. Wilkening, J. Hieber:
Backside Interferometric Investigations of a DMOS Clamp Under ESD Stress

D. Pogany, C. Fürböck, M. Litzenberger, P. Kamvar, S. Bychikhin, E. Gornik:
Study of Trigger Instabilities in ESD Protection Devices Using Backside Laser
Interferometry

S. Bychikhin, M. Litzenberger, P. Kamvar, D. Pogany, E. Gornik, G. Groos, M. Stecher:
Laser Interferometric Mapping of Smart Power ESD Protection Devices with
Different Blocking Capabilities

V. Dubec, S. Bychikhin, M. Litzenberger, D. Pogany, E. Gornik, K. Esmark, W. Stadler:
An Optical Setup for Investigation of Internal Device Behavior Under CDM-Like
ESD Stress

S. Harasek, B. Basnar, J. Smoliner, E. Bertagnolli:
Ultrathin Zirconium Dioxide for future MOS Technology

G. Otto, G.Hobler:
Molecular Dynamic Simulations of Ion Induced Damage in Silicon

2.4 Focused Ion Beam Developments

H.D. Wanzenboeck:
Fabrication Technology for Sub-100 nm Semiconductor Devices

H. Langfischer:
Evolution of Tungsten Film Deposition Induced by Focused Ion Beam

A. Lugstein. E. Bertagnolli, C. Krantz, B. Mizaikoff:
Integrating Micro- and Nanoelectrodes into Atomic Force Microscopy Cantilevers
using Focused Ion Beam Techniques

A. Lugstein. W. Brezna, E. Bertagnolli:
Impact of Focused Ion Beam Assisted Front End Processing on n-MOSFET
Degradation
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Project Information

Project Manager

Reinraum MISZ TU Wien, G. Strasser

Floragasse 7, A-1040 Wien

Project Group

Last Name First Name Status Remarks

Anders Solveig postdoc

Bertagnolli Emmerich o. prof.

Blaho Matej dissertation

Boxleitner Winfried postdoc

Bychikhin Sergey postdoc

Bratschitsch Rudolf dissertation

Coquelin Michael student

Darmo juraj postdoc

Dzigal Elvira technician

Fasching Gernot student

Fehlmann Gerhard student

Fürböck Christoph dissertation

Gornik Erich o. prof.

Harasek Stefan dissertation

Hobler Gerhard ao. prof.

Kamvar Parvis student

Kast Michael dissertation

Kellermann Peer dissertation

Kröll Peter technician

Langfischer Helmut dissertation GMe

Litzenberger Martin dissertation

Lugstein Alois univ. ass.

Maier Harald student

Müller Thomas dissertation

Otto Gustav dissertation

Pacher Christoph dissertation

Pogany Dionyz univ. ass.
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Last Name First Name Status Remarks

Prinzinger Johannes technician

Rakoczy Doris dissertation

Riegler Erich technician

Schinnerl Markus technician

Schenold Helmut technician

Schrenk Werner dissertation

Smoliner Jürgen ao. prof.

Strasser Gottfried univ. ass.

Ulrich Jochen dissertation

Unterrainer Karl ao. prof.

Wanzenböck Heinz univ. ass.

Zobl Reinhard dissertation

Books and Contributions to Books

1. E.Gornik, R.Kersting, “Coherent THz Emission in Semiconductors”,
Semiconductors and Semimetals, 67, 389, Academic Press (2001)

2. R. Bratschitsch and K. Unterrainer, “Terahertz physics of semiconductor
heterostructures”; Encyclopedia of Modern Optics, Academic Press, to be published
February 2002.

Publications in Reviewed Journals

1. K. Unterrainer, R. Kersting, R. Bratschitsch, T. Müller, G. Strasser, J.N. Heyman;
“Few-cycle THz spectroscopy of semiconductor quantum structures”; Physica E9,
76 (2001)

2. K. Kempa, E. Gornik, K. Unterrainer, M. Kast and G. Strasser, “Resonant Tunneling
mediated by resonant emission of inter-subband plasmons”; Phys. Rev. Lett. 86,
2850 (2001)

3. J. Smoliner, R. Heer, G. Strasser, C.Strahberger, “Magnetic field effects and k//-
filtering in BEEM on GaAs-AlGaAs resonant tunneling structures”, Applied Physics
A72, 233, (2001)

4. G. Strasser; “Monomodige GaAs/AlAs Quantenkaskadenlaser im Dauerstrichbetrieb
– Continuous wave operation of single mode GaAs/AlAs quantum cascade lasers”;
LaserOpto 33, 30 (2001)

5. H. Bachhofer, H. Reisinger, E. Bertagnolli, H. von Philipsborn, “Transient
conduction in multidielectric silicon-oxide-nitride-oxide-semiconductor structures”,
J. Appl. Phys 89, 2791 (2001).

6. C. Strahberger, J. Smoliner, R. Heer, G. Strasser, “Enhanced k// filtering effects in
ballistic electron emission experiments”, Phys. Rev. B63, 205306 (2001)
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7. C. Kranz, G. Friedbacher, B. Mizaikoff, A. Lugstein, J. Smoliner, E. Bertagnolli,
“Integrating an Ultramicroelectrode in an AFM Cantilever”, Combined Power for
Enhanced Information, Anal. Chem. 73, 2491, (2001)

8. G. Strasser, S. Gianordoli, W. Schrenk, E. Gornik, A. Mücklich, M. Helm; “MBE-
grown GaAs/AlGaAs and strained InGaAs/AlGaAs/GaAs quantum cascade lasers”;
Journal of Crystal Growth 227-228, 197 (2001)

9. M. Kast, C. Pacher, G. Strasser, E. Gornik, “Narrow electron injector for ballistic
electron spectroscopy”, Appl. Phys. Lett. 78, 3639 (2001).

10. D. Pogany, J.A. Chroboczek, G. Ghibaudo, “Random telegraph signal noise
mechanisms in reverse base current of hot carrier degraded submicron bipolar
transistors: Effect of carrier trapping during stress on noise characteristics”, J.
Appl. Phys., 89, 4049 (2001).

11. B.Basnar, S.Golka, E.Gornik, S.Harasek, E.Bertagnolli, M.Schatzmayer, and
J.Smoliner, “Quantitative scanning capacitance microscopy investigations on p-
doped Si-Multilayers”, J. Vac. Sci. Technol. 19, 1808 (2001)

12. B. Goebel, D. Schumann, and E. Bertagniolli, “Vertical MOSFETs for Extremelely
High Density Memories: The Impact of Interface Orientation on Device
Performance”, IEEE Trans. El. Devices 48, 897 (2001).

13. J.N. Heyman, P. Neocleous, D. Herbert, P.A. Crowell, T. Müller, K. Unterrainer,
“Terahertz emission from GaAs and InAs in a magnetic field”, Phys. Rev. B 64,
085202 (2001).

14. C. Pacher, C. Rauch, G. Strasser, E. Gornik, F. Elsholz, G. Kießlich, A. Wacker, and
E. Schöll, “Antireflection coatings for miniband transport and Fabry-Pérot
resonances in GaAs/AlGaAs superlattices”, Appl. Phys. Lett. 79, 1486 (2001).

15. T. Müller, R. Bratschitsch, G. Strasser, K. Unterrainer, “Intersubband absorption
dynamics in coupled quantum wells”, Appl. Phys. Lett. 79, 2755 (2001).

16. R. Bratschitsch, T. Müller, N. Finger, G. Strasser, K. Unterrainer, C. Sirtori:
“Monitoring the ultrafast electric field change at a mid-infrared plasma Bragg
mirror”; Opt. Lett., 26, 1618 (2001).

17. J. Smoliner, B. Basnar, S.Golka, E. Gornik, B.Löffler, M.Schatzmayer,
H.Enichlmair, “Mechanism of bias dependent contrast in Scanning Capacitance
Microscopy images”, Appl. Phys. Lett. 79, 3182 (2001)

18. M. Leicht, G. Fritzer, B. Basnar, S. Golka, J. Smoliner, “A reliable course of
Scanning Capacitance Microscopy analysis applied for 2D-Dopant Profilings of
Power MOSFET Devices”, Microelectronics Reliabilitiy 41, 1535 (2001)

19. A. Edelmann, C. Ruzicka, J. Frank, B. Lendl, W. Schrenk, E. Gornik, G. Strasser;
“Towards functional group specific detection in high-performance liquid
chromatography using mid infrared quantum cascade lasers”; J. Chromatogr. A
934, 123 (2001)

20. L. Palmetshofer, M. Gritsch, and G. Hobler, “Range of ion-implanted rare earth
elements in Si and SiO2”, Mater. Sci. Eng. B 81, 83 (2001).
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21. W. Boxleitner, G. Hobler, V. Klüppel, and H. Cerva, “Dynamic simulation of
topography evolution and damage formation in TEM sample preparation using
focused ion beams”, Nucl. Instr. Meth. B 175-177, 102 (20019.

22. W. Boxleitner and G. Hobler, “FIBSIM -- Dynamic Monte Carlo simulation of
compositional and topography changes caused by focused ion beam milling”, Nucl.
Instr. Meth. B 180, 125 (2001).

23. G. Hobler and G. Betz, “On the useful range of application of molecular dynamics
simulations in the recoil interaction approximation”, Nucl. Instr. Meth. B 180, 203
(2001).

24. F. Elsholz, A. Wacker, E. Schöll, M. Kast, G. Strasser, E. Gornik:
“Magnetotransport through semiconductor superlattices”; Phys. Rev. B 63, 33312
(2001)

25. C. Messner, H. Kostner, R.A. Höpfel, K. Unterrainer, “Time-resolved THz-
Spectroscopy of Proton Bombarded InP”, JOSA B 18, 1369 (2001).

26. S. Bychikhin, M. Litzenberger, R. Pichler, D. Pogany, E. Gornik, G. Groos and M.
Stecher, “Thermal and free carrier laser interferometric mapping and failure
analysis an “anti”-serially connected npn transistor ESD protection structures of
smart power technology”, Microel. Reliab., 41 (2001), pp.1501-1506.

27. M. Litzenberger, R. Pichler, S. Bychikhin, D. Pogany, K. Esmark, H. Gossner and E.
Gornik, “Effect of pulse risetime on trigger homogeneity in single finger grounded
gate nMOSFET electrostatic discharge protection devices”, Microel. Reliab., 41
(2001), pp. 1385-1390.

28. K. Unterrainer, R. Bratschitsch, T. Müller, R. Kersting, J.N. Heyman, G. Strasser;
“Few-cycle THz Spectroscopy of Semiconductor Quantum Structures”; in Proc. 25th

Int. Conf. Phys. Semicond., Editors: N. Miura, T. Ando, Springer proceedings in
physics 87, 579 (2001)

29. T. Schwarzl, W. Heiss, G. Springholz, S. Gianordoli, G. Strasser, M. Aigle, H.
Pascher; “Strongly detunded IV-VI microcavity and microdisk resonances: mode
splitting and lasing”; in Proc. 25th Int. Conf. Phys. Semicond., Editors: N. Miura, T.
Ando, Springer proceedings in physics 87, 677 (2001)

30. M. Helm, G. Strasser; “Correlation of vertical transport and infrared absorption in
GaAs/AlGaAs superlattices”; in Proc. 25th Int. Conf. Phys. Semicond., Editors: N.
Miura, T. Ando, Springer proceedings in physics 87, 715 (2001)

31. C. Pacher, G. Strasser, E. Gornik, F. Elsholz, A. Wacker, E. Schöll, “Optics with
Ballistic Electrons: Anti-Reflection Coatings for GaAs/AlGaAs Superlattices”, in
Proc. 25th Int. Conf. Phys. Semicond., Editors: N. Miura, T. Ando, Springer
proceedings in physics 87, 743 (2001)

32. J. Ulrich, R. Zobl, G. Strasser, K. Unterrainer, “Terahertz emission from
semiconductor nanostructures” in Terahertz Sources and Systems, NATO Science
series, II. Mathematics, Physics and Chemistry – Vol. 27

33. S. Bychikhin, M. Litzenberger, R. Pichler, D. Pogany, E. Gornik, G. Groos and M.
Stecher, “Thermal and free carrier laser interferometric mapping and failure
analysis an “anti”-serially connected npn transistor ESD protection structures of
smart power technology”, ESREF 2001, 1.-5.Oct. 2001, Bordeaux, France
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34. M. Litzenberger, R. Pichler, D. Pogany, E. Gornik, K. Esmark and H. Gossner
“Influence of Layout parameters on Triggering Behaviour in 0.35µm and 0.18µm
Process gg-nMOS ESD Protection Devices”, Proc. ESSDERC 2001, Sept. 11.-13.
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Search for Plasma Instability Driven THz
Radiation Sources

E. Gornik, G. Strasser, R. Zobl, M. Kast, C. Pacher

GaAs/AlGaAs as a model material is a promising candidate for realizing coherent emis-
sion at long wavelengths. Utilizing quantum cascade emitters based on intersubband and
interminiband transitions in the conduction band of a semiconductor, electrolumines-
cence was demonstrated in the wavelength range from 3.3 to 85 THz. To our knowl-
edge, the longest wavelength for electrically pumped lasing in a GaAs device is
≈ 23 THz [1]. All attempts to move beyond this value did not succeed so far. The per-
formance of long wavelength devices is strongly decreased due to free carrier absorp-
tion. This is evident from an emission intensity dependence on the square root of the
device current [2], which is a clear indication that electron-electron scattering in the
upper excited level limits the nonradiative lifetime. That means that as long as this
mechanism is dominant an increase in injection current does not lead to an increased
emission. The emission intensity saturates and gain cannot be achieved as long as elec-
tron-electron scattering is the dominant nonradiative relaxation mechanism.

To circumvent this problem a collective excitation scheme is used to induce a plasma
instability. The main difficulty with this kind of approach is that the starting bandstruc-
ture is changed significantly by the applied bias. Only at a given situation the mecha-
nism of injection and extraction together with the proper energy level splitting will give
a plasma instability.

Fig. 1: Current and conductivity-voltage characteristic for sample G428. The sample is
nominally undoped in the active region. The inset shows the band diagram.
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We have done a first step in this direction by growing a new sample, without doping in
the active region but compensating the doping by a parabolic potential (sample G428).
The result is shown in Fig. 1, where the current and the derivative of the current are
plotted as a function of the bias voltage. In the positive bias direction a spectroscopy of
the levels above the Fermi level is performed. Each peak in the current represents the
passing through a resonant level. For negative bias (forward direction) the levels below
the Fermi level are scanned. This bias provides the situation for the extraction through
the levels in the RTD and the pocket. The resonances in the derivative have become
larger than in a previously grown sample G301 [3], but are still not visible clearly in the
current. The extraction through the RTD is evident in the derivative at a bias of 0.2 V.
This is the position to look for an instability.

This structure has also shown first emission results, however with a rather weak emis-
sion intensity [3]. An increase in emission is expected from cascaded structures. To cas-
cade parabolic quantum wells similar to the situation in the QCL structures, a vertical
injection scheme is favorable as has been reported recently by Maranowski et al. [4].
This cascading can be introduced by using bridging regions to combine different wells
and offering extraction and blocking of carriers. A significant increase in the emission
intensity was achieved with an experimental curve for a 30 µm mesa (sample G428) in
forward bias.
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cular mesa structures processed into sample G479. The mesa diameters are 100
and 150 microns, respectively. The measurement are performed at liquid He-
lium temperatures.
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We have previously demonstrated THz emission from parabolic quantum wells up to
lattice temperatures of 200 K, where electrons are injected laterally in the parabolic well
of carriers depending on the carrier energy [5]. In contrast to square wells, an extraction
at low energies is specially critical, because the tunneling barrier gets thicker for lower
energies, a direct consequence of the shape of the wells.

A cascaded parabolic quantum well structure (G479) consisting of 35 stages was MBE-
grown on highly n-doped material to realize a homogeneous electron injection. A top
layer with a carrier concentration of about 1-2x1018 cm-3 is to ensure a defined carrier
injection. The well material is doped homogeneously to achieve an overall doping con-
centration in the active region of about 1x1016 cm-3 electrons per cubic centimeter, the
barrier material is not doped intentionally.

For current-voltage measurements the samples are processed into small cylindrical me-
sas to probe the electrical behavior of the structure.

Figure 2 shows the current versus voltage and current density versus voltage behavior at
low temperatures for two different mesa sizes to demonstrate the homogeneous injection
of the electrons into the structure. The current densities are literally identical, the only
detectable differences are in the regime where the structures breaks up into high and low
field domains. This well known behavior reproduces a variety of peaks. The exact num-
ber of peaks has to be 35, so each well should be resolvable. The different mesa sizes
are given in Fig. 2. The IV measurements are performed at cryogenic temperatures.

First emission experiments were performed with the cascaded plasmon structure sample
G479 to repeat the experimental results of Maranowski et al [4]. We have processed the
sample into stripes of 25 µm width and 1000 µm length. The emission sample consisted
of 8 stripes giving a total emission area of about 0.228 mm2.
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Fig. 3: Emission spectrum measured with a InSb detector as a function of the frequency
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The emission spectrum is measured with a InSb detector with a resolution of 10
wavenumbers. The spectrum consists of a main peak at 150 cm-1 corresponding to the
plasmon energy of the parabolic bandstructure. This result is in agreement with the re-
sults of Maranowski et al. [4]. However we find an additional emission line at 60 cm-1.
The origin of this emission is not clear yet, it could be due to transitions between impu-
rity states as it corresponds to the impurity ionization energy of close to 5 meV. Further
investigations are under way.
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THz Plasmon Emission From an
LT-GaAs/GaAs Homojunction

J. Darmo, G. Strasser, T. Müller, K. Unterrainer

Few-cycle THz radiation can be generated from semiconductor epilayers by coherent
plasma oscillations [1], [2]. Emitters relying on those principles have found wide appli-
cations in spectroscopy of semiconductor structures, chemistry, and medical imaging in
the frequency range of 0.1 – 10 THz. Output power and long term stability of these
emitters are key parameters in such applications.

We have addressed the issue of the terahertz (THz) output power and stability. The
standard model of the plasmon emitter relies on the build-in electric field at the surface
of the structure. A stronger field leads to a larger emitted power. For the standard emit-
ter the surface states are used to pin the Fermi level which gives rise to the surface field.
The surface states arise from the surface imperfection, impurities and the oxide surface
layer, hence their concentration and charge state can be modified by the laboratory am-
bient. To take full control over the built-in electric field we can pin the Fermi level po-
sition by deep level defects. Low-temperature grown (LT) GaAs [3] can serve as an effi-
cient pinning medium. Such material possesses a high density of defect states with the
energy level close to the GaAs mid-gap [3], hence it firmly pins the Fermi level. A pres-
ence of the LT-GaAs in the emitter structure leads to a replacement of the surface field
of the emitter with the field at the junction LT-GaAs/GaAs where the THz radiation is
now generated.
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mon emitter and from the n-doped GaAs plasmon emitter with LT-GaAs surface
layer.
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We have grown two structures with an identical n-doped GaAs layer on semi-insulating
GaAs substrates, but one with an additional low-temperature grown GaAs surface layer.
A mode locked Ti:sapphire laser (12fs pulse width) was used to excite the plasma os-
cillation and the emitted THz radiation was measured by an autocorrelation technique
with a liquid helium cooled silicon bolometer. The autocorrelation technique allows to
measure the spectrum of the signal as well as the average power of the radiation. The
emission spectra of both samples show the same spectral dependence. However, the
emitter with the LT-GaAs surface layer has 1.4x larger output THz power than the
emitter without LT-GaAs layer which proves that the improved effective pinning of the
Fermi level leads to an increase of the THz generation.

Additionally, we have tested the resistance of the emitters against oxidation. The emit-
ters were oxidized in hot wet air. The LT-GaAs layer revealed an enhanced performance
stability since the surface field does not rely on the surface states.
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Voltage Controlled Intracavity Emitter of
Terahertz Radiation

J. Darmo, G. Strasser, T. Müller, K. Unterrainer, Tuan Le, A. Stingl

Generation of THz radiation within a femtosecond mode-locked laser cavity was re-
cently demonstrated [1], [2]. A saturable Bragg reflector (SBR) with a single quantum
well (SQW) was employed, but the performance of the SQW based emitter is restricted
in terms of radiation intensity, frequency, as well as efficiency. A low-temperature mo-
lecular beam epitaxy grown (LT) GaAs layer is an alternative to the SQW for both as a
saturable absorber and as a THz emitter. Here we present a new type of THz emitters
capable to operate in a femtosecond mode-locked Ti:sapphire laser cavity. A new degree
of freedom is added to the THz emitter as the emitted THz power can be modulated
pseudo-independently from the laser operation.

The voltage controlled intracavity THz emitter comprises a Bragg mirror stack made of
AlGaAs/AlAs layers and the LT GaAs layer grown at 220 °C and annealed at 600 °C.
The electrical contacts to the LT GaAs layer were formed photolithographically by
Ti/Au metals and had a form of parallel metallic stripes 20 µm width and separated by
50 µm. The processed emitter structure was mounted onto a high resistive silicon sub-
strate with a hemispherical lens attached to it to form an emitter unit. The emitter unit
was placed into a cavity of a standard mode-locked 12 fs femtosecond laser head as the
end mirror. The laser is in this configuration self-starting regardless of the emitter bias-
ing.
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Fig. 1: Fast Fourier spectrum of the THz radiation from the LT/SBR emitter. The inset
shows the output THz power as a function of the emitter bias.
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The generated THz radiation was detected by a free space electro-optic detection tech-
nique using a 1 mm thick ZnTe crystal. Figure 1 presents a typical intensity spectrum of
the terahertz transient measured for the emitter element biased at 80 V and at an average
intracavity optical power of 900 mW. The experimental set-up was not purged with dry
nitrogen, therefore, absorption lines of water vapor are visible in the spectrum. The THz
emission spectrum has maximum at about 0.3 THz with frequencies extending beyond
2 THz.

The average THz power measured by a 4.2 K cooled silicon bolometer increases
quadratically with bias without any tendency to saturate. The maximum THz power
generated from the intracavity emitter was about 6.7 µW at a intracavity optical power
of 900 mW.
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Direct Measurement of Intersubband
Population Dynamics

T. Müller, R. Bratschitsch, G. Strasser, K. Unterrainer

We have studied the time-resolved photo-induced intersubband absorption in an undo-
ped GaAs/AlGaAs coupled-well. We apply a novel interband pump/intersubband probe
technique that directly allows us to measure the temporal evolution of the intersubband
absorption spectrum after optical excitation.

In the experiment an interband pump pulse injects electrons into the first and second
subband of an asymmetric double quantum well with a level spacing smaller than the
optical phonon energy. The time evolution of the electron population in these two sub-
bands is monitored by probing the mid-infrared (MIR) transition to the empty subbands
3 and 4. Ultrashort MIR pulses are generated by phase-matched difference-frequency
mixing in GaSe, and the spectrum of the transmitted MIR pulses through the sample
(T = 5 K) is recorded by performing an interferometric correlation technique.
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Fig. 1: Intersubband absorption at different time delays with Gaussian fits. Inset: Sub-
band population of level 1 and 2.
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Figure 1 shows the intersubband absorption spectrum recorded at different time-delays
after the pump pulse. We observe an absorption peak, corresponding to the transitions 1-
4 and 2-4, that clearly shifts to higher energies over time.

In addition we observe the onset of a second peak at lower energies, which we attribute
to the transitions 1-3 and 2-3, that cannot be resolved due to the cut-off of our detector.
We explain the blue shift of the absorption by relaxation of carriers from the second to
the first subband. In Fig. 1 we have fitted two Gaussian peaks to the measured data: one
at 124 meV, corresponding to the transition 2-4, and another one at 131 meV, corre-
sponding to the transition 1-4. Since the area under the peak (i-4) (i = 1, 2) is directly
proportional to the subband population ni(t), we are able to determine the population
dynamics in the quantum well on the basis of the time-resolved absorption spectra. The
inset of Fig. 1 shows the electron population of the first and second subband as a func-
tion of time delay after optical excitation (symbols). About 40% of the photo-excited
carriers are injected into the second subband, while the remaining 60% are injected into
the first subband at higher k-value. The population in the second subband (squares)
shows an exponential decay. The carriers relaxing down from the second subband add to
the population in the ground level. Subsequently, the population in the ground level
drops due to carrier recombination. The lines are the results obtained from a simple rate
equation model.
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Long Wavelength (15 and 23 µm)
GaAs/AlGaAs Quantum Cascade Lasers

J. Ulrich, J. Kreuter, W. Schrenk, G. Strasser, K. Unterrainer

Quantum cascade lasers based on GaAs/AlGaAs chirped superlattice active regions
have been achieved at wavelengths of 15 (sample A) and 23 µm (sample B). In
pulsed mode they operate up to temperatures of 220 K and 100 K, respectively.
Sample A employs a standard waveguide with n+-doped cladding, sample B was
made with a metallic surface plasmon waveguide. The threshold current densities at
cryogenic temperatures of 2.2 kA/cm2 (A) and 10.2 kA/cm2 (B) reflect the differ-
ences in intersubband lifetimes and waveguide losses close to the reststrahlenband.

The lasers have been grown by molecular beam epitaxy on n+-doped substrates. The
active zone consists of 60 periods, each of them containing four quantum wells of the
laser transition superlattice plus five injector wells. The Al content of the barriers of
x = 45% for sample A yields the maximum Γ-Γ band offset of 390 meV without intro-
ducing indirect barrier states. For sample B, where carrier leakage into the continuum
plays a minor role, we considered x = 35% to be appropriate in order to avoid ultra-thin
barriers. The standard waveguide of sample A is a sandwich composed of the active
zone embedded in two lightly doped GaAs spacer layers between two n+-doped con-
finement layers, see Fig. 1(a) for details. We calculate a waveguide loss coefficient of
αw = 26 cm-1 and a confinement factor of Γ = 58%. The calculated values are for the
surface plasmon waveguide of sample B are αw = 86 cm-1 and Γ = 80%. Notice that the
surface plasmon waveguide of sample B is still 22% thinner than the standard
waveguide of the shorter wavelength sample A.

The 50 µm wide laser ridges of sample A and B are defined by reactive ion etching. An
insulation layer is deposited on the entire surface and later etched away on top of the
ridge. After that, a TiAu contact metallization is sputtered onto the top of the structure
and onto the backside of the substrate. In case of sample B, a wide window on top of the
ridges is left open for subsequent evaporative deposition of the Au plasmon carrying
layer. The samples were cleaved to produce Fabry-Pérot resonators of lengths
(LA = 1330 µm, LB = 1005 µm).

As illustrated in Fig. 2, lasing occurs on multiple longitudinal modes. The light versus
current density characteristics of sample A, displayed in Fig. 3(a), reveal the high per-
formance of this laser: A low threshold current density of jth = 2.2 kA/cm2 and the broad
operation current range up to ~4×jth at cryogenic temperatures and a functionality up to a
temperature of 220 K. Sample B is characterized by an approximately 5 times higher
threshold current density of jth = 10.2 kA/cm2. Consequently the maximal current den-
sity is only about ~1.5×jth, and the temperature range is limited to 100 K.
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Fig. 1: The calculated optical mode profile (a) for the n+-confinement waveguide of
sample A. The distance is measured from the metal semiconductor interface.
The thicknesses [µm] and doping levels [cm-3] of the waveguide layers are: n+-
layer i 1.0, 2×1018; spacer ii 3.5, 2×1016, active zone iii 3.84, 6.5×1016, spacer iv
3.5, 2×1016, n+-layer v 0.1, 2×1018, substrate vi ~200, ~2×1018. The optical mode
profile (b) for the surface plasmon waveguide of sample B with the layers: ac-
tive zone i 4.23, 5.8×1016, spacer ii 5.0, 2×1016, n+-layer iii 0.1, 2×1018, sub-
strate iv ~200, ~2×1018. The conduction band structure (c) of three periods of
sample A at an electric field of 27 kV/cm. The moduli squared of the wave-
function are displayed at their corresponding eigenenergies. The layer thick-
nesses [nm] of one period, beginning with the injection barrier from left to right,
are: 3.2, 7.8, 0.65, 6.8, 0.65, 6.0, 0.8, 5.5, 1.2, 5.3, 1.5, 5.0, 1.8, 4.6, 2.0, 4.2,
2.5, 3.9. Al0.45Ga0.55As barrier thicknesses are typed bold face, GaAs quantum
wells normal. The wells corresponding to the underlined thicknesses are Si-
doped to n = 2.3×1017 cm-3. The band structure of sample B (not shown) is very
similar. The layer thicknesses [nm] are: 3.0, 9.4, 0.5, 8.3, 0.55, 6.8, 1.3, 5.8, 1.4,
5.6, 1.5, 5.4, 1.7, 5.1, 2.0, 4.8, 2.3, 4.5. The barriers are Al0.35Ga0.65As (bold),
the wells GaAs. Underlined wells are doped to n = 2.1×1017 cm-3.

The higher threshold current density of sample B originates mainly from two causes to
be discussed in the following: 1. the shorter lifetime of carriers in the initial subband of
the laser transition, limited by longitudinal optical (LO) phonon emission, and 2. the
increased waveguide loss from free carrier and multiphonon absorption. We estimate the
threshold current density. The calculation reveals 0.7 kA/cm2 (A) and 2.9 kA/cm2 (B)
and it underestimates the threshold current densities for both samples by a factor of
about three. Even though the calculation cannot account for the absolute values of jth, it
can successfully explain the difference between sample A and B. The relaxation time of
the initial subband τi and the waveguide losses αw deviate essentially. These are the pa-
rameters in which the proximity to the reststrahlenband of 23 µm manifests itself most
clearly.
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Fig. 2: Laser spectra at a temperature of 5 K (a) of sample A at a current density of
5.1 kA/cm2 and (b) of sample B at a current density of 11.9 kA/cm2. The spectra
were recorded with a Fourier-transform spectrometer at a resolution of
0.125 cm-1 and a liquid N2-cooled HgCdTe detector. The lasers were operated
with 100 ns long pulses at 5 kHz repetition rate. (c) The spontaneous emission
spectrum of sample A was measured with the same set up with 2 µm pulses at
50 kHz. (d) The intrinsic absorption coefficient α of undoped bulk GaAs (full
symbols) and Al0.14Ga0.86As (open symbols). The emission wavelengths of the
two samples are marked with dashed lines.
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sample A and (b) of sample B for various temperatures given next to the curves
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Room Temperature Operation of Distributed
Feedback GaAs/AlGaAs Quantum-Cascade

Lasers
W. Schrenk, S. Anders, E. Gornik, G. Strasser

Quantum cascade lasers (QCL) are mid infrared light sources. So far, QCLs have been
demonstrated only in two material systems, InGaAs/InAlAs on InP and AlGaAs/GaAs
grown on GaAs, though spontaneous emission from quantum cascade structures has
been achieved in some other materials. Recently, room temperature operation of
GaAs/AlGaAs based QCL has been demonstrated, which before was a privilege for
QCL grown on InP. This is an important step for commercial applications. However,
single mode lasers are favored for gas sensing via infrared spectroscopy (single- or mul-
tiple pass absorption).

We achieved pulsed room temperature operation of first order distributed feedback
(DFB) quantum cascade lasers in the GaAs/AlGaAs material system. Two different de-
signs were used for the active material. Sample A is a design where the active cell is
formed by three coupled quantum wells and sample B is a chirped superlattice. For both
samples, an Al content of 45% was chosen. The emission wavelength of the sample A is
around 9.5 µm and around sample B emits at an wavelength of 12.5 µm. The larger
band discontinuity of the Al0.45Ga0.55As barriers compared to the previously used
Al0.33Ga0.67As has been shown to be singularly responsible for the higher operating tem-
perature of these devices.
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We fabricated first-order distributed feedback lasers with a metallized surface relief
grating. The calculated coupling coefficients are κ = (-19.6 - i0.3) cm-1 for sample A
(grating period Λ = 1.48 µm, grating depth 850 nm) and κ = (65 + i5.8) cm-1 for sample
B (grating period Λ = 2.00 µm, grating depth 1200 nm). The large coupling coefficient
allows the realization of short devices with reasonable low threshold current densities.
The advantages of shorter devices are the reduced currents and lower heat dissipation.

Both types of lasers show room temperature operation in pulsed mode. The highest
working temperature of sample A was measured to be 335 K for a 2 mm long device.
Figure 1 shows the light output power versus current for several heat sink temperatures
for a three well design laser mounted on a Peltier cooler. The 1.5 mm long and 30 µm
wide DFB laser is operated in pulsed mode with 50 ns pulses at 10 kHz. The maximum
peak power of the single mode emission is 0.5 W at –40°C, and still 80 mW at +35°C.
The slope efficiency is 172 mW/A (-40°C), and 64 mW/A (+35°C).
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Fig. 2: Emission wavelength as a function of the heat sink temperature. The laser is
operated in pulsed mode with 100 ns long pulses at 5 kHz repetition rate.

The emission wavelength of DFB lasers is continuously tunable with the temperature.
Figure 2 shows the emission wavelength of sample B as a function of the heat sink tem-
perature.
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Room Temperature Lasing of Electrically
Pumped Quantum Cascade Micro-Cylinders

S. Anders, W. Schrenk, G. Strasser

We investigated the lasing properties of micro-cylinders that were processed into a
quantum cascade heterostructure. For close-to-circular micro-cavities, mirror losses are
small because the light travels by total internal reflection close to the perimeter of the
disk. Compared to ridge geometries, the reduced optical losses result in a decreased
lasing threshold. Quantum cascade lasers (QCLs) – semiconductor heterostructure de-
vices with several tens of photon-emitting cascades – are particularly suited for the mi-
croresonator geometry. Non-radiative surface recombination of electrons and holes does
not occur in the unipolar QCLs, and small-scale surface roughness affects the QCLs
with their relatively long emission wavelength of about 10 µm very little.

We compare the lasing performance of micro-cylinders with conventional Fabry-Perot
(FP) resonators as well as with distributed feedback (DFB) lasers, all processed from the
same GaAs/AlGaAs superlattice structure. We find that the threshold at low tempera-
tures for both micro-cylinder and DFB lasers is decreased by a factor of about 2 below
that of the FP laser (Fig. 1). The reason for this is that the emission losses of the FP laser
are higher and therefore the threshold is higher. The maximum operating temperatures
of the micro-cylinder and the DFB lasers exceeds the maximum operating temperature
of the FP laser by at least 50 °C, again a benefit from the reduced threshold.
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Fig. 2: Emission spectra of a micro-cylinder laser at cryogenic temperature (78 K) and
at the highest working temperature (57 °C).

The maximum operating temperature of around 50 °C for micro-cylinder lasers signifi-
cantly exceeds the previously reported maximum operating temperature for a micro-
cylinder, –3 °C, which was obtained for an InP based quantum cascade laser.

Figure 2 shows the emission spectra of micro-cylinder lasers in pulsed mode operation.
The spectra were measured with a Fourier transform infrared spectrometer.
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Spectrum of Low-Voltage THz Emission of
Strained p-Ge Resonant-State Laser

R. Zobl, E. Gornik, I.V. Altukhov, M.S. Kagan

The spectrum of stimulated THz emission of a uniaxially stressed p-Ge resonant-state
laser (RSL) is measured at low electric fields at which the continuous-wave operation of
RSL is possible. The lines observed show that the mechanism of lasing in diffusive re-
gime of electric field heating carriers is the same as at high voltages when the carriers
accomplish the streaming motion. It is due to an inverted population of resonant states
of acceptors induced by strain. A new line caused by optical transitions between contin-
uum and resonant states is found.

Gallium-doped Ge crystals with Ga concentration of 2*1014 cm-3 were used in the ex-
periment at liquid helium temperature. The samples of a square cross section of
0.7*0.9 mm2 and 10 mm long were cut in the [111] crystallographic direction. Uniaxial
pressure P and electric field E were applied along the samples. Voltage pulses of 1 msec
duration were applied to contacts positioned on the long (lateral) plane of the sample on
a distance 7 mm one from another. The resonator formed in our case by well-parallel
lateral sample planes (plane parallelism was better than 5 arcsec) was necessary to ob-
tain the low-voltage stimulated THz emission. The spectrum of THz radiation was reg-
istered by a cooled InSb detector tuned by a magnetic field.
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Fig. 1: Radiation spectrum at different electric fields.
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The spectrum of THz radiation from compressed p-Ge at different voltages just above
the voltage of impurity breakdown is shown in Fig.1. The upper curve shows that the
low-voltage stimulated emission spectrum contains several peaks corresponding to di-
rect optical transitions between different resonant and localized acceptor states. At the
pressure of 7.15 kbar, the peak energies are 20.5, 21.5, 23, 24 and 25.5 meV (Fig. 2).
The peak positions are shifted approximately by 1 meV to higher energies as compared
with those observed at the pressure of 6.85 kbar under excitation with short (0.5 µsec)
pulses of high voltage (up to 3 kV/cm); the high-voltage spectrum is shown, for com-
parison, in Fig. 2, too. This shift corresponds to the difference in pressure.

There are different regimes of heating carriers by high and low electric field applied. If
the electric field is high enough for carriers to reach the optical phonon energy, the dis-
tribution function is stretched along the field direction. It is so called streaming motion
regime. It begins at electric fields above approximately 20 V/cm for p-Ge. At low fields,
the distribution function is due to diffusive heating regime and is nearly of Boltzmann
type with electron temperature. Nevertheless, as it clearly seen from the existence of
peaks in the emission spectrum (Figs. 1 and 2), the mechanism of low-voltage lasing in
case of diffusive heating carriers is the same as for high electric fields when carriers
accomplish the streaming motion. The lasing is due to stimulated optical transitions
between strain-split acceptor states caused by an inversion of population of resonant
acceptor states relative to that of localized states.

Fig. 2: Stimulated emission spectra at 14 V/cm (upper curve) and 3 kV/cm pulsed
(0.5 µsec) electric field.
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Transport Studies on Double Period
Superlattices Utilizing Hot Electron

Spectroscopy
M. Coquelin, C. Pacher, M. Kast, G. Strasser, E. Gornik

The transmission properties of double period superlattices were studied using hot elec-
tron spectroscopy. In superlattices with two different alternating well widths each mini-
band splits into two subminibands [1]. Figure 1 shows the conduction band of the two
investigated superlattice structures. The barrier width (b) and well widths (w1, w2) are
identical in both structures, the only difference is the sequence of the wells. The coher-
ent transmission of these structures was calculated using a transfer matrix method taking
nonparabolicity into account.
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Fig. 1: Conduction band of the investigated double period superlattices.
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The structure where narrow wells (w2) encapsulate the superlattice show two narrow
resonances at lower energies and broad resonances at higher energies (Fig. 2 (b)). The
superlattice encapsulated by broad wells (w1) shows an exciting difference in the trans-
mission: the narrow energy resonances are formed at higher energies, and the broad
resonances build up at lower energies. This leads to a long lifetime of the resonant elec-
trons at higher energies while the lower resonances provide a channel where electrons
can effectively be extracted (Fig. 2 (a)). Thus this system is ideally suited to achieve
inversion.

The chosen width of the barriers (b = 4.3 nm) and the wells (w1 = 4.3nm, w2 = 3.8nm)
shall lead to two clearly separated subminibands with an energy gap ∆Egap < 36 meV, to
exclude energy relaxation by LO-phonons in the superlattice. The experiments have
been performed with a three terminal device (3TD, Fig. 3) at a temperature T = 4.2 K. In
a 3TD hot electrons are injected through a tunnel barrier between two contacts (emitter
and base) into a drift region. The energy of these hot electrons is tunable by the applied
voltage between the emitter contact and the base contact. After traversing the drift re-
gion, the hot electrons reach the double period superlattice structure. In a third contact
the electrons, which have been transmitted through the superlattice, are detected as col-
lector current. From the ratio α=IC/IE of the measured currents the transmission function
is obtained energy-resolved. The high resolution (∆E = 10meV) [2] of the spectrometer
allows it to resolve the two subminibands and to obtain the transmission amplitudes.
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Fig. 3: Conduction band structure of the 3 terminal device.

The experimental results are shown in Fig. 4. The transfer ratio is plotted versus the
voltage between emitter and base (Ube). The two peaks of both subminibands are indi-
cated by E11 and E12. Due to scattering at LO-phonons the transfer ratio stays finite. The
peak positions obtained from the transfer ratio show good agreement with the calculated
energies of the transmission resonances. Deconvoluting the transfer ratio with the in-
jected energy distribution [2] gives the amplitudes of the low and high energy transmis-
sion channels, also in very good agreement with our calculations.
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Fig. 4: Measured transfer ratio of the investigated double period superlattices.

In summary we have shown that double period superlattices can be constructed in a
manner that they are perfect systems to achieve inversion.
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Transport Through Wannier-Stark States in
Biased Finite Superlattices

M. Kast, C. Pacher, G. Strasser, E. Gornik

In semiconductor superlattices, the strong coupling of the electronic eigenstates of adja-
cent wells leads to the formation of minibands which are separated by minigaps. In su-
perlattices with a finite number N of periods, each single miniband is formed by N ei-
genstates which are delocalized over the whole superlattice length. Applying an external
electric field perpendicular to the layer planes alters the quantum mechanical confine-
ment between the neighboring wells and leads to a splitting and a localization of the
states which are then given by the Wannier-Stark states. Due to this localization phe-
nomena the transmission channels for resonant tunneling through the miniband of the
superlattice are quenched, and as a consequence, electron transport through the mini-
band vanishes. Therefore investigations on Wannier-Stark states in semiconductor su-
perlattices were mainly done using optical measurement techniques [1], [2].

Studying transport in biased finite superlattices requires to overcome the electric field
induced decrease of resonant tunneling through the Wannier-Stark states. In this work
this is achieved by the use of LO phonon scattering which can induce transitions be-
tween localized weakly overlapping states. For this purpose two different superlattices
has been designed. The first superlattice consists of 5 periods of 3.5 nm Al0.3Ga0.7As
barriers and 3 nm GaAs wells, the second superlattice consists of 4 periods of 4 nm
Al0.3Ga0.7As barriers and 3.2 nm GaAs wells. The miniband width of the 5 period SL
equals the optical phonon energy (36 meV) whereas the miniband width of the 4 period
SL (23 meV) is well below the optical phonon energy. For this superlattice LO-phonon
assisted transport through the miniband sets in at electric fields where the Wannier-Stark
splitting tunes into the optical phonon energy.
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A hot electron transistor [3], [4] is used to investigate electron transport through the first
minibands of the superlattices. The band structure of the device is shown in Fig.1. The
transmittance of the superlattice can be measured directly at given superlattice bias Vc
by tuning the energy of the injected electron beam generated at the tunneling emitter
barrier. The main characteristic thereby is the static transfer ratio α=Ic/Ie which directly
reflects the probability of a hot electron to be transmitted through the superlattice. Due
to the high resolution [4] of the spectrometer we are able to observe the energy splitting
(Fig. 2) and the transmission behavior (Fig. 3) of the individual Wannier-Stark states
separately in transport for both superlattices.
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Fig. 2: (a) Second derivatives of the transfer ratio vs. emitter bias at different collector
biases for the 5 period superlattice; (b) Wannier-Stark states (symbols) of the 4
period superlattice compared to calculations (solid lines).
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The basic transport through Wannier-Stark states is identified to be coherent, the am-
plitudes of the quantum mechanical transmission are directly observed. Individual trans-
port channels induced by LO-phonon scattering are observed when the Wannier-Stark
states spacing tunes into the optical phonon energy as shown in Fig. 3.
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Study of Electron-LO Phonon Scattering in
Wide GaAs Quantum Wells Utilizing Hot

Electron Spectroscopy
C. Pacher, G. Fasching, M. Kast, G. Strasser, E. Gornik

Electron-LO phonon scattering in wide GaAs quantum wells is experimentally studied.
New results from a hot electron spectroscopy study utilizing a three terminal device
(3TD) are reported. In the past we have used 3TDs to study different transport phenom-
ena, like the onset of diffusive miniband transport in superlattices [1], quantum me-
chanical anti reflection coatings for miniband transport [2], and increased the energy
resolution of this spectroscopy technique to approx. 10 meV [3]. A further decrease of
the FWHM of the injected electron distribution compared to Ref. [3] gave us the possi-
bility to study different scattering mechanisms in GaAs energy resolved by simple cur-
rent measurements.

300 400 500 600 700 800

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

drift region

!ω
LO

Analyzerball. electrons

CollectorEmitter

Base

 

 

E
n
er

g
y 

(e
V

)

Distance (nm)

Fig. 1: Calculated conduction band diagram of a three terminal device.

In a 3TD, hot electrons are injected through a Al0.3Ga0.7As tunnel barrier into a GaAs
drift region. These hot electrons are tunable in their energy by the applied voltage be-
tween the emitter contact (E) and the base contact. After traversing the drift region,
where they undergo various scattering mechanisms, the hot electrons hit an energy filter
with a FWHM of 1 meV. In a third contact, the collector (C), the electrons which have
been transmitted through the filter are detected as collector current. From the ratio
α=IC/IE of the measured currents at T = 4.2 K an energy-resolved spectrum of the elec-
tron distribution is obtained.
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In our experiments we observed resonances in the emitter current which are due to elec-
tron injection into bound states in the drift region. Due to scattering these resonances
persist in the calculated transfer ratio α=IC/IE and gave us the possibility to directly
measure elastic scattering in the highly doped base layer and LO phonon scattering in
the drift region energy resolved. Since the LO phonon scattering takes mainly place
between different bound states we also get information on the q-dependence of the LO
phonon scattering. In the experiments we used three different lengths (150 nm, 250 nm,
400 nm) for the drift region to study the LO phonon scattering in more detail. The men-
tioned resonances in the emitter current are most pronounced for the shortest sample
(150 nm), less pronounced for the 250 nm sample and vanish for the longest sample
(400 nm). The reason is the different energy spacing of the bound states, which is
9.7meV, 5.8meV and 3.6meV, respectively. In the latter case, the energy separation is
smaller than the energy distribution leading to smooth transfer ratio. A first estimate,
considering only the amplitudes of the ballistic peaks, leads to a LO phonon scattering
time of 324 fs in wells with a width between 150 and 250 nm, and to 161 fs for wells
with a width between 250 and 400 nm. This is a clear evidence for the confinement de-
pendence of the LO-phonon scattering rate.
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Electron Transport in Kinetic
Heterostructures

J. Smoliner, D. Racoszy, G. Strasser

The scope of this project is the investigation of heterostructures with large differences
between the effective masses in the corresponding semiconductor materials. In 2001,
mainly samples based on the InAs-GaAs material system were investigated, since our
MBE for Sb based heterostructures was not yet operational. The masses in InAs and
GaAs differ by a factor of three. The first samples we investigated were InAs self as-
sembled dots and wetting layers since these sample are also interesting for various other
applications in our institute. For our investigations, we employ Ballistic Electron Emis-
sion Microscopy (BEEM), a method which provides spectroscopic information on bal-
listic electron transport with nm spatial resolution.

Figure 1 (a) shows a sketch of the experimental setup and the cross-section view of the
sample. The corresponding conduction band profile is shown in Fig. 1 (b). If the bias
between the tip and the Au-base layer is large enough, ballistic electrons penetrating into
the semiconductor can overcome the barrier at the InAs/GaAs interface and are collected
at the collector contact. The corresponding current Ic as a function of bias Vt is called
BEEM spectrum. The barrier height Vb is directly determined from the bias position of
the current onset.

Fig. 1: Principle of BEEM operation. a) experimental setup, b) corresponding conduc-
tion band profile of our sample. Vt is the tunneling voltage, It the tunneling cur-
rent, Ic the collector current (BEE current), EF the Fermi energy, and Vb is the
barrier height at the InAs-GaAs interface.

Figure 2 (a) shows a topographic STM (scanning tunneling microscope) image of our
quantum dot sample. One small and three big dots are clearly visible. The granular
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structure in this image is due to the Au film covering the sample. Figure 2 (b) shows the
corresponding BEEM image. Here the dots are visible as brighter spots indicating areas
of enhanced electron transmission. Due to the influence of the wetting layer, the contrast
between the on-dot and off-dot regions is rather weak.

a) b)

Fig. 2: a) STM topographic image of our sample, (scan size: 500 nm x 500 nm,
Vt = 1.3 V, It = 2 nA). One small and three big dots are clearly visible. The
granular structure in this image is due to the Au film covering the sample.
b) corresponding BEEM image. The weak contrast is due to the wetting layer.

To investigate the contrast mechanism in more detail, BEEM spectra were measured on
the dots and also at off-dot positions. Figure 3 shows a typical example of two BEEM
spectra at T = 300 K, one measured on a dot and the other one measured in some dis-
tance from the dot. Already from the raw data one can clearly see that the onset voltage
on the dot is strongly reduced compared to the off-dot onset voltage, which in turn is
smaller than the value expected for a Au/GaAs Schottky contact (0.9 V). The barrier
height gained from the power law fit is 0.69 eV and 0.80 eV for the on-dot and the off-
dot position respectively. Further measurements at other positions on the sample show
that at 300 K the barrier height on the dots is in general between 0.61 eV and 0.74 eV
(mean value 0.69 eV), while for off-dot locations it varies from 0.73 eV to 0.87 eV
(mean value 0.80 eV).
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Fig. 3: Typical BEEM spectra measured on an InAs dot and in an off-dot region
(It = 2 nA, T = 300 K).
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Fig. 4: (a – c) Histograms of the InAs/GaAs barrier heights measured on quantum dots
at temperatures of 300 K, 180 K and 10 K, respectively. (d – f) Histograms of
the barrier heights between the InAs wetting layer and the GaAs measured in
off-dot regions at temperatures of 300 K, 180 K and 10 K, respectively.

To investigate the InAs/GaAs barrier height in dependence of the temperature we also
sampled BEEM curves on various on-dot and off-dot positions at 180 K and 10 K, re-
spectively. As can be seen from Fig. 4, the measurements show an increase in barrier
height with decreasing temperature both for the on-dot positions and the wetting layer.
On the dots (a – c), the mean value of the barrier height rises from 0.69 eV (standard
deviation 34 meV) to 0.79 eV (standard deviation 13 meV) between T = 300 K and
T = 180 K. A further lowering of the temperature down to 10 K results just in a slightly
higher mean barrier height of 0.82 eV (standard deviation 16 meV). Note that the distri-
bution of the barrier height becomes significantly narrower between T = 300 K and
T = 180 K but approximately maintains its width when the temperature is further re-
duced. In our opinion this behavior is mainly due to the reduction of drift problems with
decreasing temperature. On the wetting layer (Fig. 4 (d – f)) the mean value of the bar-
rier height rises from 0.80 eV (standard deviation 35 meV) at T = 300 K to 0.86 eV
(standard deviation 12 meV) at T = 180 K and to 0.93 eV (standard deviation 13 meV)
at T = 10 K.

It is quite instructive to compare our results with BEEM measurements on an Au-InAs-
GaAs system with homogeneous InAs interlayers of various thickness, carried out by
Mao-Long Ke et al. [1].
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They report that, at T = 300 K, a single monolayer of InAs lowers the barrier height
rapidly from 0.9 eV to 0.8 eV, while an increase of the nominal InAs layer thickness to
3 monolayers yields a further decrease to approximately 0.74 eV. For thicker layers the
barrier height remains almost constant up to 27 monolayers, where it drops again and
finally reaches ≈0.63 eV for a thickness of 33 monolayers (≈11 nm) and beyond. These
data indicate that the average thickness of our wetting layer is about one monolayer,
while our dots are on average approximately 30 monolayers thick and the large dots
appear to have a thickness of more than 33 monolayers. This result agrees very well
with the dot height gained from AFM measurements. Of course one must bear in mind
that the data from Ke et al. were obtained on homogeneous InAs layers rather than on
InAs dots. In contrast to a partially strain-relaxed system of SAQDs on a wetting layer,
thin homogeneous InAs layers are fully strained and thick homogeneous InAs layers are
strain-relaxed via dislocations. The different strain conditions for the two systems most
probably influence the barrier height.

In summary, we have used BEEM/S to study InAs self assembled quantum dots on a
GaAs substrate. It is found that in first approximation the barrier height between the
quantum dots and the GaAs behaves similar to that of homogeneous InAs layers on
GaAs reported in the literature. On the basis of these results, our data suggest a thick-
ness of one monolayer for the wetting layer and a thickness of 30 monolayers and more
for the dots, which is in excellent agreement with results from AFM measurements.
Furthermore, a significant increase of the barrier height for lower temperatures is ob-
served. The complex influence of both geometry factors and temperature on the InAs-
GaAs barrier height and, therefore, on the energy levels inside of InAs quantum dots
will make bandstructure engineering for quantum dot applications a quite difficult task.

Reference
[1] Mao-Long Ke, D.I. Westwood, C.C. Matthai, B.E. Richardson, and R.H. Williams,

J. Vac. Sci. Technol. B 14(4), 2786 (1996).
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Scanning Capacitance Microscopy with
Zirconium Oxide as High-k Dielectric

Material
W. Brezna, S. Harasek, H. Enichlmair, E. Bertagnolli, E. Gornik,

J. Smoliner

Scanning Capacitance Microscopy (SCM) is an extension of conventional Atomic Force
Microscopy (AFM) and a promising tool for semiconductor device characterization. The
main application of this method is two-dimensional carrier profiling for failure analysis
and process control. Unfortunately, SCM is not an easy and straightforward technique to
use. Quantitative reproducible measurements are a serious problem, since the prepara-
tion of the insulator required on the sample surface (up to now exclusively SiO2) has a
dramatic influence on the results, especially in cross sectional measurements. As main
problem, standard high temperature industrial oxidation techniques cannot be used be-
cause on processed devices, the high temperature broadens all doping profiles or de-
stroys the samples completely. Thus, low temperature oxidation processes have to be
used, which usually yield a much lower oxide quality and moreover, are not extremely
reproducible.

Fig. 1: The dopant profile of the n-type (Sb) region of the investigated pn-junction is
plotted in picture a). SCM-images of a SiO2 coated and ZrO2 coated junction are
shown in b) and c), respectively.

For this reason, we tried to replace the SiO2 with high quality, low temperature CVD
grown ZrO2, which recently attracted much attention as a possible high-k gate dielectric
in microelectronic metal-oxide-semiconductor (MOS) devices, because it is promising
to overcome the tunneling limits of SiO2. The effective dielectric constant of thin and
ultra thin films in the range of k = 18, the wide band-gap of more than 5 eV, favorable
band-mismatch to silicon and finally high thermodynamic stability on silicon make ZrO2
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a promising dielectric for scanning capacitance microscopy. To gain comparable results,
the dielectric thicknesses were adjusted to get the same capacitance for both SiO2 and
ZrO2 samples, which means that the SiO2 layers were 4 nm and the ZrO2 layers were
approximately 20 nm thick. The greater thicknesses of the ZrO2 layers should compen-
sate for the material’s bigger dielectric constant. To demonstrate the utilization of ZrO2

as a dielectric material for SCM measurements, we first compare the SCM images of a
pn-junction which were obtained with industrial quality SiO2 and with ZrO2 layers
grown by CVD (Fig. 1). The pn-junctions were manufactured at Austria Mikro Systeme
International AG (AMS) by implanting a highly doped buried layer (Sb) into a low bo-
ron (p-type) doped silicon wafer. The dopant profile obtained via SIMS is shown in Fig.
1 a). As one can see in Fig. 1 b), very good contrast was obtained between the p- and n-
type regions on a sample with SiO2 as dielectric. If we compare these data with the re-
sults obtained on the ZrO2 layer, we see in Fig. 1 c) that ZrO2 can compete easily in
terms of contrast generation.

Fig. 2: dC/dV plots of p--doped samples with different dielectric layers.

One of the most important parameters describing the oxide quality both for SCM analy-
sis and gate dielectrics in MOS transistors is the amount of fixed oxide charges and in-
terface trapped charges. Figure 2 compares the dC/dV plots obtained by SCM measure-
ments both for SiO2 and ZrO2. According to MOS theory textbooks the different para-
sitic charges found in real oxides influence the formation of depletion and inversion
zones and therefore influence the shape of signal versus voltage plots. Large amounts of
either positive or negative fixed oxide charges move the plots vertically from their spe-
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cial flatband condition to negative or positive tip bias values, respectively, because the
fixed charges have to be compensated. The shapes of the curves remain unchanged. The
nearer the peaks are to zero voltage position, the higher is the oxide quality. As one can
see, the peak’s position is +0.18 V for ZrO2 and –1 V for high temperature SiO2 respec-
tively, which demonstrates the excellent electrical properties of the zirconium oxide
layer. On the other hand, a large amount of interface trapped charges does not alter the
peak’s voltage-axis position, but broadens the plot.

Fig. 3: Impact of dielectric layer degradation on SCM contrast. Degradation on a) SiO2

leads to SCM signal lowering, on b) ZrO2 the signal is higher in the stressed re-
gion. c) and d) show a signal cross section of the stressed areas for SiO2 and
ZrO2, respectively. The topography of e) the SiO2 layer remains unaltered,
whereas f) the ZrO2 layer was thinned due to scratching effects.
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The broader peak of the SiO2 sample is assumed to be due to anodic oxide growth and
diffusion of contaminants which is more likely in thin (4 nm) SiO2 than in the quite
thick (20 nm) ZrO2 layer. This shows the superior behavior of ZrO2 in contrast to SiO2.
On the other hand, the reduction of oxide quality during SCM measurement can lead to
contrast degradation, which is shown in Figs. 3 a) and b). Cross sections of both samples
are shown in Figs. 3 c) and 3 d). In this experiment, a silicon oxide (Fig. 3 a)) and a zir-
conium oxide sample (Fig. 3 b)) were stressed by SCM scanning at a tip voltage of -3 V
in a small area of about 500 x 500 nm. After 8 scans the resulting degradation was in-
vestigated by taking a 5 x 5 µm picture in capacitance mode with a tip bias adjusted to
get the maximal signal. In the case of silicon oxide, the result is shown in Figs. 3 a) and
3 c), respectively. In the untreated region the normal signal for the investigated doping
type was obtained whereas inside the stressed area the SCM signal was approximately
zero. This indicates a severe degradation of the quality of the thin silicon oxide due to
continuos SCM measurement. On the other hand, using zirconium oxide can prevent
such problems concerning reproducibility as it is shown in Figs. 3 b) and 3 d), respec-
tively. Only a slight signal increase occurs in the treated region, which is qualitatively
different from the lowering in silicon oxide. Our interpretation concerning this fact is
that material is scratched away by the tip which leads to a thinner dielectric. Subse-
quently the SCM signal is increased. Topographic investigations of the stressed region
show an average lowering of 2 nm in Fig. 3 f).
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Effect of Pulse Risetime on Trigger
Homogeneity in Grounded Gate nMOSFET
Electrostatic Discharge Protection Devices

M. Litzenberger, D.Pogany, E.Gornik, K. Esmark

The inhomogeneities in the triggering of the parasitic bipolar transistor in grounded gate
(gg) nMOS protection devices (PD) are known to reduce the ESD failure threshold. As
well the risetime of the ESD pulse is known to have an influence on the triggering be-
havior of the CMOS ESD PD’s. Short pulse risetime has been found to lead to a more
homogeneous current flow along the device width and consequently to a higher ESD
failure threshold. This has mainly been attributed to the contribution of the displacement
current (depending on the device capacitance and the pulse risetime) to the total base
trigger current. This effect is known as dU/dt-triggering. We have studied triggering
behavior in submicron gg-nMOS ESD PD’s by a backside laser interferometric method
to investigate the current flow homogeneity in CMOS gg-nMOS ESD PD’s of different
technology as a function of pulse risetime.
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Fig. 1: (a) Cross-section of the gg-nMOS with equivalent circuit and the position of the
probing laser beam indicated. The layout parameters aS, aD and L, as used in the
paper are also indicated. (b) Top view of the gg-nMOS with the indication of
the probing beam and the y-axis of the coordinate system used.

We have investigated single finger gg-nMOS ESD PD’s of 0.35 and 0.18 µm technol-
ogy with a variation of the drain contact to gate spacing aD, source contact to gate spac-
ing aS, and gate length L. The source, gate, and the bulk contacts of the devices are con-
nected to ground. Figure 1 shows the simplified cross section (a) and the layout (b) of
the investigated devices. In Fig. 1 (a) the equivalent circuit of the gg-nMOS is also indi-
cated.
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To measure the current flow homogeneity we have used a scanning backside laser inter-
ferometric method. The temperature induced change in the Si refractive index (ther-
mooptic effect) during current stress pulses of 100 ns and 150 ns length and different
risetimes of 1 ns and 20 ns, respectively, is probed by measuring the phase shift of an
infrared (IR) laser beam (wavelength λ = 1.3 µm). The phase shift of the probing laser
beam is detected by a heterodyne interferometer setup and is in a first approximation a
measure of the current density.

Figure 2 (a) shows a typical result for a measurement of the current flow homogeneity in
a 0.35 µm technology gg-nMOS during ESD pulses of 1 ns risetime, for different stress
currents. It can be seen that the MOSFET first triggers in the middle of the gate width at
low stress currents, resulting in a current flow there. At higher stress currents the width
of the triggered region increases and the current flow spreads towards the device cor-
ners. With a further increase of the stress current the device triggers over the whole
width resulting in a homogenous current flow. Figure 2 (b) shows the current density
distribution in the same device, when stressed with pulses of 20 ns risetime. For low
stress currents the device first triggers at the gate corners.
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Fig. 2: Phase shift distribution along the device width at the end of a 100 ns long pulse
with 1 ns (a) and 20 ns (b) risetime in the 0.35 µm gg-nMOS device for three
different current pulse amplitudes.

With increasing stress current the current flow spreads to the middle of the device,
leading to a homogenization of the current flow. However, the phase shift (so the cur-
rent density) still exhibits two maxima at the two device corners, even at a stress current
of 0.6 A. For the 0.18 µm technology devices, the current distribution does not show any
qualitative difference between the stress with 1 ns and 20 ns risetime, and it is similar to
that shown in Fig. 2 (a).

The difference in the triggering behavior for shorter and longer pulse risetime in the
0.35 µm technology devices indicates that the displacement current IdU/dt (=Cp/n.dU/dt)
(Cp/n is the substrate/drain capacitance, see equivalent circuit in Fig. 1 (a)) plays a cru-
cial role in the device triggering. At 20 ns risetime, IdU/dt contribution to the substrate
current ISUB is negligible compared to that from the avalanche generation IAV (ISUB =
IdU/dt + IAV). IAV is dominant at the structure corners, due to a higher electrical field
caused by the spherical shape of the drain diffusion at the corners. Therefore the device
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triggers preferentially at the corners, independently on the stress current. At 1 ns
risetime, the IdU/dt contribution is supposed to be comparable to IAV. We have recently
suggested that the triggering of the devices in the middle is due to a combined effect of
the conductivity modulation in the drain/base region and a lower base resistance in the
device middle. Our present results therefore imply that in order to “activate” the con-
ductivity modulation in the 0.35 µm devices, a certain current density level has to exist
in the device at the first moment of the triggering. This is reached by high value of IdU/dt.
The reason why the triggering in the middle (so also the conductivity modulation) in the
0.18 µm devices occurs also under long pulse risetime stress (IdU/dt is expected to be
negligible here) is not yet understood. The effect of risetime on trigger homogeneity is
therefore supposed to be technology dependent, at least for low stress currents.
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Backside Interferometric Investigations of a
DMOS Clamp Under ESD Stress

M. Blaho, D. Pogany, E. Gornik, W. Wilkening, J. Hieber

Power DMOS transistors are building blocks of output drivers and switches in automo-
tive applications. Their protection against electrostatic discharge (ESD) events can be
obtained by self-protection or by appropriate gate-biasing active clamping. Such a clamp
represents a circuit which may exhibit a complex behavior during an ESD event. The
monitoring of a discharge paths in such circuit is important for understanding of the
circuit behavior. Scanning backside interferometry is a useful tool for investigation of
internal device behavior in semiconductor devices. In this work we have optically in-
vestigated thermal and free-carrier signals related to a discharge path in the active gate-
biasing clamp circuit.

The gate-biasing active clamp circuit consist of a LDMOS transistor connected in series
with a diode D added to block negative polarity stress; another diode that is in a parallel
branch to the previous one to clamp the negative polarity stress; and the gate-biasing
sub-circuit. Additionally, monitoring devices are used to monitor internal device volt-
ages under the ESD event. Gate-biasing active clamp circuits with three different
LDMOS areas (50%, 100% and 400% of a reference size) were investigated. The cir-
cuits were stressed by positive 100 ns and 300 ns long current pulses (up to 3.5 A) using
a transmission line pulser (TLP). The optical mapping is performed using the backside
laser scanning technique. A focused infrared laser beam (λ = 1.3 µm) scans the device,
and the temperature induced (positive sign) and free-carrier induced (negative sign)
contributions to the phase signal are interferometrically detected. For a dominant ther-
mal contribution, the phase shift represents directly the 2D energy density in the device.

The differential resistance Rdiff obtained from the pulsed IV measurements of the circuit
is nearly stress current independent below the device failure threshold. 1/Rdiff scales
nearly linearly with the DMOS area, indicating that the current flow in the LDMOS de-
vice under ESD stress is homogeneous. This is confirmed by the thermal mapping
across the fingers of the LDMOS (Fig. 1). It can be concluded that the gate-bias sub-
circuit effectively opens the channel of the LDMOS and supports the homogeneous cur-
rent flow in the device.

During the positive ESD stress the diode D connected in series with the LDMOS tran-
sistor is forward biased. The optical mapping of the diode area exhibits a large negative
signal during the stress pulse (Fig. 2), indicating a large free carrier injection. A linearly
increasing thermal phase shift component is superimposed on the free-carrier signal.
After the pulse end it becomes positive and reaches its maximum 400 ns after the end of
the stress pulse. The effect of this delayed maximum cannot be explained by a lateral
heat transfer from some different hot area of a circuit, because the maximum heat dissi-
pating region is in the middle of the diode area. The closer analysis of the data suggests
that the phase dynamics after the pulse is caused by an existence of a tail in the free-
carrier evolution. The decay in the free-carrier signal is determined by the carrier re-
combination dynamics inside the diode region.



72 M. Blaho et al.

0.0

0.1

0.2

0.3

0.4

y 
po

si
tio

n

x position

p
h

a
se

 s
h

ift
 [

ra
d

]

Fig. 1: The phase shift distribution in the 100% LDMOS at the end of the stress TLP
pulse of 1.4A @ 300ns. Three fingers of the LDMOS are easy to distinguish. As
the phase shift reaches the same values in all fingers in all scan lines, it can be
concluded that the heat distribution in the LDMOS area is homogeneous.
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Fig. 2: The phase shift distribution in the diode D at the end of the stress TLP pulse of
1.4A @ 300ns. The time is a parameter (the stress starts at time 0 ns).

No other discharge paths were found in the gate-biasing active clamp circuit. Finally it
was found that the circuit fails in the monitor sub-circuit.
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Study of Trigger Instabilities in ESD
Protection Devices Using Backside Laser

Interferometry
D. Pogany, C. Fürböck, M. Litzenberger, P. Kamvar, S. Bychikhin,

E. Gornik

The self-heating effect is the main failure cause in electrostatic discharge protection de-
vices (ESD PDs). Inhomogeneous current flow, non-destructive current filaments of
larger size, are often found in ESD PDs. The current filamentation is related to a nega-
tive differential resistance (NDR) region in the device IV characteristics. Another tem-
perature effect, plausible for ESD protection, is the homogenization of the current flow
during the ESD pulse. We have studied the trigger dynamics and instabilities causing
pulse-to-pulse (PTP) variations in the triggering place along the width of different types
of ESD protection devices fabricated by a smart power technology. Backside laser inter-
ferometry was used allowing the investigation of thermal dynamics during a single ESD
event with a ns time scale resolution.
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Fig. 1: IV characteristics of the ESD protection device recorded at two time instants.
The NDR can be seen up to the stress current of 1.5A.

The studied protection devices are npn transistors with breakdown and sustaining volt-
ages of 44 V and 24 V, respectively. The measured phase shift represents, in the first
approximation, the 2D-lateral density of thermal energy in the silicon. The devices were
stressed by rectangular current pulses using a DMOS switch (duration 170 – 500 ns). In
order to study the PTP variation in the phase shift dynamics, ten to fifty ESD pulses
were applied at each position of the device during a scanning procedure.
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Fig. 2: Typical pulse to pulse variations in the phase evolution demonstrating the insta-
bilities in the current flow from pulse to pulse.
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Fig. 3: Phase shift distribution along the device width at three time instants during the
stress pulse of I = 2 A. At each position 50 phase shift values are given. The en-
velopes (solid lines) indicate the heat energy for the case when the device trig-
gers in the left part.
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Large PTP variations in the local phase shift value have been observed in the studied
devices (see Fig. 1). They occur only in devices exhibiting a NDR region in the IV char-
acteristics (see Fig. 2). The scattered data of phase shift along the device width can be
grouped into two distributions forming envelopes, which are symmetrical to each other
around the middle of the device (see Fig. 3). These envelopes represent two different
possible thermal energy distributions (heated regions) during a stress pulse. It means
that, from pulse to pulse, the device triggers either in one or another half of its width,
forming thus a large current filament. The origin of the current filamentation is attrib-
uted to the NDR in the IV curves. The heated region increases with progressing time
during the pulse. This indicates a spreading of the current distribution with time. The
increase in the stress current magnitude has the same effect on the current spreading,
leading to a current flow homogenization. The spreading effect is attributed to a nega-
tive feedback from the local temperature increase due to the self-heating effect. The in-
creasing temperature causes a decrease in the impact ionization coefficient. In a result
the current flow tends to move to a cooler region, leading to the current flow homogeni-
zation. The observed increase of the holding voltage with time (see. Fig. 1) supports this
hypothesis. The current homogenization with time and stress current explains the high
ESD robustness of this device (>8 kV Human Body model stress type).
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Laser Interferometric Mapping of Smart
Power ESD Protection Devices with

Different Blocking Capabilities
S. Bychikhin, M. Litzenberger, P. Kamvar, D. Pogany, E. Gornik, G. Groos,

M. Stecher

Protection against electrostatic discharge (ESD) in smart power technology devices has
to take into account multiple bias source requirements. Consequently devices with dif-
ferent blocking capability, breakdown, and snapback voltages must be produced by sim-
ple layout variations. To optimize the design, physical failure analysis methods are usu-
ally used to get information on position of dominant hot spots causing the damage. The
interferometric thermal and free carrier mapping techniques have a good potential to
extract such information. In this contribution we investigate by this method the position
of hot spots in two types of smart power ESD protection devices which block in one or
in both polarities.
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Fig. 1: Phase shift distributions along the length of the npnp structure at stress condi-
tions 3.8 A, 150 ns and anti-serial device.

The thermal energy and free carrier distribution is studied using the measurements of
temperature- and free carrier-induced optical phase shift. The phase shift distribution
measurements in both devices exhibits two maxima (see Figs.1 and 2). The A peaks are
related with heat source in the vertical npn that is marked as gray regions 1 in Fig.1 and
1, 3 in Fig. 2. The B peaks are due to a lateral current flow in the lateral pnp transistor
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(marked as a gray region 2 in Figs.1 and 2). The negative phase shift C is attributed to
plasma-optical effect due to carrier injection.

A failure analysis has been performed on the devices. An ESD damage in the npnp
structure could not be observed for stress currents lower than 10 A (150 ns duration).
The threshold for the defect creation in the anti-serial devices is in the 5 – 8 A range (for
150 ns pulses), depending on the stress polarity. This damage was established as a deg-
radation of the contact metallization in the emitter region.
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Fig. 2: Phase shift distributions along the length of the npnp structure at stress ±2 A,
150 ns.

The different ESD ruggedness of the two structures is attributed to different positions of
the dominant hot spot. In the npnp device, the dominant hot spot is located under the
LOCOS insulation. SiO2 oxide or the Si/SiO2 interface is known not to be very sensitive
to thermal stress. In the anti-serial device, the dominant hot spot is located under the
emitter, close to the contact metallization which is vulnerable to thermal damage.
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An Optical Setup for Investigation of Internal
Device Behavior Under CDM-Like ESD

Stress
V. Dubec, S. Bychikhin, M. Litzenberger, D. Pogany, E. Gornik, K. Esmark,

W. Stadler

Due to the increasing degree of automation in the integrated circuit production, electro-
static discharge (ESD) protection against the charge device model (CDM) stress be-
comes more and more important compared to the standard human body (HBM) stress.
Backside laser interferometry is a unique and powerful tool to investigate internal device
behavior under ESD stress. In the previous studies using the heterodyne setup, the dura-
tion of the high current stress was 100 ns or more. The time resolution of the heterodyne
setup (about 3 ns) cannot be improved due to complicated optics. Therefore for investi-
gation of CDM-like events occurring in the 1 – 10 ns scale a new Michelson-like inter-
ferometer was built.
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Fig. 1: Simplified scheme of the setup.

The scheme of the optical setup is depicted in Fig. 1. A DFB laser diode with the wave-
length λ = 1.3 µm is used as a source of coherent light. The beam is collimated and then
split by a beamsplitter into the probe and reference beams. The probe beam is focused
by a microscope objective (M.O.) to the backside of the investigated device (DUT). The
laser spot size of approx. 2 µm defines the space resolution. The beam is then reflected
from the device surface, passes the same way back and reflects from the beamsplitter to
the detector. The reference beam is reflected from a mirror mounted on a piezo mirror-
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shifter. The intensity of the reference and probe beams can be controlled independently.
Both beams are focused to the detector to get an interference signal. The signal from the
detector (400 ps risetime) is recorded by a high sample rate oscilloscope (Tektronix
TDS 7404). For the positioning of the beam on the device an IR vidicon camera is used.
The stress was performed by a very fast transmission line pulser (VF-TLP) providing a
CDM-like stress. The current and voltage on the device were calculated from the cali-
brated incident and reflected stress voltage waveform. The measurements are performed
in an RF-shielded environment to reduce the pick-up of radiated noise from the fast-
rising high-current pulses. The optical response was carefully time-aligned with the
electrical stress pulse, taking into account all electrical and optical delays.
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Fig. 2: Phase shift at a single point in the CMOS structure and corresponding current
pulse. The curves are 20-times averaged.

The studied CMOS ESD protection devices are grounded gate (gg) NFETs of 0.35 µm
technology with different gate to drain contact and gate to source contact spacings. Cur-
rent pulses of 10 ns length and 4 A amplitude were applied, see Fig. 2. The current
through the device causes a heating in the drain region. The optical signal shows a fast
rise with a delayed maximum after the end of the pulse. The dynamics of the signal
during the stress pulse reflects well the thermal energy dynamics. The delay is caused by
the heat transfer effect as the probe laser beam is laterally shifted some 2 µm away from
the position of the maximal heat dissipation. The setup is sufficiently sensitive to record
phase shift related to a single stress event. This is important for the investigation of pos-
sible trigger instabilities. The method is useful for the verification of the results of de-
vice and circuit simulation models in the CDM time domain.
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Ultrathin Zirconium Dioxide for Future MOS
Technology

S. Harasek, B. Basnar, J. Smoliner, E. Bertagnolli

Recently ZrO2 attracted much attention as a possible high-k gate dielectric in micro-
electronic metal-oxide-semiconductor (MOS) devices, promising to overcome the tun-
neling limits of SiO2 and thus allowing further reduction of device dimensions [1]. An
effective dielectric constant of thin and ultrathin films in the range of k = 18, a wide
band-gap of more than 5 eV, favorable band mismatch to silicon and finally high ther-
modynamic stability on silicon led to increasing interest in the growth and electrical
characterization of ZrO2 thin films. We focus our research activities in the high-k field
on the deposition and integration of ZrO2 in MOS technology using low-temperature
processes. This takes the inevitable need for continual reduction of the thermal budget
during processing into consideration. The deposition process utilizes MOCVD (Metal
Organic Chemical Vapor Deposition) from tetrakistrifluoro-acetylacetonate zirconium
as precursor followed by a post-deposition annealing step. Overall goal is to avoid tem-
peratures above 650 °C in the gate insulator preparation while taking full advantage of
the favorable properties of ZrO2.

The outlined approach interlinks the two promising research topics high-k materials and
MOCVD in the field of semiconductor technology, opening up an entirely new area of
application.

Fig. 1: Relative surface roughness of ZrO2 thin films.

Morphological analysis using AFM and REM showed the deposited films to be poly-
crystalline with a relative roughness between 2 and 5% (Fig. 1). Moreover it was shown
that the relative roughness is largely independent of the absolute film thickness [2]. The
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chemical composition of the deposited layers was examined by Auger-electron spectros-
copy (Fig. 2). Besides the elements zirconium and oxygen also the presence of carbon is
unveiled, while no fluorine contamination is observed. The carbon content can be re-
duced to the limit of detection by spike-annealing to temperatures between 650 and
850 °C. This thermal treatment results in an almost stoichiometric composition of the
thin film.
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Fig. 2: Auger spectrum of a MOCVD ZrO2 thin film.
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Electrical characterization of the layers is accomplished employing capacitance-voltage
and current-voltage measurements on MOSCAP structures. EOT of the examined films
reached down to about 3 nm. Fig. 3 gives an example of the achieved capacitance-
voltage curves. The striking agreement between simulation and experimental results
indicates a low interface trap density as well as low volume charges. The promising
characteristics described are obtained by low-temperature processing not exceeding
650 °C.
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Molecular Dynamic Simulations of Ion
Induced Damage in Silicon

G. Otto, G. Hobler

Molecular dynamic simulations are performed by us to aid binary collisions model de-
velopment of both simple defects and amorphous pockets and for a quantitative com-
parison with RBS/C measurements.

The molecular dynamics simulations are done with the program MDSWV, which has
been provided by Konrad Gärtner from the University of Jena. It is based on the Stillin-
ger-Weber potential and uses the Verlet algorithm for time integration with an adaptive
step. An atom in the center of the MD cell has been kicked in a random direction with
an energy from 5 to 80 eV. The final state of the MD cell has been compared with the
ideal lattice and the displaced atoms have been examined.

The molecular dynamic cell consists of 10 ! 10 ! 10 unit cells (8000 atoms). Periodic
boundary conditions in x and y directions and a fixed bottom and top layer in z-direction
have been chosen. The temperature was set to 300 K. The simulations lasted approxi-
mately 2.5 ps. After about 1 ps there was no significant change in the final configuration
of the displaced atoms

To identify a displaced atom the following criterion has been applied: An atom is con-
sidered to be displaced if the probability that its deviation is caused by the lattice vibra-
tion is under 10-6 (assuming a Gaussian distribution around the ideal lattice site). Cal-
culations yield that for a temperature of 300 K an atom is displaced if it has a distance
above 0.44 Å from the ideal lattice site.

To separate interstitials, vacancies, bond, and other defects from atoms which are dis-
placed from their lattice site by the forces of the neighboring defect, another criterion
has been applied. It is based on spheres centered on ideal lattice sites defined by the un-
disturbed lattice. If the sphere contains no atoms, the lattice position is labeled a va-
cancy. An atom that has no free lattice site in the sphere centered at the atom position
(i.e. there are no lattice sites in the sphere or only lattice sites that are occupied by nearer
atoms) is labeled an interstitial. The radius of the sphere is set equal to half the next
neighbor distance.

In the observed energy range mainly Frenkel pairs, bond defects and di-interstials could
be found, also several clusters with three interstitials (about 3% of the number of the
Frenkel pairs). Greater amorphous pockets could not be created in this energy range (see
Fig. 1). Clusters with more than two interstitials are very seldom and therefore are not
included into the statistics. Additionally it can be seen that the defect distribution is
much less than those of the Kinchin-Pease approach.

The interstitials have been investigated with respect to their structure. 90% of the gener-
ated Frenkel pairs are split-interstitials. The rest are tetrahedral interstitials.
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Fig. 1: Mean number of Frenkel pairs and other effects per recoil event and “the
modified Kinchin-Pease” model.

Fig. 2: Probability that 1, 2, or 3 Frenkel pairs are generated in a recoil event.

Figure 2 shows that in most cases exactly one Frenkel pair is generated. But at higher
energies the proportion of the cases in which more than one Frenkel pair is generated
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increases. That in this energy range most Frenkel pairs have an I-V separation below
9.2 Å is shown in Fig. 3.

Fig. 3: Probability that a Frenkel pair with distances between I and V in the given
ranges is generated in a recoil event.
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Fabrication Technology for Sub-100 nm
Semiconductor Devices

H.D. Wanzenboeck

For rapid prototyping of modern sub-100 nm devices a method for the direct deposition
of nanostructures of material was developed This direct-write lithography is a maskless
technology and requires only a single process step. By local deposition of silicon oxide
and tungsten rewiring of chips and reverse engineering becomes feasible. This position-
controlled local fabrication of sub-µm dielectric structures opens a versatile alternative
for backend processing. Chemical vapor deposition of silicon dioxide induced by a fo-
cused ion beam was used to obtain material deposition confined to µm and sub-µm di-
mensions. Using metal-insulator-metal test vehicles the deposition rate and insulating
properties of obtained materials were investigated. Dielectric breakdown of thin layers is
correlated to impurities in the deposited material. Material properties appear to respond
sensitively towards a change of process parameters such as the composition of the pre-
cursor gas. With an appropriate process control this method can provide interconnect
and interline dielectrics for advanced rapid prototyping and multilevel rewiring of inte-
grated circuits.

100 µm

Fig. 1: Typical lines of an interconnect layer with FIB processed multilevel rewiring.

A research topic focusing on industrial fabrication technology of semiconductor devices
is the development of a repair method for photomasks. Phase shift masks (PSM) are an
enabling technology in lithographic fabrication of modern integrated circuits (IC) with a
feature size below 250 nm. Phase shift technology allows to obtain a small structure size
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remaining under the wavelength of the light source used for the lithographic exposure.
Alternating aperture phase shift masks consist of a flat reflective chromium mask and a
3-dimensional structured quartz substrate. The production of phase shift masks is cost
intensive and the yield is low due to defects in the quartz substrate or the chromium
layer. Focused Ion Beam (FIB) technology offers a versatile repair method allowing a
locally confined deposition of material utilizing chemical vapor deposition (CVD) initi-
ated within the scanned area.

W  (bright)

1 µm

W  (bright)

Fig. 2: FIB deposited structure showing two bright W wires (120 nm width) and a
darker silicon oxide line (200 nm wide) in the middle. The sample is 45° tilted
for this image. A hole is milled into the substrate displaying the cross-section of
the deposited structures.
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Fig. 3: Schematic illustration of different defect types of alternating aperture phase shift
masks and corresponding repair strategies.
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Fig. 4: Surface topology of silicon oxide deposited by FIB was imaged by AFM. The
same total ion dose and the same gas composition was used. The varying pixel
spacing resulted in a different surface roughness and geometry (image 10 x
10 µm).

The proposed repair strategy for quartz defects utilizes the local deposition of CVD sili-
con oxide as this material is most similar to the quartz of the original photomask. Sili-
con oxide structures down to 200 nm can be deposited with this method. The chemical
composition of the deposited material was found to vary with the process parameters.
The surface roughness and the potential of this process for phase shift mask repair was
investigated.
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Evolution of Tungsten Film Deposition
Induced by Focused Ion Beam

H. Langfischer

Direct write metallization is an important approach for circuit modification and
prototyping. We investigate the evolution of the chemical vapor deposition of tungsten
induced by a 50 keV focused Ga+ ion beam. Time resolved imaging in combination with
atomic force microscopy reveals that chemical vapor deposition of tungsten by focused
ion beam proceeds via two clearly distinguishable regimes of layer growth. Deposition
starts with the nucleation of nanoscale tungsten deposits scattered over the substrate
surface. Despite the local impact of the ion beam no correlation of the nucleation sites
with the scan path of the beam can be found. The nanoscale tungsten particles preserve
their positions and typical shapes during further deposition. Only after merging the par-
ticles to a contiguous tungsten layer, the second regime of growth characterized by
deposition of tungsten on a tungsten surface sets on. In this regime the deposition proc-
ess is determined by the total ion dose and the average current density the sample was
subjected to. Deposition yields up to 3.5 atoms per incident gallium ion are achieved.
The layer quality is determined by Auger analysis, showing the fractions of Ga and C in
the W layer.

Fig. 1: Tungsten layer thickness versus total ion dose. The solid line represents a linear
fit to the data.

Depth profiling by secondary ion mass spectra showed the depth profiles of these con-
stituents and confirmed the existence of a 50 − 100 nm thick transition zone between the
tungsten layer and the substrate. Electrical sheet resistances of the metal layer of
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200 µΩcm and current densities up to 3.5×106 A/cm2 are measured by means of van der
Pauw test structures. In order to give a concise description of the experimental findings
the data were interpreted utilizing an analytic model mainly incorporating precursor gas
coverage, precursor gas transformation cross section, and ion induced sputtering. The
critical ion current density where ion sputtering exceeds deposition was identified by the
model. Because the model shows excellent agreement with the measurement it should
be suitable for further survey concerning focused ion beam process development.

Ion beam induced deposition occurs if the adsorbed hexacarbonyl molecules are decom-
posed during ion beam exposure. After a contiguous tungsten layer formation, the depo-
sition process is characterized by homological growth of tungsten on tungsten and the
thickness of deposited metal correlates with the total ion dose like shown in Fig. 1. The
analytic model used to describe the deposition kinetics is based on differential rate
equations describing the precursor gas kinetics and its coverage of the sample surface.
This equations rely on the following parameters: molecular precursor gas flux Φ
(cm-2 s-1), density of surface sites for precursor gas adsorption n0 (cm-2), precursor trans-
formation cross section σ (cm2), the atomic sputter yield YS, and average ion current
density J (cm-2 s-1). In this case the average ion current density J is defined as the num-
ber of impinging ions per cm2 per second and related to j simply by J = j/e, with e being
the unit charge. For the steady state condition the resulting expression for the atomic
deposition yield is

( )
Jn

YJn
Y S

A Φ+
−Φ=

0

0

σ
σ

. (1)

In Fig. 2 the atomic deposition yield YA determined by experiments is plotted versus the
average ion current density. The negative yield values correspond to conditions where
the sputter effect of the ions exceeds the ion induced deposition.

Fig. 2: Atomic deposition yield of tungsten hexacarbonyl under ion exposure as a
function of the average ion current density. The solid line represents a fit due to
the analytic model.
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The solid line represents a fit of eq. (1) to the data. This expression contains three inde-
pendent parameters: Φ, σn0, and YS. The first two where extracted from a least square fit
to the data. YS was determined by an independent sputter experiment without any gas
contribution. −YS is the limit of YA for very high ion current densities. The value ob-
tained for the molecular precursor gas flux Φ is in the order of magnitude of values
found by Melngailis and coworkers from their FIB experiments. The extracted value for
the dimensionless parameter σn0 is the limit of eq. (1) when J reaches zero and can be
interpreted as the asymptotic deposition yield at very low ion current densities. When J
is increasing the yield is decreasing because of the depletion of precursor gas molecules
due to an accelerated precursor conversion.

In addition, the model allows to calculate the critical value for the current density J0,
from where on sputtering exceeds deposition resulting in a negative atomic yield. Ex-
actly at J0 deposition and sputtering are in dynamic equilibrium.
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Integrating Micro- and Nanoelectrodes Into
Atomic Force Microscopy Cantilevers Using

Focused Ion Beam Techniques
A. Lugstein, E. Bertagnolli, C. Krantz, B. Mizaikoff

The investigation and manipulation of surfaces at an atomic scale has been revolution-
ized by the introduction scanning probe microscopic (SPM) techniques. Complex ana-
lytical problems in material and life sciences demand complementary information on
physical and chemical properties at the molecular level. Hence, combination of SPM
techniques is the logical consequence.

Scanning electrochemical microscopy (SECM) uniquely provides in-situ electrochemi-
cal, chemical, and biochemical information on surfaces and interfaces. An ultramicro-
electrode is scanned in the nearfield across the sample surface (solid or liquid). The sur-
face properties of the substrate influence the electrochemical response of the ultramicro-
electrode, providing information on the nature of the substrate. Due to the difficulty in
positioning electrodes at the nanometer range, SECM offers limited lateral resolution
compared to scanning tunneling (STM) and atomic force microscopy (AFM). In par-
ticular, the trend towards nanoelectrodes for enhanced spatial resolution and the use of
micro/nanosensors as SECM tips demands innovative approaches for manufacturing and
positioning the SECM probe.

The recent development of micro- and nanoelectrodes integrated into AFM cantilevers
demonstrates a novel approach combining micro- and nanoelectrochemistry with AFM
measurements. Frame- or ring-microelectrodes are integrated into standard AFM canti-
levers by microfabrication techniques. Consequently, electrochemical processes can be
imaged or induced at a nanoscale during simultaneous AFM measurements.

Chemical modification of the electrode surface with bioreceptors (e.g. enzymes) inte-
grates (bio)sensing devices for enhanced molecular recognition and specificity.

This concept can be extended towards multifunctional scanning probes/sensors, com-
bining e.g. SECM with AFM and scanning nearfield optical microscopy (SNOM) into a
single tri-functional tip or integrating multiple electrode/sensor systems.

The production of SECM/AFM tips is entirely based on microfabrication processes. The
main processing steps include deposition of the electrode material (60 – 100 nm) onto
the cantilever surface by sputtering. In case of a conducting tip prior deposition of an
insulation layer is required. Commonly used electrode materials include gold, platinum,
and modified carbon. Subsequent insulation is achieved by chemical vapor deposition of
silicon nitride, mixed silicon nitride/oxide or parylene.

Exposing the micro-/nanoelectrode in the required working distance to the sample sur-
face is achieved by a 3-step focused ion beam (FIB) cutting/milling process. FIB is used
to expose and shape the integrated electrode, and to control the working distance by
remodeling of an insulating AFM tip.
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In order to demonstrate full functionality, the featured integrated SECM-AFM tip was
mounted in a standard atomic force microscope (Nanoscope III, Digital Instruments),
equipped with a fluid cell. The whole instrument was located in a faraday cage and the
electrochemical signal was detected by a bi-potentiostat (CH Instruments 832A). All
images were obtained in the contact mode of the AFM.

As a model surface a porous poly-carbonate membrane with a thickness of 11 µm and
an average pore size of 1 µm was coated with a layer of 50 nm gold on the bottom side.

AFM cantilever

Original AFM tip

Gold layer

Parylene layer

 

Fig. 1: FIB-image of an integrated SECM/AFM tip after first FIB cutting. Inset shows
an integrated frame-nanoelectrode (bright square) with concentric re-shaped
AFM-tip.

Fig. 2: Simultaneously recorded height and current images of a porous polymer mem-
brane. (a) Top view of the AFM image and (b) top view of the simultaneously
recorded current image. Redox mediator: 30 mM Fe[CN]6

4- in 0.5 M KCl elec-
trolyte solution. Scan parameters: 2 Hz. Electrode edge length: 1 µm.



The Society for Microelectronics – Annual Report 2001 99

Impact of Focused Ion Beam Assisted Front
End Processing on n-MOSFET Degradation

A. Lugstein, W. Brezna, E. Bertagnolli

Focused ion beam (FIB) systems are widely used for device modifications during the
design debugging phase of integrated circuits (IC´s) development. Nevertheless, it ap-
pears necessary to further understand the interaction between the finely focused ion
beam and IC´s to assure that these modifications do neither induce electrostatic dis-
charge of the devices nor degradation due to FIB irradiation induced damage. We have
investigated the focused ion beam interaction with n-MOSFET devices addressing irra-
diation damage related device degradation apart from charging effects.
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Fig. 1: Output and gate current of the n-MOS transistor vs. milling depth; bias condi-
tions: VG = VD = 3 V; VS = Vbulk = 0 V.

For the first time, monitoring of device parameters during ion beam exposure enables us
to quantify the progressive nature of device degradation. By in-situ electrical sensing of
the devices during focused ion beam milling, the impact on device parameters (IDsat, IOff,
and mobility) is studied. The FIB exposed MOSFET exhibits no damage related degra-
dation as long as the milling is out of the reach of the active channel. Progressive degra-
dation starts when long-range damage cascades extend into the channel region. The re-
lated damage can be attributed to mobility decrease in the channel region and has been
quantified by a semi-empirical mobility model.



100 A. Lugstein et al.

Gate-oxideS
u

b
st

ra
te

FIB-sputtered trench

100 nm

500 nm poly-gate

Fig. 2: Transmission electron microscope image of a transistor with a FIB milled trench
reaching into the gate stack.
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Microelectronics
Technology —
Cleanroom Linz
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Micro- and Nanostructure Research:
Cleanroom Linz

G. Bauer, H. Heinrich, H. Thim, G. Brunthaler

Institut für Halbleiter- und Festkörperphysik and
Institut für Mikroelektronik,

Johannes Kepler Universität Linz, A-4040 Linz, Austria

The micro- and nanostructure research in the cleanrooms of the Institut für Halb-
leiter- und Festkörperphysik and the Institut für Mikroelektronik is supported by the
Society for Microelectronics (GMe). In the field of Si/SiGe heterobipolar transistors,
the incorporation of carbon was investigated in order to optimize the doping profiles.
The material transport during process temperatures in nano-structured Si substrates
was investigated as a relevant mechanism for future commercial devices. In the Al-
GaAs system, ‘Hot electron injection field effect transistors’ were modified and
quantum point contacts were fabricated. In the field of optoelectronics, Er doped
silicon light emitting diodes showed emission at 1.54 µm at room temperature. In the
IV-VI system self-organized PbSe quantum dot superlattices were fabricated by
molecular beam epitaxy. In the same material system, vertical cavities containing
PbSe/PbEuTe superlattices with self-organized PbSe quantum dots, were investi-
gated by transmission spectroscopy. A GaN MOCVD system was installed for the
deposition of thin films and the in-situ optical characterization by ellipsometry.
Si/SiGe cascade structures were characterized by x-ray reflectivity in order to assess
their interface roughness and self-assembled SiGe nano-structures have been investi-
gated by infra-red absorption and photoluminescence spectroscopy.

The funding of the activities in the two cleanrooms at the University of Linz which are
jointly used by three groups is of vital importance for our micro- and nanostructure re-
search activities. This basic funding allows for investigations which are made possible
through additional funding coming from the FWF, the FFF, the European Commission,
as well as through cooperation with industrial groups as listed in the report.

A short overview is given in the following on the achievements made in the year 2001
in the cleanrooms in Linz. The basic equipment which is available in these clean rooms
allows for MBE growth of Si-based heterostructures, of II-VI and IV-VI heterostruc-
tures, for the deposition of ferromagnetic layers like Fe on II-VI compounds, as well as
for MOCVD growth of III-V compounds like GaAs/GaAlAs and GaAs/GaInAs. The
latest extension to that material systems happened with a European Project on the in-situ
control of GaN deposition by MOCVD. Apart from in-situ and ex-situ structural char-
acterization, lateral patterning is made possible through equipment like optical, holo-
graphic and electron beam lithography. Processing includes also facilities for the depo-
sition on insulating as well as contact layers. A plasma deposition system for silicon
nitrides was just installed in the last year. The transmission electron microscope, pur-
chased one year earlier, is intensively used for the characterization of thin SiGeC layers.

The research efforts were concentrated on high frequency electronic and optoelectronic
devices as described in the following.
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Si-SiGe heterobipolar transistors are now widely introduced in the production for high
speed bipolar and BiCMOS circuits, offering a great speed advantage over standard sili-
con technologies. In Linz steps towards the optimization of the doping and composition
profiles for the SiGeC HBT technology were continued in collaboration with Austria
Microsystems, Unterpremstätten. While it is well known that co-doping of the p-type
SiGe base layer of an HBT with carbon can completely suppress transient enhanced dif-
fusion of the boron dopants, little is known about the behavior of carbon. Because of the
small solid solubility of C in Si and SiGe, its propensity to form complexes, and its dif-
fusion behavior, which follows the same mechanism as boron, C contaminations are
usually avoided in standard Si technology. We therefore studied the behavior of 0.2 - 1
at.% of substitutional C in Si and SiGe under annealing conditions. Fourier-transform
infrared spectroscopy (FTIR) was employed to measure the intensity of the local vibra-
tion modes of substitutional C and of cubic SiC precipitates. We could follow SiC pre-
cipitate formation as a function of annealing temperature and time. We found that, as
expected, C in Si forms cubic SiC precipitates in thermal equilibrium. However, this
process is kinetically impeded and requires long annealing times at elevated tempera-
tures.

With minimum device dimensions of commercial processes already below 100 nm, and
with progress being made regarding self-organized growth schemes selective epitaxy
and processing of nano-structured substrates at elevated temperatures become critical
issues. During the in-situ thermal cleaning step of nano-structured Si substrates before
MBE deposition we found a substantial amount of material transport on the surface. For
example, wire structures of rectangular cross section are transformed into trapezoids
with {311} facets after 5 min of annealing at 950 °C in vacuum. The same mechanism
leads to the development of negative slopes on the flanks of SiO2 wires, which are wet-
ted by mobile surface Si atoms, and desorb after reacting to SiO. By systematically
varying the annealing conditions and by cross-sectional transmission electron micros-
copy (TEM) we studied the kinetics of this phenomena. Especially the shape transfor-
mation of SiO2 structures should allow the fabrication of self-aligned nano shadow
masks.

A modified version of a GaAlAs ‘Hot Electron Injection Field Effect Transistor’
(HEIFET), utilizing the Gunn effect to enhance microwave performance, was devel-
oped. In the modified structure the ohmic source and drain contacts of a MESFET are
both replaced by a combination of an ohmic contact and a Schottky contact. Due to im-
provements in the electron beam lithography system it was possible to reduce the length
of the MESFET gate to values around 0.4 µm and the separation to values around
0.3 µm. The device operates up to a frequency of 45 GHz.

From two-dimensional AlGaAs structures quantum point contacts were fabricated by
electron beam lithography in different techniques. Best electrical characteristics were
achieved in split gate geometry. The resistance steps due to lateral quantization of the
electron gas were observed. In addition conductance peaks in the high ohmic region due
to Coulomb blockade of a random quantum dot appeared in the same samples.

Si:(Er,O) based light emitting diodes were developed and fabricated, emitting at room
temperature in the breakdown regime at a wavelength of 1.54 µm. By adjusting the di-
ode design we were able to increase the electroluminescence (EL) intensity by one order
of magnitude. We also investigated codoping with hydrogen in order to increase the
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luminescence. With this we achieved an increase of the luminescence intensity at tem-
peratures below 150 K by a factor of five.

Self-organized PbSe quantum dot superlattices were fabricated by molecular beam epi-
taxy. Atomic force microscopy and high resolution x-ray diffraction studies of the or-
dering processes due to the dot interactions during epitaxial growth showed that well
ordered dot superstructures with hexagonal as well as face centered cubic dot arrange-
ments can be obtained. Also, the dot sizes and lateral spacings are found to be tunable
by changes in the preset vertical superlattice periods. By inserting such superlattices into
the cavity region of high finesse EuTe/PbEuTe microcavity structures optically stimu-
lated mid-infrared vertical laser emission is obtained at wavelengths around 4 µm.
Doped quantum dot superlattice structures were also fabricated for photocurrent meas-
urements. These allow the characterization of the quantum dot energy levels. Further-
more, a new research project was started on the investigation of magnetic EuSe layers
and superlattices. After optimization of the growth conditions several sample series
were fabricated for magnetization and x-ray diffraction measurements. Another activity
was centered around the investigation of strain relaxation mechanisms and dislocation
formation in lattice-mismatched IV-VI heterostructures using in situ scanning tunneling
microscopy. For the PbTe/PbSe (100) system, the formation of regular quasiperiodic
nanoscale dislocation patterns were observed with periods down to 8 nm. These patterns
could open new possibilities of fabricating novel types of self-organized nanostructures
on the periodic strain fields induced by the dislocation grating.

The vertical cavities containing PbSe/PbEuTe superlattices with self-organized PbSe
quantum dots, ordered in lateral as well as in vertical direction, were investigated also
by transmission experiments. This allows to determine the absorption spectrum of the
quantum dot superlattice by deducing it from the width of the resonator modes. The ab-
sorption from the quantum dots can be clearly distinguished from that of the wetting
layer and the buffer layers. The absorption peak due to the quantum dots is only
8.7 meV broad, which clearly reflects the very high size homogeneity of the dot ensem-
ble in our samples.

An MOCVD system was installed for the deposition of GaN. Additional sources for Al
and In are also available for the fabrication of ternary nitrogen based compounds. As
dopand sources we have Si for n-type and Mg for p-type. So we are able to grow single
and multilayers of group III-nitrides together with the necessary doping profiles to fabri-
cate blue light emitting diodes. However, the main task was to set up an in situ growth
control. Therefore the growth reactor was specially designed to allow the attachment of
an ellipsometer. The reactor chamber has three optical windows, which allow to meas-
ure reflectivity and spectral ellipsometry at an angle of 65°. With this attachment we can
measure the growth rate and the layer composition during growth, which occurs at about
1000 °C in very pure hydrogen atmosphere. Post growth analysis of the GaAlN layers by
SIMS and AES showed that the composition can be determined during growth with a
precision of one percent.

Si/SiGe cascade structures, which show electroluminescence at about 10 µm were char-
acterized by x-ray reflectivity in order to assess their interface roughness. This is of con-
sequence for quantum well fluctuations and consequently for a broadening of the emis-
sion. By growing such structures at temperatures as low as 350 °C, the r.m.s. interface
roughness can be kept below 0.3 nm, despite Ge contents as high as 45% in the wells.
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However, such structures are highly metastable, annealing above 500 °C induces strain
relaxation via misfit dislocation formation.

Optical characterization of self-assembled Si/SiGe quantum dots and wires by mid-
infrared absorption and photocurrent spectroscopy and near-infrared photoluminescence
have been performed. A comparison of the results of these experiments with calcula-
tions modeling the dependence of the optical response on the structural parameters of
the nanostructures allows to estimate the alloy concentration and dimension of the na-
nostructures. The results show that the Ge concentration in the nanostructures is signifi-
cantly lower than in the alloy indicating that significant alloying occurs during the over-
growth of the nanostructures even at moderate growth temperatures.
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Fourier Transform Infrared Spectroscopy of
ββββ-SiC Precipitation in SiGeC Epilayers

D. Gruber, T. Fromherz, M. Mühlberger, F. Schäffler

Institut für Halbleiter- und Festkörperphysik, Johannes-Kepler-Universität
Linz, A-4040 Linz

1. Introduction

The ternary Si1-x-yGexCy alloy was considered a promising material for band structure
engineering of Si-based heterostructures. However, in contrast to the binary Si1-xGex

alloys, which are completely miscible, C has a negligible solid solubility in both Si and
Ge, and only one stable phase, that of SiC. This makes metastable Si1-x-yGexCy alloys
with useful C concentrations of a few tenths of a percent unstable against the formation
of β-SiC precipitates. A typical example is shown in Fig. 1: The high-resolution cross
sectional transmission electron micrograph (XTEM) shows incoherent β-SiC precipi-
tates in a single crystalline Si matrix. Since Si and β-SiC differ in their respective lattice
constants by about 20%, a Moiré pattern becomes observable at places where relaxed β-
SiC precipitates are surrounded by undisturbed Si. The spacing of the Moiré pattern
depends on the difference of the two lattice constants, and thus allows an unambiguous
identification of β-SiC.

Fig. 1: XTEM micrograph of β-SiC precipitates in a Si matrix. Individual Si [111}
lattice planes with a spacing of 3Å are resolved. The β-SiC precipitates lead to a
Moiré pattern because of their 20% smaller lattice constant.
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β-SiC precipitation restricts the potential use of Si1-x-yGexCy alloys to applications that
can either be kept far from thermal equilibrium or require very small amounts of carbon.
The most interesting of these applications is the exploitation of substitutional carbon
(CS) for the suppression of transient enhanced diffusion (TED) of Boron in Si/SiGe:C
heterobipolar transistors. But even though the required C concentrations are reasonably
low (0.2 at.%), high temperature annealing steps are unavoidable during standard Si
technology. It is therefore necessary to optimize the layer parameters and thermal budgets.
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Fig. 2: X-ray rocking curves of Si1-yCy films that underwent annealing at 925 °C for
increasing periods of time. The (smaller) Si1-yCy peak moves toward the (domi-
nant) substrate peak with prolonged annealing time, indicating gradual relaxa-
tion of the film stress. The curves are labeled with their remaining substitutional
carbon concentration yeff that has to be compared to y = 1% of the as-grown
sample.

2. Experimental

Based on the standard AIST procedure for the characterization of CS in bulk Si, we ex-
ploit the local vibration modes of C to identify the local chemical environment [1]. This
gives access not only to the concentration of CS, but also to pseudomorphic and incoher-
ent β-SiC precipitates. Problems are the small absolute concentrations of either type of
C bonds in the thin epilayers under study, and the presence of a Si phonon mode that
overlaps the relevant frequency range of the local modes. It is therefore essential to
achieve high sensitivity and accurate subtraction of the bulk signal. These aims were
achieved by employing Fourier Transform Infrared Spectroscopy (FTIR), and thickness
corrections for the reference bulk sample with an accuracy of a few µm. The latter was
achieved by a first FTIR reference measurement with high resolution (cm-1), which
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gives access to the sample thickness via the thickness interference fringes of the plan-
parallel, one-sided polished substrates. For the subsequent measurement of the local
carbon vibration modes the resolution was then lowered to 4 cm-1 to suppress the thick-
ness fringes.
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Fig. 3: FTIR spectra of the sample in Fig. 2 in the frequency range of the carbon-related
local vibration modes. With increasing annealing time more and more carbon
moves from substitutional into SiC sites.

3. Results

Figures 2 and 3 show typical results of 100 nm thick Si0.99C0.01 films annealed at process
temperatures of 925 °C for various times. The x-ray rocking curves in Fig. 2 reveal a
substantial amount of film relaxation, with <40% of the originally present C remaining
at substitutional sites. This can directly been followed in the attenuation of the local Cs

mode at 608 cm-1 in the FTIR spectra of Fig. 3. Simultaneously, the signals at 750 and
820 cm-1 gain intensity, indicating that coherent, and incoherent β-SiC, respectively,
have formed, which are the main sources of strain relaxation in these films.

To study the time scale for complete film relaxation, similar films were annealed at
1000 °C for extended periods of time. Under these conditions we found that after 240
min the films were completely relaxed: The local mode of substitutional C has then
vanished, and most of the C has formed incoherent β-SiC precipitates (Fig. 4). Corre-
spondingly, no Si1-yCy-related signal can be observed in the x-ray rocking curves.
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Fig. 4: Same as Fig. 3 but annealing at 1000 °C for extended periods of time. Note that
substitutional carbon has completely disappeared after 240 min at 1000 °C.

4. Conclusion

The results have important implications for the application of Si1-x-yGexCy films. Typical
processing temperatures during standard Si technology are comparable to our experi-
mental range, with 925 °C being a rather low limit for the activation of implanted con-
tact regions. However, processing times are significantly shorter than in our oven an-
neals, typically on the order of 1 min (rapid thermal processing [RTA]). Our experi-
ments show that the formation of β-SiC precipitates is a rather slow process, provided
the C concentrations are kept at low enough levels. Hence, even 1000 °C RTA steps
may be acceptable, if processing steps are kept low enough. However, generally both the
C concentration and the thermal budget of the process should be kept as low as possible.
In any case, monitoring of the complete device processing with respect to β-SiC pre-
cipitation is important. FTIR is the technique of choice with respect to sensitivity and
selectivity of different carbon environments. Of course, electrical measurements of e.g.
the generation/recombination behavior are required in addition.
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Growth Phenomena of Si/Si1-x-yGexCy

Epilayers and Superlattices
H. Lichtenberger, W. Schwinger, A. Halilovic, M. Teuchtmann, F. Schäffler

Institut für Halbleiter- und Festkörperphysik, Johannes-Kepler-Universität
Linz, A-4040 Linz

Heteroepitaxial growth allows the reduction of the dimensionality of a carrier system
along the growth direction by exploiting carrier confinement at heterointerfaces. A
further reduction to 1D and 0D systems requires in addition either lateral structuring
or a self-organized growth scheme. We investigate both approaches in the
Si1-x-yGexCy heterosystem by using epitaxial growth on pre-patterned substrates and a
novel route to quantum dots with mono-modal size distribution.

1. Introduction

The investigation of low-dimensional structures becomes increasingly relevant as criti-
cal dimensions of commercial devices reach the nanometer range. Presently, devices
with gate lengths of 65 nm are in large scale production (130 nm technology node), and
the SIA roadmaps predict critical dimensions of 9 nm for 2016. This top-down-approach
by down-scaling of existing technologies has in recent years been supplemented by at-
tempts to use self-assembling growth phenomena for the fabrication of 1D and 0D
quantum systems. Here we report on two such attempts in the Si1-x-yGexCy material sys-
tem, namely the epitaxial overgrowth of pre-patterned substrates, and the growth of SiC
quantum dots. This material system is of special interest because of its compatibility
with standard Si technologies.

2. Morphological Development of Si Wire Templates During
Annealing and Overgrowth

The exploitation of structured substrate templates is an attractive option both in connec-
tion with self-organization growth modes, and for improved defect control of relaxed
SiGe buffer layers. On Si(001) substrates we prepared wire structures with periods down
to 300 nm by holographic lithography and reactive ion etching. The photoresist and RIE
residues were removed wet-chemically, and just before MBE growth a thermal cleaning
step was performed in situ at 900 – 950 °C. We found an unexpectedly large surface
mass transport even at these temperatures, which are significantly below the melting
point of Si (1330 °C). Wires of square or a slight trapezoidal cross section develop pro-
nounced {311} facets, concomitant with a significant loss of height. Overgrowth with
SiGe superlattices partly reestablish the (001) top facet, which becomes wider with in-
creasing epilayer thickness (Figs. 1, 2). These results have important implications for the
shape preservation of structured substrates during annealing and overgrowth.
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Fig. 1: XTEM image of a Si wire structure overgrown by a Si/SiGe superlattice. Ther-
mal annealing led to substantial mass transport on the Si template that trans-
formed the slightly trapezoidal wire cross sections into flat wires with [311}
side facets.

Fig. 2: High resolution XTEM of the superlattice in Fig. 1. The image was taken in a
region where the (001) top facet is gradually transformed into a {311} facet that
was created by thermal cleaning of the wire-structured substrate.
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3. ββββ-SiC Formation

Carbon concentrations exceeding the solid solubility limit of about 1017 cm-3 lead to β-
SiC precipitation near thermal equilibrium. This can be a detrimental effect if it hap-
pens, e.g., during processing of high-speed SiGeC heterobipolar transistors (see separate
report on FTIR spectroscopy of C-complexes in Si). On the other hand, such β-SiC pre-
cipitates may be useful for the creation of quantum dots in Si. For that purpose carbon
clusters of well-defined size are incorporated into a Si matrix and subsequently con-
verted into β-SiC by high temperature annealing. Especially attractive appear the use of
Fullerens (C60), or of defined fractions of these molecules which became available re-
cently, because they would allow a mono-modal size distribution of the β-SiC clusters.
Because of the larger band gap of β-SiC the clusters are not quantum dots themselves,
but they can be used as stressors to induce carrier confinement in the surrounding Si
matrix or in a near-by SiGe layer.

Fig. 3: Layer sequence for the calibration of the C60 source. In the XTEM micrograph 7
monolayers of Fullerens can be seen. The lower layer is crystalline Si(001)
(point resolution is 0.32 nm), above the Fulleren layer an amorphous Si cap
layer has been deposited.
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The experiments are performed in a newly commissioned growth chamber for the depo-
sition of Fullerens, which is attached to the our Siva 45 Si-MBE machine. To calibrate
the flux of the Fulleren source, relatively thick layers were deposited on a Si substrate at
room temperature and subsequently capped by amorphous Si. Figure 3 shows a high
resolution XTEM image of such a layer sequence. Seven monolayers of C60 on the
crystalline Si substrate can be distinguished. Because of the low deposition temperature,
the C60 layer is polycrystalline. With flux calibration from Fig. 3, submonolayer C60

coverages were deposited at 300 K, capped by 5 nm of amorphous Si, annealed at
1200 °C, and finally overgrown by 15 nm of crystalline Si. Figure 4 shows an example
of such a layer sequence. SiC clusters are clearly distinguishable through a Moiré pat-
tern that develops when crystalline materials with different lattice constants are con-
tained within the thickness of the TEM specimen. In addition, defective solid phase
overgrowth can be seen above one of the SiC particles. The size of the SiC inclusions is
on the order of 5 nm, i.e. much larger than expected from the reaction of an individual
C60 molecule. Obviously, even at the low deposition temperatures employed, clustering
of Fullerens must have taken place. Further experiments are required to demonstrate the
feasibility of SiC particles created from isolated C60 molecules. The aim is to optimize
the growth parameters until pseudomorphic β-SiC clusters of identical size and strain
fields can be produced.

Fig. 4: β-SiC nanocrystals generated by high-temperature annealing of Fulleren clusters
that were capped by amorphous Si. The contrast results from lattice distortions
and partial dislocations that have formed around the incoherent β-SiC nano-
crystals.
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4. Conclusions

Two approaches are followed to produce 1D and 0D structures in the Si1-x-yGexCy het-
erosystem. In both cases unexpected growth phenomena were encountered, which re-
quire further optimization of the growth parameters. The use of Fullerens for the imple-
mentation of mono-modal quantum dots appears promising, but requires addition ex-
periments to suppress clustering of the weakly bound C60 molecules.
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Results on a HEIFET Including
The Gunn Effect

E. Kolmhofer, K. Luebke, H. Thim
Microelectronics Institute, University of Linz, Austria

A modified version of our ‘Hot Electron Injection Field Effect Transistor’, utilizing
the Gunn effect to enhance microwave performance, is presented. The necessary
changes to the device structure and measurement results are given.

1. Introduction

The purpose of the work reported is to present the recent modifications which we ap-
plied to our Hot Electron Injection Field Effect Transistor (HEIFET). In our modified
structure the ohmic source and drain contacts of a MESFET are both replaced by a com-
bination of an ohmic contact and a Schottky contact. In addition we tried to enhance the
function of our device by utilization of the Gunn effect.

2. Layout Modifications

In our opinion in the HEIFET structure reported in [1] the most critical geometrical pa-
rameter is the separation between the MESFET gate and the overlapping gate. Due to
improvements in our electron beam lithography system we have been able to reduce the
length of the MESFET gate to values around 0.4 µm and the separation to values around
0.3 µm. Unfortunately these and other modifications indicated in [1] failed to raise our
transistor’s frequency limits significantly. Particularly the transit frequency of the uni-
lateral power gain fmax (maximum frequency of oscillation) remained below our expec-
tations. In order to improve the microwave behavior of our devices we decided to utilize
the Gunn effect.
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ohmic contact ohmic contact

active channel
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SiO2
overlapping
contact
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Fig. 1: Cross sectional view of the modified HEIFET.
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In GaAs the Gunn effect weakens with increasing doping density and almost completely
disappears at the value of ND = 2⋅1017 cm-3 which we used. Therefore a reduction to ND

= 4⋅1016 cm-3 was necessary. The reduction of drain saturation current coming along
with a lower ND has been remedied by increasing the channel’s width and thickness. The
second significant modification was replacing the MESFET gate with a gate overlapping
the ohmic drain contact. Figure 1 shows a cross sectional view of the modified HEIFET
structure.

3. Measurement Circuit

The microwave probing of the devices, manufactured in the cleanroom of the Micro-
electronics Institute, has been carried out on a Cascade Microtech waverprober using a
HP 8510C vector network analyzer. Since our waverprober is equipped with ground-
signal-ground coplanar probes the transistors have been built symmetrically resulting in
the layout shown in Fig. 2.
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Fig. 2: Symmetric layout of the measurement circuit.

The symmetric layout of the transistor and the circuit help in avoiding measurement
errors which arise from unsymmetrical modes in the GSG waverprobing setup. Fur-
thermore the use of two channel regions helps in achieving the necessary width of the
device. For biasing the ohmic and the Schottky drain contact the bias-tees built into the
HP 8510C can be used.

4. Results

Using the setup described above the modified HEIFETs have been measured in a fre-
quency range from 45 MHz to 50 GHz. Figure 3 shows typical deembedded S-param-
eters of one of our devices while Fig. 4 shows the unilateral power gain U calculated
from these S-parameters. From Fig. 3 and Fig. 4 it is obvious that the device operates up
to a frequency of 45 GHz. The unilateral power gain determines the maximum fre-
quency of oscillation reachable with a device which is therefrom found to be 45 GHz.
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Fig. 3: Deembedded S-parameters of a modified HEIFET.
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Fig. 4: Deembedded unilateral power gain of a modified HEIFET.
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5. Conclusion

The modifications applied to the HEIFET helped to raise the upper limiting frequency of
the HEIFET to at least 45 GHz which can largely be attributed to the utilization of the
Gunn effect. Operation of our actual HEIFETs could be possible at even higher frequen-
cies which currently lie beyond our measurement capabilities. Further experimental
work will include the design of HEIFET based oscillator circuits.
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Quantum point contacts were fabricated from a two-dimensional AlGaAs structure
by electron beam lithography in different techniques. Best electrical characteristics
were achieved in split gate geometry. The resistance steps due to lateral quantization
of the electron gas were observed. In addition conductance peaks in the high ohmic
region due to Coulomb blockade of a random quantum dot appeared in the same
samples. The diameter of the random quantum dot was estimated to be about 80 nm.

1. Introduction

In order to raise the skills in fabrication and investigation of quantum nanostructures,
two diploma works were performed at the Institute for Semiconductor Physics in Linz.
The main subject of the first work was the preparation of the structures, whereas the
goal of the second work was its electrical characterization at low temperatures. The final
goal of the project is to contribute to the upcoming quantum information technology.

2. Experimental

Quantum point contacts were prepared on high-mobility GaAs/AlGaAs Hall bars grown
by MBE. The Hall bars were defined by conventional optical lithography and prepared
by wet chemical etching [1]. For the point contacts different techniques were compared.
Point contacts with deep etched sidewalls are sometimes not conducting due to the de-
pletion layer along the damaged surfaces. Quantum point contacts which were defined
by split gates on top of the Hall bars showed a better controllability and reproducibility.
Images of such structures are shown in Fig. 1. The lateral opening of the point contacts
is about 300 nm.

The structures were investigated at low temperatures of 1.4 K (4He cryostat) and of
300 mK (3He cryostat) with and without magnetic fields. When a negative gate voltage
Vg is applied to the split gate fingers, the two-dimensional (2D) electron gas layer is
depleted just below. This can be seen for sample BT-482 in Fig. 2 (a), where the resis-
tance increases from region “a” to region “b”. The current which flows along the Hall
bar then can pass the gated region only through the narrow constriction in the 2D layer.
Inside the quantum point contact, the electron wave is quantized in lateral modes. When
the negative gate voltage is further increased, the lateral opening of the point contact is
reduced and the number of occupied modes below the Fermi energy decreases. This is
visible in a stepwise increase of the resistance of the quantum point contact in region
“c” of Fig. 2 (a).
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Fig. 1: Optical microscope pictures of split gate point contacts for samples a) BT-482
and b) BT-489. Details of the point contacts are shown in SEM-images as insets
at the upper right corners.

In sample BT-489, in addition to the steps also peaks in the resistance are visible (see
Fig. 2 (b)). These peaks in the resistance correspond to minimums in the conductance. It
will be shown in the following that the conductance minimums correspond to the Cou-
lomb-blockade regime of a random quantum dot inside the point contact [2]. Such a
quantum dot can easily be formed by the potential fluctuations due to the remote doping
centers and is illustrated in an inset in Fig. 2 (b).

(a) (b)

Fig. 2: (a) Resistance of sample BT-482 versus split gate voltage. Different regions of
the 2D electron gas depletion and channel narrowing are visible. (b) Peaks in the
resistance of sample BT-489 due to Coulomb blockade in a random quantum
dot. The inset shows schematically how such a random dot could appear.

It is well known that due to the small size of a quantum dot, an additional single elec-
tron increases the potential of the dot so strongly that no further electron can enter. This
is the Coulomb blockade regime. In order to test this behavior, a large source-drain volt-
age Vsd across the quantum dot can be applied. If the voltage is large enough that it shifts
the next electronic level below the Fermi energy at one side, an additional electron can
enter the dot and leave at the lower Fermi energy side. Thus the conductivity increases.
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Fig. 3 (a) shows the differential conductance versus Vsd for the case that the Fermi en-
ergy is about in the center of the Coulomb gap. In comparison, Fig. 3 (b) shows the
situation where the total energy of the n and the n+1 electron states are equal and the
Coulomb gap is not effective. The conductance is than high at zero source-drain voltage.

(a) (b)

Fig. 3: Differential conductance as a function of the source-drain voltage (a) in the
Coulomb blockade regime and (b) in the conducting regime of a random quan-
tum dot inside the point contacts of sample BT-489.

(a) (b)

Fig. 4: Conductance spectrum of the quantum dot in sample BT-489. (a) Two-dimen-
sional grayscale plot of the differential conductance G = dI/dVSD measured ver-
sus source-drain voltage VSD and gate voltage Vg. (b) Schematic diagram of the
same data showing only the main features.

Figure 4 (a) shows the grayscale plot of the differential conductance. The horizontal axis
corresponds to the source-drain voltage, the vertical axis to the split gate potential. The
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lighter areas correspond to higher conductance values. The same information is shown
in Fig. 4 (b) in a schematic diagram. In Fig. 4 (b) one can see that the Coulomb blockade
regimes form diamond-like shapes. At certain gate voltages, the necessary source-drain
voltage in order to get conductivity through the quantum dot vanishes whereas at other
source-drain voltages it is quite large. The solid lines in Fig. 4 (b) correspond to maxi-
mums in the differential conductance whereas the dashed lines mark regions of negative
differential conductance. Such a decrease in the conductance with increasing source-
drain voltage appears when an additional excited states opens up which has a slow trans-
fer rate and thus blocks the quantum dot partly.

A detailed analysis of the different voltages reveals the most important dot parameters.
From the vertical separation ∆Vg = 48 meV of the conductance peaks in Fig. 4, a gate
capacitance of 3.3 × 10-18 F can be estimated. The slopes of the conductance peaks lead

to a total capacitance of 32 × 10-18 F, which determines an absolute energy scale of the
quantum dot. The Coulomb gap thus corresponds to a relative large energy of EC =
5 meV. The additional lines parallel to the Coulomb diamonds in Fig. 4 correspond to
conduction through excited states of the quantum dot. From the energetic separation of
the excited states in the energy spectrum the density of states can be estimated which
gives a rough hint about the size of a small two-dimensional object. According to that,
the dot has a diameter of about 80 nm, which is quite small.

3. Conclusion

Quantum point contacts were fabricated in 2D-AlGaAs heterostructures by electron
beam lithography. The point contact structures showed the expected quantization steps
in the resistance. In addition, a random quantum dot inside a quantum point contact
could be characterized as well. With the acquired know-how in the fabrication of na-
nostructures it is planned to continue the work on quantum dots and to prepare espe-
cially coupled dot structures in order to investigate the elementary processes for quan-
tum information.
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Si:(Er,O) based light emitting diodes were developed and fabricated, emitting at
room temperature in the breakdown regime at a wavelength of 1.54 µm. By adjusting
the diode design we were able to increase the electroluminescence (EL) intensity by
one order of magnitude. We also investigated codoping with hydrogen in order to in-
crease the luminescence. With this we achieved an increase of the luminescence in-
tensity at temperatures below 150 K by a factor of five.

1. Introduction

Ever since the first report on the observation of 1.5 µm photoluminescence (PL) due to
Er in Si by Ennen and Schneider [1], [2] erbium doped semiconductors have attracted a
lot of attention as it seemed to indicate a way to obtain temperature stable emission at a
well defined wavelength [3]. Room temperature electroluminescence at 1.54 µm in Si
diodes due to intra-atomic transitions of erbium is achieved via excitation of SiO2:Er
clusters by hot electrons injected in a reverse biased diode. Impact excitation of erbium
and thus electroluminescence can be achieved in tunneling diodes, although at very
small excitation volume, which would cover only a small fraction of a wave guide.
Making use of an avalanche process allows to increase the excitation volume considera-
bly [4]. This requires accurate control of doping gradients and thus knowledge of the
electrical activity and the distribution of the implanted dopants. With data from SIMS
and Hall effect investigations, which demonstrate significant deviations from TRIM
simulations of the implantation profiles and the hitherto assumed electrical activity of Er
in such environment, we were able to optimize the parameters for the design of our di-
odes and to increase the intensity of the room temperature EL by an order of magnitude.

In order to further increase the intensity of the luminescence, we used additional co-
doping of hydrogen in our samples. Hydrogen plasma treatment is widely used in semi-
conductor technology as a technological step in production. Hydrogen is known to en-
hance Oi diffusion and Oi precipitation in silicon [5]. Both characteristics should have a
positive influence on Er-related luminescence in c-Si. Studies of the excitation depend-
ence on power indicate a higher concentration of optically active Er in the hydrogenated
samples. All samples showed a large enhancement of the luminescence by at least a
factor of 5. The most prominent change appeared at annealing temperatures
> 600 °C, with the appearance of the so-called “cubic center” which was previously ob-
served only in samples with a low dose of Er and O [6].
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2. Design Parameters for Diodes

An important property entering design considerations is of course the electrical activity
of the Er centers. We investigated our SiOx:Er precipitates by means of Hall effect
measurements. The measurements were performed on samples prepared by implanting
Er and O into high resistivity Si substrates. Whereas for isolated centers a large portion
can be electrically active, for our sample we found that the sheet concentration of the
free carriers is only a few percent of that of the incorporated Er ions after annealing.

In order to gain information on the actual structure of our diodes we applied SIMS for
two different structures at various annealing temperatures. It turned out that the experi-
mental values for the mean projected range Rp are about 20% larger than values ob-
tained by simulation [7]. The experimental values for the range straggling, Rp, are al-
most twice as large as TRIM table values. The same discrepancy was found for Er im-
planted into amorphous SiO2, so channeling effects appear unlikely as an explanation.

Due to the low electrical activity of Er under the preparation conditions used, this differ-
ence would not significantly change the electronic properties of a diode but it may cru-
cially impair the optimal spatial overlap of the Er profile with the avalanche excitation
volume.
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Fig. 1: Simulated doping profiles according to SIMS results. The insert shows a typical
structure for an avalanche diode.

To adjust the doping gradient according to these results, we fitted the SIMS data with a
Gaussian function containing exponential correction terms. A schematic diagram for our
diode structure is shown as insert in Fig 1. Although the implantation energies stayed
the same, the implantation doses and annealing procedure had to be changed according
to the SIMS results. In order to avoid excessive diffusion of shallow dopants, a two step
implantation and annealing procedure was adopted. After implanting Er and O and sub-
sequent annealing at 1000 °C for 30 min, additional lithography and annealing steps
were inserted for arsenic and boron, which provide the contact- and background doping
respectively. To keep the diffusion low, the annealing temperature was lowered to
400 °C.
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With the structure shown in Fig. 1 we were able to get room temperature luminescence
of Er for excitation in reverse bias. The intensity of the luminescence increased at least
one order of magnitude compared to a similar diode structure designed using TRIM
code simulations only.

3. Hydrogenation

After implanting Er and O in c-Si (1x1014 cm-2 / 1x1015 cm-2, respectively) two sets of
samples – one annealed at 600 °C/15 min. in N2 atmosphere, the other “as implanted” –
were hydrogenated using a plasma treatment for 1 hour at 260 °C. The samples were
then annealed at various temperatures in the range of 450 °C to 1000 °C.

All samples showed large enhancement of the photoluminescence by at least a factor
of 5. Comparing the intensity with non-hydrogenated samples, the hydrogenated sam-
ples show higher intensities at low annealing temperatures (400 – 450°C), then the in-
tensity decreases, reaches a minimum at 600 °C and starts to rise again. It is much
higher than in the non-hydrogenated samples at 800 and 900 °C. At annealing tempera-
tures higher than 700 °C the so called “cubic center”, which was previously observed
only in samples with low concentration of Er and O, started to become more and more
visible. It was most dominant in samples annealed at 900 °C, whereas the previously
observed center for high Er concentrations and similar annealing conditions due to Er-O
complexes [6] was completely missing.
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Fig. 2: Comparison of PL-spectra of Si:Er,O with (thin line) and without (thick line)
hydrogenation. Both samples were implanted with the same doses of Er and
oxygen treated with the same annealing procedure. The intensity is more than 5
times bigger in samples additionally doped with hydrogen.
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4. Conclusion

Accurate control of doping gradients and thus knowledge of the electrical activity and
the distribution of the implanted dopants are essential for the location and impurity gra-
dient of the pn-junction. Careful consideration has thus to be put into diode design in
order to achieve avalanche rather than tunneling breakdown in a diode. TRIM simula-
tions turn out to be insufficient. After adjusting the diode design according to SIMS
results the intensity of the electroluminescence at room temperature increased by at least
one order of magnitude.

Hydrogenation of Si:Er, O leads to an increase in luminescence yield. We found that
hydrogen enhances the solubility of Er in silicon and also suppresses the formation of
other Er-O complexes as well as that of other, non-radiative Er centers, leading to an
increase of luminescence yield at temperatures below 150 K. This is supported by power
dependence studies which also indicate a higher concentration of optically active Er in
the hydrogenated samples.
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Self-organized lateral ordering is studied for vertically aligned self-assembled PbSe/
Pb1-xEuxTe quantum dot superlattices. It is found that a pronounced hexagonal lateral
ordering tendency exists for Pb1-xEuxTe spacer thicknesses around 160 Å with a re-
sulting narrowing of the size distribution. In addition, the in-plane dot separations
and the dot density are tunable by changes in the spacer thickness with an almost
two-fold density increase for spacer thicknesses from 100 to 275 Å. Similar marked
changes are also found for PbSe dot shapes as well as the dot sizes. This provides
additional means for the tuning of the optical and electronic properties of the dots.

1. Introduction

Self-organization during strained-layer heteroepitaxy of self-assembled quantum dot
superlattices has recently been shown to result in the formation of vertically and laterally
ordered dot superstructures [1] – [3]. This is based on the elastic interaction between the
dots on the surface and the buried dots during superlattice growth [1], [2]. Experimen-
tally, different types of dot arrangements have been observed for different materials sys-
tems [1], [2]. This is due to the strong influence of the elastic anisotropy and the growth
orientation on these interactions [3]. The PbSe/Pb1-xEuxTe system is unique in this re-
spect because different vertical and lateral correlations can be obtained in the superlat-
tices just by changes in the spacer thickness [4]. In particular, either an fcc-like stacking
or a vertical dot alignment is obtained for spacer thicknesses either larger or smaller
than about 380 Å. For the fcc-stacked superlattices, a highly efficient lateral ordering
mechanism was found in our previous work [2] which results in significant dot size ho-
mogenization [5]. Based on such structures we have recently fabricated mid-infrared
vertical cavity surface emitting PbSe quantum dot lasers [6]. In the present work, it is
demonstrated that also for the vertically aligned PbSe dot superlattices a pronounced
hexagonal lateral ordering tendency exists. This ordering process strongly depends on
the Pb1-xEuxTe spacer thickness, and is most pronounced for spacer thicknesses around
150 Å, leading to a narrowing of the size distribution. Marked changes are also found
for the PbSe dot shapes as well as the dots size. This provides additional means for the
tuning of the optical and electronic properties of the dots for device applications.

2. Experimental

The samples were grown by molecular beam epitaxy onto 1.5 µm PbTe buffer layers
predeposited on (111) BaF2 substrates. Each superlattice (SL) consists of 50 periods of 5
monolayers (ML) PbSe alternating with Pb1-xEuxTe spacer layers with varying thickness
but constant Eu concentration of 8%. Due to the corresponding -5.4% PbSe/ Pb1-xEuxTe
lattice-mismatch, strain-induced coherent 3D islands are formed in each PbSe layer
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when the thickness exceeds 1.5 monolayers (ML). For all samples a substrate tempera-
ture of 360°C and growth rates of 0.12 and 1 ML/sec for PbSe and Pb1-xEuxTe were
used, respectively. For the investigation of the lateral ordering process a series of su-
perlattice samples was prepared with Pb1-xEuxTe spacer layers varying from 80 to 330
Å. This is the range of spacer thicknesses where the PbSe dots are aligned vertically
along the growth direction. After growth, all samples were analyzed by high resolution
x-ray diffraction and by contact-mode atomic force microscopy. Statistical information
on the dot size distributions and the lateral ordering tendency was obtained by means of
a special image processing software.

3. Results

For superlattices with spacer thicknesses of 105 to 330 Å, representative AFM images
are shown in Fig. 1 a) to e). As compared to the completely disordered dot arrangement
of the single dot reference layer (see Fig. 1 f)), in the superlattices there is a clear ten-
dency for a lateral alignment of the dots along the in-plane <-110> surface directions.
As a result, a 2D hexagonally ordered dot arrangement is formed, which is directly evi-
denced by the appearance of six-fold symmetric satellite peaks in the Fourier transform
(FFT) power spectra of the AFM images shown as inserts in Fig. 1. In addition, the dot
sizes and spacings in the superlattices are much larger as those of the single dot refer-
ence layer, and the spacing and size continuously increase with increasing spacer thick-
ness. In the FFT power spectra of Fig. 1, this is reflected by the corresponding decrease
in the FFT satellite peak separations.

Fig. 1: AFM surface images of PbSe/Pb1-xEuxTe quantum dot superlattices (50 peri-
ods) with varying Pb1-xEuxTe spacer thicknesses of 105, 160, 215, 275 and
330 Å, from a) to e), respectively. (f) AFM image of a 5 ML single PbSe dot
reference layer. Inserts: 2D FFT power spectra of the AFM images.
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Even more striking is the fact that the best lateral dot order is formed for the superlat-
tices with spacer thicknesses in the range of 100 – 220 Å. In this case, the FFT satellite
peaks are most pronounced and narrow in width, and even a weaker ring of second order
satellite peaks becomes visible in the FFT spectra (see inserts of Fig. 1a) – c)). On the
other hand, for spacer thicknesses larger than 220 Å, the FFT satellites become increas-
ingly smeared out, and they almost disappear for the superlattice with 330 Å spacers.
This indicates an increasing disorder in the dot arrangement. In addition, the corre-
sponding AFM image in Fig. 1f) shows that a second type of smaller PbSe dots appears
on the surface in between the widely spaced larger dots. These small dots tend to nucle-
ate in a triangularly ordered manner; and because the 330 Å spacer thickness is already
close to the transition to the fcc-like dot stacking at 380 Å [4], these interstitial dots ob-
viously represent precursor regions for the fcc-like dot stacking in which the lateral dot
distances are much smaller than those for the vertically aligned superlattices.

For a more quantitative analysis of the lateral ordering process we have determined the
preferred lateral dot spacing L from the separation of the FFT satellite peaks. For the
hexagonally ordered samples L can be also calculated from the dot density n using L =
(n sin 60°)-1/2. The results are plotted in Fig. 2 as a function of spacer thickness. Clearly,
the preferred lateral dot spacing increases strongly with increasing spacer thickness, but
it obviously does not follow a strict linear dependence as observed in the case the fcc-
stacked dot superlattices [2]. With respect to the width of the FFT satellite peaks, there
is a clear minimum at a spacer thickness of 160 Å, where the most pronounced lateral
dot ordering occurs (Fig. 1 b)). For thinner, as well as thicker, Pb1-xEuxTe layers, the
FWHM gradually increases from ±16% at ds = 160Å to about ±21% for ds = 80Å and
300 Å. Thus, the best hexagonal dot ordering occurs for spacer thicknesses around 160 Å.
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For the well-ordered samples, the average dot separations obtained from the dot densi-
ties agree very well with those deduced from the FFT spectra. For spacer thicknesses
exceeding 250 Å, however, LFFT becomes significantly larger than the Ln value. This is
due to the appearance of the smaller dots in the AFM images. This increases the dot
density but does not affect much the preferred separation of the larger dots.

To characterize the dependence of the dot sizes and shapes as a function of SL spacer
thickness, we have determined the dot size distributions for all samples. Figure 3 shows
representative dot height histograms of the superlattice samples with spacer thicknesses
of 160 and 275 Å, as well as that of the single PbSe dot reference layer. The height dis-
tribution at d = 160 Å is remarkably narrow (±8%). At a spacer thickness of 275 Å the
histogram is strongly shifted to larger height values and a small left hand shoulder (A)
starts to emerge at smaller dot heights. This effect is due to the appearance of the addi-
tional smaller dots in the AFM images in between the larger dots.
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Fig. 3: Left hand side: normalized dot height histograms obtained from the AFM im-
ages of Fig. 1 for superlattices with a) 160 and b) 275 Å spacers. The histogram
for the 5 ML PbSe single layer reference sample is shown in c). Note the differ-
ent ordinate scales in the histograms. Right hand side: Average PbSe dot height
(d) and width (e) and corresponding FWHM of the size distributions plotted as a
function of Pb1-xEuxTe spacer thickness.

Figures 3 (d) and (e) summarize the dependence of the average dot height h  and the dot
width b as a function of spacer thickness. The average dot height h obtained from the
histograms is plotted as a function of spacer thickness. Clearly, up to a spacer thick-
nesses of 275 Å the height increases essentially linearly with increasing spacer thickness
starting from a value of h  = 80 Å for d = 80 Å to h  = 149 Å for d = 275 Å, respec-
tively. On the contrary, the dot base width is essentially constant in this range at around
320 Å. Thus, the changes in the dot density induced by the changes in spacer thickness
mainly translate into a different vertical dot growth while not affecting much the lateral
dot size. From zoomed-in AFM images recorded with selected ultra-sharp AFM tips, it
turns out that the dot shapes in the superlattices basically correspond to truncated pyra-
mids with triangular base and {100} side facets. For the very thin spacer layers, the
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PbSe dots are rather flat with an aspect ratio of only about 1:5, whereas for the thicker
spacers the aspect ratio increases to values around 1:3. This is still significantly smaller
than the 1:2.2 aspect ratio of the pyramidal dots of the single PbSe dot layers [2], which
do not show any flattening of the island tips. Therefore, the modification in the dot
shape in the superlattices must be induced by the elastic strain fields of the buried dots.
These are strongest for the thinnest spacers and rapidly decay as its thickness increases.

Perhaps the most interesting feature of our samples is the pronounced narrowing of the
size distribution for the ordered superlattice samples. This follows from the dependence
of the width of the size distributions also plotted in Figs. 3 (d) and (e) as a function of
spacer thickness (full symbols). With respect to the height distributions (Fig. 3 (d)), the
statistical variation decreases from ±13% to ±8% for ds increasing from 80 to 160 Å,
after which it increases again to above ±15% for the ds = 330 Å superlattice. A similar
but even more pronounced trend is observed for the statistical variation of the lateral dot
widths (Fig. 3 (e)), which again shows a pronounced minimum at a spacer thickness of
160 Å with a rapid increase for thinner as well as thicker spacers. Clearly, this narrow-
ing is most pronounced for the sample with the sharpest FFT satellite peaks, i.e., with
the best developed hexagonal order in the dot arrangement. Thus, the size homogeniza-
tion is a direct consequence of the lateral ordering caused by the elastic interactions
during superlattice growth. In addition, it is emphasized that the uniformity of the dots
in the ds = 160 Å superlattice is not only much better than that of the PbSe single dot
reference layer (FWHM of the height distribution of ±11%), but it is also as high as the
uniformity obtained for trigonally ordered fcc-stacked dot superlattices.

4. Conclusions

To conclude, we have demonstrated an efficient lateral ordering of self-assembled verti-
cally aligned PbSe quantum dots superlattices leading to a pronounced narrowing of the
size distribution. Furthermore, the adjustment of the superlattice spacer thicknesses pro-
vides an effective means for tuning of the lateral dot spacings, the overall dot densities
as well as the dot heights, where the latter even show a linear dependence on spacer
thickness. This shows that multi-layering is an efficient method for controlling the di-
mensions and arrangements of self-assembled quantum dots.

This work was supported by the Fonds zur Förderung der wissenschaftlichen Forschung,
the Academy of Sciences (APART) and the GME of Austria.   
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Vertical cavities containing PbSe/PbEuTe superlattices with self-organized PbSe
quantum dots, ordered in lateral as well as in vertical direction, are investigated by
optical spectroscopy. Stimulated emission from the quantum dots, optically excited
with 10 ns long pulses, is observed up to 140 K. The absorption spectrum of the su-
perlattice is deduced from the width of the resonator modes, obtained by a transmis-
sion experiment. The quantum dot absorption can clearly be distinguished from the
wetting layer signal.

1. Introduction

For III-V diode lasers, the introduction of quantum dots into the active zone of the laser
allows to reduce the threshold current density [1], to increase the modulation band
width, and to improve the temperature stability. This is the motivation for us to test
quantum dot superlattices based on lead-salts as active material in vertical-cavity sur-
face-emitting lasers for the mid-infrared. In self-assembled quantum dot superlattices,
the elastic interactions between the growing dots on the surface and those buried within
the previous layers often lead to the formation of long range correlations within the dot
ensembles [2]. In lead-salt quantum dot superlattices, in particular, dot correlations in-
clined to the growth direction are observed, dependent on the superlattice period. This
leads to a unique fcc-like ABCABC... vertical dot stacking sequence and a nearly per-
fect lateral ordering within the growth plane, corresponding to the formation of self-
organized trigonal 3D lattices of dots [3].

While the ordering mechanism and the topography of the correlated PbSe quantum dot
superlattices have been clarified [2], [3], there are almost no optical studies on PbSe
quantum dots reported. Up to now, absorption measurements did not give conclusive
results, due to the small optical density of the dots, and due to fact that absorption spec-
tra of lead salt films are dominated by strong interference fringes. In this work, we study
both the stimulated emission as well as the absorption of a lead salt quantum dot super-
lattice which is embedded between two dielectric bragg mirrors within a vertical cavity.

2. Sample Details

The high-finesse lead-salt microcavity samples filled with the PbSe quantum dot super-
lattice were grown by molecular beam epitaxy (MBE) onto (111) oriented BaF2 sub-
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strates. The pyramidal shaped self-organized PbSe quantum dots were formed during
Stranski-Krastanow heteroepitaxial growth of PbSe on PbEuTe due to the 5.4 % lattice
mismatch [3]. The dot superlattices were grown at 360 °C deposition temperature by
alternating 5 monolayers (MLs) of PbSe with 480 Å PbEuTe spacer layers on a PbEuTe
buffer layer. Under these conditions, the dots in the superlattice are aligned in directions
inclined by about 39° to the growth direction. An areal dot density of about 250 µm-2

(lateral separation 680 Å), an average dot height of 120 Å, and a base width of 300 Å
with a relative full width at half maximum of the dot size distribution of about ±10 % is
observed for superlattices with more than 60 bilayers [3]. The strong increase of the
band gap energy of PbEuTe with increasing Eu content and the larger band gap of PbTe
as compared to PbSe lead to a significant quantum confinement of the free carriers in
the PbSe dots. In bulk material, the energy gaps at 4 K amount to 422 meV and
146 meV for Pb0.95Eu0.05Te and PbSe, respectively.

The dot superlattices are sandwiched between two high-reflectivity Bragg mirrors. For
sample 1 each mirror consists of 3 periods of quarter wavelength EuTe/Pb0.94Eu0.06Te
bilayers. For sample 2 the bottom mirror consists of 4 bilayers EuTe/Pb0.94Eu0.06Te
whereas the top mirror is grown with a higher Eu content of 20 %, to make it transparent
for the pump laser wavelength of 1.9 µm. To achieve a reflectivity higher than 99% for
this mirror 5 layer pairs are used. For sample 1 (2) we used a superlattice with 140 (236)
periods grown on a 3 µm (1.8 µm) thick buffer layer and the designed center wavelength
of the Bragg mirror is 4.3 µm (3.3 µm). The vertical cavity of sample 1 is 10 µm long
whereas the length of the sample 2 cavity amounts 14 µm.

3. Stimulated Emission

For optical pumping of the vertical cavity structure, the first Stokes shifted line of a Q-
switched Nd:YAG laser, produced in a hydrogen Raman cell, was used, resulting in a
wavelength of 1.907 µm. The pulse length was about 10 ns and the repetition rate
50 Hz. The laser beam was focused on the sample to a spot size of 320 µm and the
emission was recorded by an InSb detector using a box-car technique. For sample 1 we
observe stimulated emission at energies around 300 meV (4.1 µm). With increasing
temperature the emission shifts to higher energies due to the temperature dependence of
the PbSe band gap. Finally, the stimulated emission disappears at a temperature of
100 K, because the laser gain spectrum shifts away from the energy range where the
Bragg interference mirror exhibits a sufficiently high reflectivity.

For sample 2 much higher operation temperatures should be accessible, since the center
of the Bragg mirror stop band agrees with the expected emission wavelength of the
PbSe quantum dots at room temperature. As shown in Fig. 1, the emission spectrum
consists of up to five lasing modes, where the envelope of the laser lines corresponds to
the laser gain spectrum. The gain spectrum again shifts to higher energies with increas-
ing temperature. When the temperature increases from 10 K to 100 K the emission in-
tensity increases by an order of magnitude. For higher temperatures the intensity drops
again and at about 150 K no emission is observed any more. For sample 2, the quench-
ing of the stimulated emission is not due to a detuning of the emission energy in respect
to the Bragg mirror stop band center. Therefore, it must be concluded that some intrinsic
processes are responsible for the disappearance of the laser emission at 150 K. To prove
this we have investigated the stimulated emission of a reference sample with a bulk like
PbTe layer as laser active medium, again designed for operation at room temperature.
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For this sample we obtain much better results than with the quantum dots samples. By
optically pumping laser emission is observed up to 45 °C and the minimum threshold is
about 200 times smaller than for the quantum dot cavities [4]. This result shows that the
PbSe quantum dots are not at all advantageous for laser emission compared to bulk
PbTe, which might be an indication that the band alignment between PbSe and PbEuTe
is not of type I, or that the luminescence efficiency of the PbSe dots is reduced due to Eu
intermixing from the PbEuTe barriers. To decide this, further experimental results on
the quantum dot superlattices are needed.

Fig. 1: Emission spectrum of sample 2 for various temperatures. The inset shows the
10 K spectrum with enhanced sensitivity to demonstrate the 5 laser modes ob-
served at low temperatures.

4. Q-dot Absorption

To deduce the absorption of the quantum dots from a conventional PbSe/PbEuTe quan-
tum dot superlattice by a transmission experiment is not possible, due to the small opti-
cal density of the quantum dots. Furthermore, the transmission spectrum of a single
lead-salt layer predominantly shows strong interference fringes due to multiple reflec-
tions on the sample surface and the layer to substrate interface. When the superlattice is
placed in a vertical cavity, however, the absorption is strongly enhanced and thus can be
detected. In particular, the absorption causes a damping and a broadening of the cavity
resonances. The extinction coefficient is directly proportional to the difference between
the width of the damped resonance w and that of the resonance without damping w0,
normalized to the energy of the resonance ν [5]. So the extinction coefficient κ can be
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determined from a transmission experiment at the resonance energies. The proportion-
ality factor between (w0 – w)/ν can be obtained from a simulation of the transmission
spectrum by the use of the transfer matrix method [5].

The results shown in Fig. 2 are obtained for sample 1. The transmission spectrum of this
sample exhibits 17 cavity resonances within the stop band of the Bragg mirror. From the
transmission experiment at low temperatures the width of the damped resonances is
determined, while that of the undamped resonances is obtained from a measurement at
room temperature. This can be done because at room temperature the PbSe quantum dot
absorption is shifted to higher energies, out of the Bragg mirror stop band. The extinc-
tion coefficient in Fig. 2 shows a small peak around 240 meV due to quantum dot ab-
sorption of the longitudinal valley, whereas at 310 meV a stronger absorption peak is
observed due to a transition within the oblique valleys. At 330 meV a step-like onset of
κ is observed caused by absorption of the wetting layers. Most interestingly, the peak
absorption of the quantum dots is slightly weaker than that of the two-dimensional wet-
ting layer, in contrast as it would be expected from the peak-like density of states of the
quantum dots. This might be an additional reason why the performance of the quantum
dot laser is worse than that of the reference laser sample with a bulk-like active zone.

The stimulated emission of sample 1 at 10 K is shown in the inset of Fig. 2. The spec-
trum shows two laser modes with the orders m = 28 and m = 29. Fore these modes in-
deed the peak of the quantum dot absorption is deduced, confirming that lasing in the
vertical-cavity sample 1 is caused by the quantum dots and not by the wetting layer.
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Fig. 2: Absorption spectrum from a PbSe quantum dot superlattice deduced from the
width of the cavity resonances of a vertical cavity (sample 1). The dot absorp-
tion can be clearly distinguished from the wetting layer. The stimulated emis-
sion observed for this sample is shown in the inset. The emitting modes m = 28
and m = 29 agree with the absorption peak caused by the quantum dots.
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3. Summary

We investigated the stimulated emission and absorption of vertical cavities containing
PbSe/PbEuTe superlattices with self-organized PbSe quantum dots which are ordered in
lateral as well as in vertical direction. Under optical excitation with 10 ns long pulses,
stimulated emission in the mid-infrared spectral range is obtained from the quantum dot
superlattice up to a temperature of 140 K. The absorption spectrum of the superlattice is
deduced from the width of the resonator modes, as measured by transmission experi-
ments. The quantum dot absorption can clearly be distinguished from the wetting layer
signal, despite their small optical density. Therefore, the measurement procedure dem-
onstrated here for PbSe quantum dots might be applied also for other systems with small
optical densities in the near future.
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Within the frame of an EU project we had the possibility to install a MOCVD system
for the growth of GaN and its ternary alloys containing In and Al. As dopand sources
we installed Si for n-type and Mg for p-type. The main purpose of the project was
the installation of an in situ monitoring of the layer thickness and composition during
growth. This could be managed by spectroscopic ellipsometry.

1. Introduction

In February and March of this year we had a very busy time with the transport, setup and
installation of the MOCVD machine. The machine was shipped to our lab, where we
had to overcome the limits of our building, which allowed only a transport through the
windows, due to the size of the components.

At the end of April of this year we had the start-up procedure of the MOCVD equip-
ment, where we could grow the first layers of GaN and GaInN together with p- and n-
doping. Although we had a delay of 4 months at the time of setup of the MOCVD
equipment in comparison to the work plan of the project, we managed to catch up the
time schedule within one month.

Fig. 1: Blue light emission from the first LED structure grown in our MOCVD reactor
after thirteen growth runs.
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2. Startup of the MOCVD System

To get some experience with ternary compounds the startup engineer from Aixtron in-
troduced us to the growth of GaInN, since the Al source was not available at this time.
So all components for the growth of an LED with a small GaInN quantum well were
tested. Finally in the 13th growth run a simple LED structure was grown. The obtained
result can be seen in Fig. 1.

The mounting of the optical components for ellipsometry measurements needed the con-
struction of a special holder structure. The fixing turned out to be quite tricky because of
the limited space in the reactor cabinet. Even more sophisticated was the exact align-
ment of the ellipsometer, which needed the help of a specialist from the ellipsometer
supplier to optimize the output of the optical signal.

In all our experiments, whole 2 inch (0001)-oriented Al2O3 substrates are employed, and
the growth stages are constantly monitored with the final goal of developing a closed
loop control of the nucleation process. Special effort has been devoted to the monitoring
of the initial stages of GaN growth (e.g. a low temperature GaN nucleation layer depos-
ited onto the substrate in order to promote the transition between substrate and GaN
device layers) and to the interface formation (nucleation layer/GaN, GaN/ternaries). The
growth parameters have been optimised and at present we can fabricate state-of-the-art
pure hexagonal GaN (FWHM of XRD rocking curve of 250”), p- and n-type doped GaN
and ternary compounds (AlGaN, InGaN). The ‘yellow luminescence’, characteristic of
nitride materials and detrimental for device performance, has been dramatically reduced
compared with the first deposition runs and we are able to routinely produce blue LEDs
(one example is shown in Fig. 1).
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Fig. 2: Comparison between reflectivity (up) and kinetic SE acquired during the fabri-
cation of GaN on sapphire.
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3. In Situ Monitoring of the Growth

Concerning the in-situ monitoring of the growth process, special attention has been de-
voted to the comparison between SE and reflectometry measurements performed in par-
allel during deposition. Figure 2 gives an example of the two sets of data acquired dur-
ing the fabrication of a standard GaN layer on Al2O3. All the information obtainable
from reflectivity is also contained in the SE optical response. In addition, since reflec-
tivity is intensity dependent, the signal is crucially influenced by wobbling of the sample
(unavoidable in the reactor) and by light emission during the heating stages. On the
contrary, SE is polarisation dependent and therefore much less sensitive to light interfer-
ence and wobbling, so a far better signal-to-noise ration can be obtained (at the same
wavelength). By in situ monitoring of GaN and ternaries deposition, we can obtain re-
producible data on device quality material.

One of the goals of the in-situ monitoring is to have the possibility to determine in real
time during growth the actual composition of the depositing layers.

In this perspective, series of AlGaN (and InGaN) layers with different concentrations
have been grown. Kinetic SE measurements (ellipsometric angles/dielectric function vs.
time) have been taken above the energy gap during the whole growth procedure, and an
example of the results is reported in Fig. 3, where the imaginary part (εi) of the dielectric
function is given as a function of the real part (εr). The obtained exponential spirals are
typical of an interface which is continuously overgrown, and their radius is determined
by the amplitude of the growth oscillations. The spirals convergence points give, in the
complex plane, the values of the dielectric function of the deposited material and, there-
fore, the actual alloy composition.

Fig. 3: Imaginary (εi) vs. real (εr) part of the dielectric function for layers with different
Al content. The inset shows εi and εr respectively, as a function of the Al con-
centration.
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Furthermore, we recently developed an algorithm for the real time determination of the
compound concentration of ternary GaN (AlGaN, InGaN) during growth using the vir-
tual interface (VI) model proposed by D. Aspnes for optical absorbing semiconductor
crystal layers.

The last development regards the growth of pure cubic GaN we carried out on MBE-
grown templates on GaAs (001). To our knowledge the first cubic MOCVD GaN in
Europe.
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We have investigated the structural properties of Si/SiGe electroluminescent quan-
tum-cascade structures, by means of x-ray reflectivity and diffraction. The cascade
structures were grown at a comparatively low temperature of T = 350 °C to avoid
misfit dislocation formation. Despite an overall thickness of the cascade structures of
about 9000 Å and Ge contents of up to more than 40% in some of the SiGe wells, the
as grown stack of layers is indeed pseudomorphic with respect to the Si substrate.
The analysis of x-ray reflectivity data yields a rather small r.m.s. interface roughness
below 3 Å throughout the cascade structures. An annealing study of the structures
was performed in order to determine the allowable thermal budget during processing.
It was found that the structures are highly metastable, and annealing at 600 °C for 10
minutes leads already to partial plastic relaxation.

1. Introduction

Recently it has been shown that the concept of quantum cascade structures (QC), which
has first been demonstrated for InGaAs/InAlAs [1], can be extended to the Si/SiGe sys-
tem [2]. In QC structures, the optically active transitions occur within one band, be-
tween subbands formed in a sequence of quantum wells, under applied bias. In strained
Si/SiGe heterostructures grown pseudomorphically on Si, considerable band offsets ex-
ist only in the valence bands of light and heavy holes. Recently, Si/SiGe based QC
emission structures exhibiting well-resolved electroluminescence in the 10 µm wave-
length range and linewidths down to 22 meV have been demonstrated [2].

To achieve a high emission efficiency of such QC emission structures, all design pa-
rameters (quantum well thicknesses and Ge contents) have to be met very accurately and
with rather precise layer to layer reproducibility. In QC emission devices, an active unit
consists of an injector, the active quantum well, and a collector. These units are repeated
several times, thus making up rather complex many-layer heterostructures.

Despite the lattice mismatch of 4.17% between Ge and Si and the large overall thickness
of QC structures, plastic strain relaxation has to be avoided, because dislocations repre-
sent nonradiative recombination sites. Furthermore, any change of the strain state alters
the band alignment, which is crucial for QC devices. To avoid dislocation formation, the
growth temperature has to be kept rather low. The resulting structures are highly me-
tastable, and thermal treatment, e.g., during subsequent processing steps, may lead to
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plastic relaxation as well. Hence the thermal budget allowable without degradation of
the structures is an important parameter.

2. Experimental

The cascade structures were grown using molecular beam epitaxy at a substrate tem-
perature of 350 °C on high resistivity Si (001) substrates with a very small miscut of
about 0.1° and with a miscut azimuthal direction of 3° off the [100] direction. Details on
growth and the electroluminescence can be found in Ref. [2].

The interface roughness in these sample has been investigated from reciprocal space
maps in x-ray reflectivity (XRR) geometry (Fig. 1, left panel). The intensity is peaked
into so-called resonant diffuse scattering (RDS) sheets. Their width along qz is inversely
proportional to the vertical correlation length, giving a measure of how far the interface
morphology in the multi layer stack is replicated. Obviously, the width of these sheets
depends on qx. The right panel of Fig. 1 shows this dependence for several scans taken
from the maps in the indicated position. The width follows very well a quadratic in-
crease as a function of qx [3]. From this analysis, we find that in the roughness spectrum,
higher spatial frequencies are replicated to a lower extent than those with low spatial
frequencies [4]. With interface roughnesses below 3 Å throughout the whole stack [4],
the structural quality of the investigated sample is very high.

Fig. 1: Left panel: reciprocal space map in XRR geometry of the as grown cascade
structure (a), and simulated diffuse intensity distribution (b). The correlated in-
terface roughness leads to intensity sheets along qx. Their width along qz as a
function of qx is shown in the right panel for the selected positions as indicated.
The increase indicates a decrease of correlation for decreasing roughness wave-
lengths.
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In order to prove the pseudomorphic growth, high resolution x-ray diffraction (XRD)
reciprocal space maps were recorded. We have used reciprocal space mapping around
the symmetric (004) and asymmetric (224) reflection, shown in Fig. 2, left panel. The
diffraction pattern due to the superlattice appears at the same qx position as the Si sub-
strate peak, and the width of the intensity distribution along qx is rather small, i.e., with a
similar FWHM as that of the Si substrate. These two facts indicate that the entire cas-
cade structure is grown coherently with the in-plane lattice parameter being the same in
all layers of the sample.

However, due to the large number of SiGe layers, the total strain is rather large, and the
structure is highly metastable. Therefore we performed an annealing study, in order to
determine the thermal budget allowable for such cascade samples during subsequent
processing steps. We have annealed the sample in high vacuum conditions for 10 min-
utes at temperatures of 500 °C and 600 °C, respectively. In order to monitor a possible
relaxation, we recorded reciprocal space maps around the (224) reflection in coplanar
geometry (Fig. 2). The left panel shows the pseudomorphic as-grown structure. The
center panel for the piece annealed at 500 °C already shows an increase in the diffuse
scattering, but no significant shift of the superlattice peaks with respect to the Si sub-
strate peak. In the right panel, plastic relaxation is clearly visible for the piece annealed
at 600 °C: the superlattice peaks are broadened, and the whole pattern is shifted towards
higher qx (lower absolute value), indicating an increase in the in-plane lattice parameter
in the multi layer stack. Hence for these cascade structures, annealing at 500 °C for sev-
eral minutes is the limit of thermal budget in order to keep a pseudomorphic layer
structure and avoid dislocation formation, which would be detrimental for the optoelec-
tronic performance.

Fig. 2: Reciprocal space maps around the (224) reflection for the as-grown cascade
structure (left), and after annealing for 10 minutes at 500 °C (center) and 600 °C
(right).
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3. Conclusion

The x-ray diffraction and reflectivity data investigations demonstrate a high degree of
structural perfection of the Si/SiGe quantum cascade structures. The whole multilayer
stack with a total thickness of more than 900 nm and an average Ge content of about
10% grows pseudomorphically on the (001) Si substrate. The Si/SiGe interfaces are
rather smooth, with r.m.s. roughness values of about 2.5 Å. The vertical correlation
length of the interface roughnesses is of the order of the thickness of two cascades
(about 600 Å) for long range interface fluctuations (> 1500 Å) but corresponds only to
one cascade, i.e., to 300 Å for short range lateral fluctuations (< 900 Å). Very smooth
interfaces have been achieved despite a growth temperature of the Si/SiGe multilayers
as low as 350 °C, and consequently the structures are well suited for observing intersub-
band cascade emission. However, the structures are highly metastable against thermal
treatment. An annealing study showed that a thermal budget in device processing up to
about 10 min. at 500 °C is tolerable, before plastic relaxation leads to a degradation of
the structures.
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Self-assembled SiGe nano-structures buried under a Si cap layer have been investi-
gated by infra-red absorption and photoluminescence spectroscopy. Together with
results of x-ray diffraction and reflection experiments, from these experiments de-
tailed information about the alloy concentration in and the size of the nano-structures
is obtained.

1. Introduction

The optical properties of low dimensional structures in the Si/SiGe system are of special
interest since by integrating such structures in standard Si technology it is possible to
add optoelectronic performance to mainstream material for integrated circuits. The self-
organized growth of nano-structures (i.e. Stransky-Krastanow growth mode for quantum
dots, step bunching along the terraces of a vicinal substrate for quantum wires) appears
to be very appealing, since by these methods rather uniform nano-structures with high
density can be achieved without structuring the samples for example by photo- or elec-
tron-lithography. However, since the self-assembling is a statistical process, the size and
the alloy concentration of the nanostructures are statistically distributed. Therefore, a
sensitive characterization of the structural parameters of the nano-structures is essential.
For possible future applications, the nanostructures have to be overgrown, and surface
scanning methods are not applicable for the characterization of these structures. We
show that in addition to x-ray diffraction, absorption, and photoluminescence experi-
ments are valuable tools for the non-destructive characterization of overgrown nano-
structures.

2. Experimental

In this work we have performed infrared transmission (TR) experiments for the struc-
tural characterization of SiGe quantum dots (QD) formed by the Stranski-Krastanow
mode on a SiGe wetting layer and photoluminescence (PL) experiments for the charac-
terization of SiGe quantum wires (QWR) grown by step bunching along terraces of a
vicinal Si substrate.

The SiGe QDs were grown by solid-source molecular beam epitaxy on an insulating Si
substrate at a substrate temperature of T = 525 °C and a Ge deposition of 8 monolayers.
The samples consist of 30 QD layers separated by 50 nm Si barriers. The nominal dot



172 T. Fromherz et al.

height (3 nm), diameter (35 nm) and density (6 x 1010 cm-2 ) were determined by atomic
force microscopy on reference samples without a Si cap. The samples are p-type (Bo-
ron) modulation doped to a level of approximately 4 holes per dot.

Transmission experiments were performed in waveguide geometry with the sample fac-
ets wedged at 30° (see inset of Fig. 1) and gold evaporated on the sample surface. In
Fig. 1, the ratio of TR measured in TM and TE polarization is shown. The spectra were
measured at the temperatures indicated in the plot and normalized to the respective ratio
of spectra measured at room temperature in order to remove a wavelength dependent
background. For clarity, the curves are vertically shifted by -0.005 for each measurement
at lower temperature. An absorption line centered around 260 meV is clearly observed.
Model calculations described in Ref. [1] show that the absorption is due to hole transi-
tions between the heavy hole (HH) ground state and the first excited HH state resulting
from the confinement in growth direction.

In lateral photocurrent (PC) experiments performed on the same samples, transitions to
delocalized continuum states are observed, resulting in an onset of the photo signal at a
higher energy than the onset of the absorption observed in the TR experiment (transi-
tions to bound states) [1]. By comparing the measured transition energies to both the
confined and continuum states to the model calculations described in [1] it is possible to
estimate both the average Ge content (65% – 75%) and the dot height (27 Å). These
results show that even at the moderate growth temperatures used for the samples inves-
tigated in this work, significant alloying occurs during the overgrowth of the dot layers.
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Fig. 1: TR spectra of the SiGe QD sample measured in waveguide geometry at the
temperatures indicated in the plot. On the ordinate axis, the ratio of TR meas-
ured in TM and TE polarization normalized to the respective ratio measured at
room temperature is plotted. For clarity, the spectra are vertically displaced by
-0.005 for each temperature step.
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The structural properties of a series of SiGe quantum wires (QWR) grown on vicinal
(001) Si substrates have been investigated by x-ray diffraction and PL measurements
[2]. The samples consist of 20 periods of nominally 25 Å thick Si1-xGex layers separated
by 100 Å Si layers. The nominal Ge content of the alloy layers is 0.35, 0.40, 0.45 for
samples A, B and C, respectively. In order to initiate step bunching, and the wire
growth, a vicinal (001) Si substrate with a rather large miscut angle of 3.5° towards
[100] direction was chosen. All samples were capped with a 100 Å Si layer. The details
on the MBE growth are given in Ref. [3]. The results of the x-ray experiments [2]
clearly indicate that the wires have a triangular cross section with a base length of about
350 Å and a facet angle of 6°. The wires have assembled on top of a SiGe wetting layer
(WL) with a thickness of approximately 25 Å and a Ge concentration 0.33.

Fig. 2: Photoluminescence spectra of samples A,B, and C. The PL peaks are labeled
according to the type of phonons involved in the exciton recombination (NP: no
phonon, TO: transverse optic, TA: transverse acoustic) with a subscript indi-
cating where the recombination occurs. (WL: wetting layer, WR: quantum
wire).

Low temperature (T = 4.2 K) PL spectra of samples A,B, and C are shown in Fig. 2. The
PL was excited by the 514 nm line of an Ar+ laser with an intensity of 0.8 W/cm2. The
spectrum of the sample with the lowest Ge content (A) is typical for a 2 dimensional
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SiGe quantum well layer. The lines at 0.997 eV, 0.979 eV and 0.940 eV (labeled NPWL

TAWL and TOWL in Fig. 2) are commonly attributed to the no-photon luminescence of a
SiGe quantum well exciton and its transverse-acoustic and transverse-optical phonon
replica. No indication of PL from quantum wires is observed in the spectrum of sample
A. Therefore, we conclude that in this sample no quantum wires have formed and the
observed PL is due to recombination of excitons confined to the WL only. Also in the x-
ray experiments, no diffraction pattern characteristic for QWR is observed for this sam-
ple. The PL spectra of the samples with the higher Ge content (B, C) significantly differ
from the spectrum of sample A: In addition to the strongly quenched NPWL line and its
phonon replica, new PL peaks appear in the spectra: a broad PL line (labeled NPWR) is
observed approx. 20 meV below the NPWL line. This peak dominates any contribution of
the TAWL line possibly present in the spectra of samples B and C. We assign the NPWR

peak to PL from excitons confined to the self-organized quantum wires. For the sample
with the highest Ge content investigated in this work (C), the NPWR becomes the strong-
est signal in the PL spectrum. In addition to the NPWR peak, a line labeled TOWR is
clearly resolved in the spectrum of sample C. Since this line is shifted to lower energies
by the energy of a Si-Si TO phonon (58 meV) with respect to the NPWR peak position,
we assign it to a TO phonon replica of the NPWR line. For sample B, the TOWR signal is
less pronounced and appears as a shoulder in the PL spectrum. Using the energy differ-
ence between the NPWL and NPWR lines observed in the luminescence spectra of sample
B and C (20 meV), we have estimated the Ge concentration in the SiGe QWRs by cal-
culating the confinement energies in the WL and in the QWR. Since the extension of the
wires in lateral direction is approx. 10 times larger than in vertical direction, in the cal-
culations we neglect the lateral confinement and model the quantum wire structure con-
sisting of the WL and the self-assembled wire part by a two dimensional step quantum
well. In Ref. [2] it is shown that within this model the small energy difference of 20
meV can be explained if Ge concentration in the range between 20% – 30% is assumed
in the QWR, i.e. a smaller Ge concentration than determined for the WL by x-ray dif-
fraction (33%). This unexpected finding is in excellent agreement with the results of x-
ray measurements, which indicate 20 ± 10% Ge concentration in the QWR [2].

3. Conclusion

By carefully analyzing TR, PC and PL spectra we have shown that significant alloying
occurs during the overgrowth of self-assembled SiGe quantum dots even at moderate
growth temperatures around 525 °C. In addition we have shown that unlike in SiGe
QDs, where the Ge content is usually higher in the self-assembled dots than in the WL,
in the QWRs investigated in this work the WL contains a higher Ge fraction than the
self-assembled wires.
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We investigate spin relaxation and the g-factor of conduction electrons in modula-
tion doped Si/SiGe quantum wells by means of electron spin resonance. We find that
both the transverse and the longitudinal relaxation times are of the order of micro-
seconds, much longer than in III-V compounds. For high mobility, at carrier densi-
ties sufficiently far away from the metal-to-insulator transition, both quantities can be
explained consistently in terms of the Bychkov-Rashba field, together with the g-
factor anisotropy and its dependence on the carrier density. The properties found
make Si/SiGe quantum structures interesting candidates for quantum computing.

1. Introduction

One essential prerequisite for spintronics is the ability to manipulate individual spins.
Spin manipulation requires that both the longitudinal [1] (spin-lattice) relaxation time,
T1, and the transverse spin (dephasing) time [1], T2, are longer than the time required to
flip a spin, Tπ. It is generally accepted that in many spin relaxation processes spin orbit
interaction, SOI, enters [2]. Therefore materials with small SOI should be better suited
for spintronic applications, and in some concepts for quantum computing silicon is cho-
sen accordingly [3]. Nevertheless, most experimental [4], [5], [6] and many theoretical
papers [2], [7], [8] are dealing with spin relaxation in III-V and II-VI compounds with
much faster spin relaxation. Therefore spin relaxation in low-dimensional Si structures
deserves attention [2]. There are of course also other requirements for spintronic de-
vices, like the effective injection of spin-polarized electrons into the active material.
Here again III-V and II-VI compounds have been investigated since they have well-
known semimagnetic or even ferromagnetic variants. Now, most recently, ferromagne-
tism was reported also for an epitaxially grown group IV material [9], Ge1-xMnx, which
may be taken as indication that eventually spin injection may work also in the Si-Ge
system.

In this work, we investigate spin relaxation and spin manipulation of two-dimensional
(2D) electrons in Si and SiGe quantum wells. We make use of the electron spin reso-
nance of conduction electrons, CESR, which, because of the outstandingly long relaxa-
tion times can be easily observed on single quantum wells in a conventional ESR spec-
trometer. We determine T2 from the line width, and T1 from the saturation behavior seen
both in the power dependencies of the ESR amplitude and the line width. We show that
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T1 and T2 are of the order of microseconds for conduction electrons in Si quantum wells
embedded between Si1-xGex barriers. On the other hand, for the power available in a
standard pulsed-ESR spectrometer and the parameters of Si, the time required to invert
the spin polarization is of the order of Tπ ~10 ns and can be shorter for higher power.

We show also that the g-factor can be easily adjusted by either changing the Fermi en-
ergy or by shifting the electron to a SiGe layer, and the g-shift is sufficient to change the
ESR resonance field to an extent that exceeds the line width. This observation demon-
strates that it is possible to select individual spins, e.g., by a voltage on some gate
structure, and to manipulate it by a resonant microwave field on a time scale that is short
in comparison to the spin life times. This possibility proves that Si is attractive candi-
date for quantum computing devices.

2. Experimental

CESR in modulation doped Si quantum wells has been observed in conventional mi-
crowave absorption experiments [10], [11] and also by electrically detected magnetic
resonance [12], EDMR. The latter originates from the spin-dependent conductivity,
σ(Π), of the 2DES, where the spin polarization Π is changed at resonance. In conven-
tional CESR experiments, this effect causes unusual signal shapes (see Fig. 1): apart
from the microwave absorption signal observed in the reflectivity of a critically tuned
cavity (the absorption is proportional to the imaginary part of the magnetic susceptibil-
ity, χ”), there is also a contribution of the EDMR effect – an indirect “polarization” sig-
nal that is proportional to dÐdσ  and thus it may even differ in sign [13]. (Both signals
are detected as derivatives with respect to the static magnetic field since the latter is
modulated in order to improve the signal to noise ratio).
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Parts of the sample experience an in-plane component of microwave electrical field.
Therefore we have to deconvolve the signal into its components. This is possible be-
cause of their different dependencies on the microwave power P – the polarization sig-
nal is proportional to P3/2 in contrast to the absorption which varies like P1/2. There is
still another type of signal that appears because of the automatic frequency control of
standard ESR equipment. This unit is used in ESR in order to keep the microwave fre-
quency at the minimum reflection of the cavity and thus it eliminates contributions due
to the dispersive part of the magnetic susceptibility, χ’. Here a dispersive signal appears
again because of the frequency dependence of the conductivity. This dispersion signal is
proportional to ωσ dd , it has even parity in its derivative in contrast to the absorption
and polarization signals and it varies as P1/2.
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The effective transverse spin relaxation rate is obtained from the CESR line width in the
low power limit where the polarization signal amplitude and saturation broadening are
negligible. Results are given in Fig. 2 (a) as a function of the tilt angle θ of the static
magnetic field. The line width and thus T2 show a strong anisotropy which depends also
on the carrier density. Both dependencies can be explained consistently in terms of the
Bychkov-Rashba field, HBR [14]. For perpendicular field (θ = 0), where the longitudinal
component of HBR (parallel to H0) vanishes, the line width turns out to be life time lim-
ited. From the linewidth we obtain then a T2 value of 1..2 µs.
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Another quantity that can be determined from the CESR spectra right away is the g-
factor. Owing to the narrow line width of the CESR the g-factor can be determined with
great accuracy. Results are given in Fig. 2 (b) as a function of θ for two different ns val-
ues. A strong ns-dependent anisotropy is visible, consistent again with the Rashba field
[14].

The evaluation of the longitudinal relaxation rate, T1
-1, is somewhat more complex. In

cw CESR measurements it relies on investigations of the saturation behavior of the ab-
sorption. This is a standard procedure in the investigation of localized paramagnetic
defect states in semiconductors and insulators. Usually T1 is evaluated from the ESR
amplitude measured as a function of power. Here, since the amplitude is a relatively
complicated function of power already due to its different contributions, we preferred to
use the power dependence of the line width which also shows saturation effects. Results
for T1 are given in Fig. 3.
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3. Conclusion

In order to manipulate a spin in a specific quantum dot that might be defined by a gate
structure, a change in the gate voltage may be used in the following way. Let us assume
the whole structure (containing many quantum dots) is exposed to a cw microwave field
and a static magnetic field, slightly off-resonance. A slight modification of the g-factor
(we have very narrow lines) will be sufficient to bring individual electrons into reso-
nance. This g-factor tuning can be achieved either by moving the wavefunction of the
electron into a region with different g-factor due to (i) some admixture of Ge, or (ii) by
changing the localization of the electron. Replacing (i) the Si well material by a Si1-xGex

alloy has been shown to change the resonance field by more than the linewidth for a Ge
content of 5% already. The dependence of the g-factor on the Fermi energy in a 2DES
indicates that the g-factor will be sensitive also to localization, and the latter can be also
changed in a split-gate structure by the gate voltages. In both cases, a voltage pulse of
appropriate duration can be used to bring a specific electron into resonance and to flip
its spin.

In summary, we have shown that SiGe-based structures have a few properties that ap-
pear attractive and promising for spintronic applications: spin control and spin memory
appear favorable under realistic conditions.
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