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The Society for Microelectronics
(GMe — Gesellschaft für Mikroelektronik)

G. Bauer, 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
The present focal point activities of the GMe are:

• Operation of university-based laboratories for microelectronics technology;

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

The GMe currently supports mainly the first focal point activity but also coordinates the
Austria-wide activities of the TMOe program.

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 2000, the GMe prepared its biennial seminar which took place at the Vienna Univer-
sity 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 contributions which resulted from work supported by the GMe. Great emphasis
was put into making the seminar more attractive to an industrial audience, thus contrib-
uting 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 2000 — 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 72
requests per day; an amazingly large percentage of the accesses to the GMe server —
about two thirds — originates from net domains outside Austria. The new GMe Web
server is available under the address:

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

4. The Annual Report for 2000 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

This report intends to review the main activities of the MISZ TU Wien
(Mikrostrukturzentrum der Technischen Universität Wien) in the year 2000. In the
cleanroom facility available technologies for the production of optoelectronic and
microelectronic prototype devices include state of the art growth of III-V nano-
structures, standard contact lithography, the production of patterned masks to be
used in standard lithography, various structuring techniques like dry etching and
plasma enhanced chemical vapor deposition, electron beam writing, focused ion
beam etching and depositing, and. different metallization techniques. State of the art
silicon processing started 1998 and will need further activities to mature. A variety
of device characterization techniques like transport measurements, spectroscopic
techniques for optoelectronic devices and surface probing like scanning tunneling
microscopy are available. An atomic force microscopy system with the possibility to
probe capacitance locally was brought into the cleanroom in the year 2000. In this
report, a short description of research projects with a high need of technological in-
put, using the equipment in the cleanroom and the cleanroom environment is given.

The following reports represent the main research efforts of the solid state electronics
institute (Festkörperelektronik TU Wien) within the last twelve months. All the projects
described below like transport studies in low dimensional semiconductor nanostruc-
tures, scanning probe spectroscopy, realization of new and improved optoelectronic de-
vices, quantum cascade lasers, THz sources, and the characterization of microelectronic
devices, take full advantage of the technologies installed in the cleanroom of the MISZ
(Reinraum Mikrostrukturzentrum der TU Wien).

To satisfy this variety of topics, state of the art growth of semiconductor nanostructures
(molecular beam epitaxy) is needed as well as a complete process line including struc-
ture 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 chemical vapor deposition, sputtering, electron gun evapo-
ration, focussed ion beam deposition). All the equipment necessary for the above men-
tioned technologies needs the cleanroom environment (cooling, filtered air, constant
temperature and humidity, high quality water, 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 adjustment (laminar airflow, filters, cooling, humidity, and
temperature) is done periodically.

In addition to the above mentioned technologies further equipment was installed in the
cleanroom in 2000. The installations include an extended compressed air system, new or
totally refurbished rotary pumps for the plasma enhanced CVD and the reactive ion
etching system, exchanged turbo pumping systems for the metallization units, and an
extension of the liquid nitrogen supply.
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From the scientific point of view a new technique to explore surface morphology as well
as local carrier concentrations was installed. This is done with a conventional Atomic
Force Microscope (AFM) in combination with a Scanning Capacitance Microscopy
(SCM) extension. A detailed description of this new equipment as well as the additional
technological possibilities is given in the following.

The main research activities making use of the cleanroom itself or using samples grown,
structured and tested in the MISZ are described. These activities are not the only proj-
ects running in the MISZ, but are intended to show a representative overview of the ba-
sic research as well as applied projects which need the cleanroom infrastructure. 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.
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Project Information

Project Manager
ao.Univ.Prof. Dr. G. Strasser
Reinraum MISZ TU Wien, Floragasse 7, A-1040 Wien

Project Group

Last Name First Name Status Remarks
Basnar Bernhard postdoc
Bertagnolli Emmerich o. prof.
Boxleitner Winfried postdoc
Bratschitsch Rudolf dissertation
Coquelin Michael student
Dzigal Elvira technician
Fasching Gernot student
Fehlmann Gerhard student
Finger Norman dissertation
Fischler Wolfgang dissertation
Fürböck Christoph dissertation
Gianordoli Stefan dissertation
Golka Sebastian student
Gornik Erich o. prof.
Harasek Stefan dissertation
Heer Rudolf dissertation
Hirner Heimo student
Hobler Gerhard ao. prof.
Hofer Stefan dissertation
Hvozdara Lubos dissertation
Kamvar Parvis student
Kast Michael dissertation
Kellermann Peer dissertation
Kröll Peter technician
Langfischer Helmut dissertation GMe
Litzenberger Martin dissertation
Lugstein Alois univ. ass.
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Last Name First Name Status Remarks
Maier Harald student
Maier Thomas dissertation GMe
Müller Thomas dissertation
Pacher Christoph dissertation
Patz Sybille student
Ploner Guido postdoc
Pogany Dionyz univ. ass.
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. J.Smoliner, G.Ploner, Electron transport and confining potentials in nanostructures,

Handbook of Nanostructured Materials and Nanotechnology, Vol.3, p1-91, ed.
H.Nalwa, Academic Press (2000)

Publications in Reviewed Journals
1. J. Ulrich, R. Zobl, K. Unterrainer, G. Strasser, E. Gornik; "Magnetic field enhanced

quantum cascade emission"; Appl. Phys. Lett. 76, 19 (2000)

2. W. Schrenk, N. Finger, S. Gianordoli, L. Hvozdara, G. Strasser, E. Gornik;
"GaAs/AlGaAs distributed feedback quantum cascade lasers"; Appl. Phys. Lett. 76,
253 (2000)

3. R. Kersting, R. Bratschitsch, G. Strasser, K. Unterrainer, J.N. Heyman; "Sampling a
terahertz dipole transition with subcycle time resolution"; Opt. Lett. 25, 272 (2000)

4. T. Maier, G. Strasser, E. Gornik; "Monolithic integration of vertical-cavity laser
diodes and resonant photodetectors with hybrid Si3N4/SiO2 top Bragg mirrors";
IEEE Phot. Tech. Lett. 12, 119-121 (2000)
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5. J. Smoliner, R. Heer, G. Ploner and G. Strasser; "k//=0 filtering effects in ballistic
electron transport through sub-surface GaAs-AlGaAs double barrier resonant
tunneling structures"; Physica E6, 339-342 (2000)

6. G.Ploner, H.Hirner, T.Maier, G.Strasser, J.Smoliner, E.Gornik; "A novel device
layout for tunneling spectroscopy of low-dimensional electron systems"; Physica E6,
343-347 (2000)

7. G. Strasser, S. Gianordoli, L. Hvozdara, W. Schrenk, E. Gornik; "Intersubband and
interminiband GaAs/AlGaAs quantum cascade lasers"; Physica E7, 1-7 (2000)

8. O. Gauthier-Lafaye, B. Seguin-Roa, F.H. Julien, P. Collot, C. Sirtori, J.Y. Duboz, G.
Strasser; "High power tunable quantum fountain unipolar lasers"; Physica E7, 12-19
(2000)

9. S. Gianordoli, L. Hvozdara, G.Strasser, T. Maier, N. Finger, K. Unterrainer, E.
Gornik; "GaAs/AlGaAs microresonator quantum cascade lasers"; Physica E7, 29-32
(2000)

10. L. Hvozdara, S. Gianordoli, G.Strasser, W. Schrenk, K. Unterrainer, E. Gornik,
C.S.S.S. Murthy, M. Kraft, V. Pustogow, B. Mizaikoff; "GaAs/AlGaAs quantum
cascade laser – a source for gas absorption spectroscopy"; Physica E7, 37-39 (2000)

11. M. Helm, W. Hilber, G. Strasser, R. DeMeester, F. M Peeters, A. Wacker;
"Interminiband spectroscopy of biased superlattices"; Physica E7, 274-278 (2000)

12. S. Gianordoli, L. Hvozdara, G. Strasser, W. Schrenk, J. Faist, and E. Gornik; "Long-
Wavelength (10 µm) Quadrupolar Shaped GaAs/AlGaAs Microlasers"; IEEE J.
Quantum Electron. 36, 458 (2000)

13. R. Zobl, K. Unterrainer, G. Strasser, E. Gornik, “Magneto-optical terahertz emission
from plasmons in parabolic quantum wells”; Semicond. Sci. and Technol. 15, 315-
321 (2000)

14. G. Strasser, G. Ploner, C. Rauch and E. Gornik; "Transport Spectroscopy of
Quantum Wires and Superlattices"; Thin Solid Films 367, 267-276 (2000)

15. S. Gianordoli, W. Schrenk, G.Strasser, L. Hvozdara, N. Finger, and E. Gornik;
"Strained InGaAs/AlGaAs/GaAs-Quantum Cascade Lasers"; Appl. Phys. Lett. 76,
3361 (2000)

16. K. Unterrainer, R. Kersting, R. Bratschitsch, G. Strasser, J. N. Heyman, K.D.
Maranowski, A.C. Gossard; " Few-Cycle THz spectroscopy of nanostructures";
Physica E7, 693-697 (2000)

17. G. Strasser, L. Hvozdara, S. Gianordoli, W. Schrenk, K.Unterrainer, E. Gornik, M.
Helm; "Intersubband and interminiband GaAs/AlGaAs quantum cascade lasers at 10
µm"; Physica E7, 709-712 (2000)

18. L. Hvozdara, S. Gianordoli, G. Strasser, W. Schrenk, K.Unterrainer, E. Gornik;
"GaAs/AlGaAs unipolar mid-infrared quantum cascade lasers"; Inst. Phys. Conf.
Ser. 166, 363v (2000)

19. L. Hvozdara, A. Lugstein, S. Gianordoli, W. Schrenk, G. Strasser, K. Unterrainer, E.
Bertagnolli, and E. Gornik; "Self-aligned coupled cavity GaAs/AlGaAs mid infrared
quantum cascade lasers"; Appl. Phys. Lett. 77, 1077 (2000)
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20. S. Gianordoli, R. Hainberger, A. Köck, N. Finger, E. Gornik, L. Korter, and C.
Hanke, “Optimization of the emissioncharacteristics of light emitting diodes by
surface plasmons and surface waveguide modes”, Appl. Phys. Lett. 77, 2295 (2000)

21. R. Bratschitsch, T. Müller, R. Kersting, G. Strasser, K. Unterrainer; "Coherent THz
emission from optically pumped intersubband plasmons in parabolic quantum
wells"; Appl. Phys. Lett. 76, 3501 (2000)

22. K. Esmark, C. Fürböck, H. Gossner, G. Groos, M. Litzenberger, D. Pogany, R.
Zelsacher, M. Stecher, E. Gornik, "Simulation and experimental study of
temperature distribution during ESD stress in smart-power technology ESD
protection structures", Proc. IRPS 2000, pp. 304-309.

23. C. Fürböck, D. Pogany, M. Litzenberger, E. Gornik, N. Seliger, H. Gossner, T.
Müller-Lynch, M. Stecher, W. Werner, "Interferometric temperature mapping during
ESD stress and failure analysis of smart power technology ESD protection devices",
J. Electrostatics 49 (3-4), pp. 195-213 (2000)

24. M. Litzenberger, K. Esmark, D. Pogany, C. Fürböck, H. Gossner, E. Gornik, W.
Fichtner, "Study of triggering inhomogeneities in gg-nMOS ESD protection devices
via thermal mapping using backside laser interferometry", Microel. Reliab. 40 (8-
10), pp.1359-1364 (2000)

25. C. Fürböck, K. Esmark, M .Litzenberger, D. Pogany, G. Groos, R. Zelsacher, M.
Stecher, E. Gornik, "Thermal and free carrier concentration mapping during ESD
event in smart power ESD protection devices using a modified laser interferometry
technique", Microel. Reliab. 40 (8-10), pp.1365-1370 (2000)

26. D. Pogany, K. Esmark, M. Litzenberger, C. Fürböck, H. Gossner, E. Gornik, "Bulk
and surface degradation mode in 0.35µm technology gg-nMOS ESD protection
devices", Microel. Reliab. 40 (8-10), pp.1467-1472 (2000).

27. M. Litzenberger, C. Fürböck, D. Pogany, E. Gornik, K. Esmark, H. Gossner,
"Investigation of 3D phenomena in the triggering of gg-nMOS electrostatic
discharge protection devices", Proc. ESSDERC'2000, Cork, Ireland, 11-13 Sept
2000, pp. 520-523.

28. L. Hvozdara, A. Lugstein, N. Finger, S. Gianordoli, W. Schrenk, K. Unterrainer, E.
Bertagnolli, G. Strasser, and E. Gornik; "Quantum cascade lasers with monolithic
air-semiconductor Bragg reflectors", Appl. Phys. Lett. 77, 1241 (2000).

29. S. Gianordoli, W. Schrenk, L. Hvozdara, N. Finger, K. Unterrainer, G. Strasser, and
E. Gornik, “Improved performance of GaAs/AlGaAs superlattice quantum cascade
lasers emitting beyond λ = 13 µm”, IEEE Photon. Techn. Lett. 12, 1144 (2000)

30. W. Schrenk, N. Finger, S. Gianordoli, G. Strasser, E. Gornik; "AlGaAs/GaAs
distributed feedback quantum cascade lasers"; Material Research Society
Symposium Proceedings, Vol 607, ISBN 1-55899-515-3, pp. 141-146 (2000).

31. W. Schrenk, N. Finger, S. Gianordoli, L. Hvozdara, G. Strasser, E. Gornik; "Surface
emitting distributed feedback quantum cascade lasers”, Appl. Phys. Lett. 77, 2086
(2000)

32. R. Folman, P. Krüger, D. Cassettari, B. Hessmo, T. Maier, J. Schmiedmayer,
"Controlling Cold Atoms using Nanofabricated Surfaces: Atom Chips", Phys. Rev.
Lett, 84, 4749 (2000).
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33. R. Kersting, G. Strasser, K. Unterrainer, "Demonstration of a THz phase modulator",
Electron. Lett. 36, 1156 (2000).
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(2000)

36. P.O. Kellermann, N. Finger, E. Gornik, M. Ost, F. Scholz and H. Schweizer
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37. J. Ulrich, R. Zobl, W. Schrenk, G. Strasser, K. Unterrainer, and E. Gornik,
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Francisco, 24.-28. April 2000, p. 354.

59. H. D. Wanzenboeck, S. Harasek, H. Langfischer, A. Lugstein, E. Bertagnolli, M.
Gritsch, H. Hutter, C. Tomastik, J. Brenner, H. Stoeri, "Local Deposition of
Dielectrics for the deep sub-µm range", Proc.17th International VLSI Multilevel
Interconnection Conference (VMIC), VMIC 2000, Sta Clara, CA, 27.-29. June 2000,
pp.127-142.
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60. H. Langfischer, E. Bertagnolli, A. Lugstein, H. D. Wanzenboeck, H. Hutter, M.
Gritsch, C. Tomastik, "Improvement of FIB based Tungsten Metallization",
Proc.17th International VLSI Multilevel Interconnection Conference (VMIC),Sta

Clara, CA, 27.-29. June 2000, pp.439-441.

61. H.D. Wanzenboeck, M. Verbeek, W. Maurer, E. Bertagnolli, FIB Based Local
Deposition of Dielectrics for Phaseshift Mask Modification“,20th Annual BACUS
Symposium on Photomask Technology, Monterey, 13.-15. Sept. 2000, Proceedings
of SPIE – International Society for Optical Engineering, 4186, p.148 –157

62. H.D. Wanzenboeck, A. Lugstein, H. Langfischer, E. Bertagnolli, M. Gritsch, H.
Hutter, „Ion Beam Induced Deposition of Dielectric Nanostructures“, 8th Int.
Conference on Dielectric Materials, Measurement and Application (DMMA),
DMMA 2000, 17.-21. Sept. 2000, Edinburgh, IEE Conference Publication No. 473
(ISBN 0 85296 730 6) pp. 485-490.

63. H. D. Wanzenboeck, S. Harasek, H. Langfischer, A. Lugstein, E. Bertagnolli, "Rapid
Prototyping by Local Deposition of Siliconoxide and Tungsten Nanostructures for
Interconnect Rewiring", 47th AVS Symposium , Boston, 2.-6. Oct. 2000, 47th

International Symposium of the American Vacuum Society, p.114.

64. H. D. Wanzenboeck, H. Langfischer, E. Bertagnolli, H. Stoeri, M. Gritsch, H.
Hutter, "Material and Interface Characterisation of  Locally Deposited Dielectrics
and Metals with a focused  Ion Beam (FIB)" 47th AVS Symposium, Boston, 2.-6.
Oct. 2000, 47th International Symposium of the American Vacuum Society, p.227.

65. J. Smoliner, R. Heer, G. Strasser, C.Strahberger, Magnetic field effects and k//-
filtering in BEEM on GaAs-AlGaAs resonant tunneling structures, Applied Physics
(accepted).

66. K. Kempa, E. Gornik, K. Unterrainer, M. Kast and G. Strasser; " Resonant
Tunneling mediated by resonant emission of inter-subband plasmons"; Phys. Rev.
Lett. (accepted).

67. C. Strahberger, J. Smoliner, R. Heer, G. Strasser; "Enhanced k// filtering effects in
ballistic electron emission experiments"; Phys. Rev. B (accepted)

68. 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 (accepted)

69. M. Helm, G. Strasser; "Correlation of vertical transport and infrared absorption in
GaAs/AlGaAs superlattices"; proceedings ICPS25(accepted).

70. K. Unterrainer, R. Bratschitsch, T. Müller, R. Kersting, J.N. Heyman, G. Strasser,
"Time domain THz spectroscopy of semiconductor quantum structures", Proc. of the
ICPS 25 (accepted).

71. C. Pacher, G. Strasser, E. Gornik, F. Elsholz, A. Wacker, E. Schöll, "Optics with
ballistic electrons: Anti-reflection coatings for GaAs/AlGaAs superlattices", Proc. of
the ICPS 25 (accepted).

72. J. Ulrich, R. Zobl, G. Strasser, K. Unterrainer, “Terahertz emission from
semiconductor nanostructures” in “Terahertz Sources and Systems”, Kluwer
academic publisher (accepted).
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73. 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., (accepted)

74. 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 (accepted).

75. 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 (accepted).

76. G. Hobler and G. Betz, "On the useful range of application of molecular dynamics
simulations in the recoil interaction approximation", Nucl. Instr. Meth., B
(accepted).

77. G. Hobler and C. S. Murthy, "Towards a comprehensive model of electronic
stopping in amorphous and crystalline silicon", In Proc. 13th Int. Conf. Ion
Implantation Technology, IIT-2000 (accepted).

78. L. Palmetshofer, M. Gritsch, and G. Hobler, "Range of ion-implanted rare earth
elements in Si and SiO2", Proc. EMRS-2000 (accepted)

79. K. Unterrainer, R. Bratschitsch, R. Kersting , T. Müller, G. Strasser, J.N. Heyman,
"Few-Cycle THz spectroscopy of semiconductor quantum structures” Physica E
(accepted)

80. D. Pogany, E. Gornik, M. Stecher, W. Werner, “Random telegraph noise and
leakage current in smart power technology DMOS devices”, Microel. Reliab.
(accepted).

81. C. Kranz, G. Friedbacher, B. Mizaikoff, A. Lugstein, J. Smoliner, E. Bertagnolli,
“An Integrated Ultramicroelectrode in an AFM Cantilever – Combined Power for
Enhanced Information” Anal. Chem. (accepted)

82. H. Bachhofer, H. Reisinger, E. Bertagnolli, H. von Philipsborn, “Transient
conduction in multidielectric silicon-oxide-nitride-oxide-semiconductor structures.
J. Appl. Phys(accepted)

83. F. Elsholz, A. Wacker, E. Schöll, M. Kast, G. Strasser, E. Gornik;
"Magnetotransport through semiconductor superlattices"; submitted to Phys. Rev. B
9/2000

84. 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"; submitted to Appl. Phys. Lett. 12/2000

85. J.Smoliner, R. Heer, G.Strasser, BEEM/S on GaAs-AlGaAs resonant tunneling
structures and quantum wires, submitted to Surface and Interface Analysis

86. H. R. K. Maier, P. O. Kellermann, N. Finger, E. Gornik, R. Winterhoff and F.
Scholz; "Visible red surface-emitting distributed feedback lasers with a surface
grating"; submitted to Appl. Phys. Lett. 2000
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87. D.Rakoczy, G.Strasser, J.Smoliner; "Ballistic Electron Emission Microscopy of "on-
surface" Self Assembled InAs Dots and Wetting Layers"; submitted to J. Vac. Sci.
Technol. B 12/2000

88. H. Wanzenboeck, A. Lugstein, H. Langfischer, S. Harasek, E. Bertagnolli; U.
Grabner, P. Pongratz, B. Basnar, J. Smoliner, E. Gornik; “Effects of Ga-ion
irradiation on chemical and electrical properties of materials processed by a Focused
Ion Beam (FIB)”, Material Research Society MRS 2000 – Fall Meeting, Boston, 27.
Nov. - 1. Dec 2000, submitted 12/2000

89. S. Gianordoli, W. Schrenk, G.Strasser, L. Hvozdara, and E. Gornik; "Low threshold
AlAs—GaAs Superlattice Quantum Cascade Laser"; submitted to IEEE Photon.
Techn. Lett. 12/2000

90. B. Goebel, E. Bertagnolli, and D. Schumann, “Vertical N-Channel MOSFETs for
Extremely High Density Memories: The Impact of Interface Orientation on Device
Performance”, submitted to IEEE Trans Electron Devices.

91. A. Lugstein, E. Bertagnolli, C. Kranz, B. Mizaikoff, „Fabrication of a Ring-
Nanoelectrode Integrated in an AFM-Tip: A Novel Approach Towards
Simultaneous Electochemical and Topographical Imaging“, Surface and Interface
Analysis, submitted 10/2000

92. C. Kranz, B. Mizaikoff, A. Lugstein, E. Bertagnolli, „Integrating an
Ultramicroelectrode in an AFM Cantilever: Towards the Development of a
Combined Microsensing-Imaging Tool“, ACS Symposium Book on Electrochemical
Methods for the Environmental Analysis of Trace Element Biogeochemistry (Eds.
Martial Taillefert and Tim Rozan) submitted 12/2000.

93. A. Lugstein, M. Stockinger, G. Hobler, S. Selberherr, E. Bertagnolli,
Sublithographic Channel Profile Tayloring of MOSFETS, IEEE Electron Device
Letters submitted 12/2000

Presentations
1. G. Strasser; "GaAs-based superlattice quantum cascade lasers"; Workshop on

Quantum Heterostructures and THz Electronics, Regensburg, Germany, 27.1.2000

2. H.D. Wanzenboeck, H. Langfischer, A. Lugstein, E. Bertagnolli, "Improved
Materials for Direct Writing of Microelectronic Interconnects“,AVS Proceedings of
the 2nd Intl. Conf. On Advanced Materials and Processes for Microelectronics, Sta

Clara, USA, 7.-14. Feb. 2000

3. K. Unterrainer , R. Bratschitsch, R. Kersting , T. Müller, G. Strasser, J.N. Heyman
(invited), "Few-Cycle THz spectroscopy of semiconductor quantum structures“, 11th
Int. Winterschool on New Developments in Solid State Physics,Low dimensional
Systems: Fundamentals and Applications, Mauterndorf, Austria, 21-25 February
2000.

4. D. Rakoczy, R. Heer, J. Smoliner, G. Ploner, G. Strasser, E. Gornik; "A Metal-
Insulator-Metal Injector for Ballistic Electron Emission Spectroscopy", 11th Int.
Winterschool on New Developments in Solid State Physics,Low-dimensional
Systems: Fundamentals and Applications, Mauterndorf, Austria, 21-25 February
2000.
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5. K. Unterrainer, R. Bratschitsch, J. Ulrich , G. Strasser (invited), "THz emission from
semiconductor nano structures“,18th General Conf. Condensed Matter Division of
the European Physical Society; Montreux, Switzerland, 13-17.3.2000.

6. G. Strasser, S. Gianordoli, W. Schrenk, E. Gornik; "Single mode GaAs/AlGaAs
QCLs"; 18th General Conf. Condensed Matter Division of the European Physical
Society; Montreux, Switzerland, 13-17.3.2000.

7. F. Elsholz, A. Wacker, E. Schöll, C. Pacher, C. Rauch, G. Strasser und E. Gornik,
“Magnetotransport durch rauhe Halbleiterübergitter“,DPG Frühjahrstagung,
Regensburg, Deutschland, 27.03. - 31.03.2000

8. S. Schmult, W. Wegscheider, J. Raabe, S. Gianordoli, G. Strasser, M. Bichler, G.
Abstreiter; "Eigenschaften von AlGaAs/GaAs-Quantenkaskadenlasern"; DPG
Frühjahrstagung, Regensburg, Deutschland, 27.-31.3.2000

9. K. Esmark, C. Fürböck, H. Gossner, G. Groos, M. Litzenberger, D. Pogany, R.
Zelsacher, M. Stecher, and E. Gornik, “Simulation and experimental study of
temperature distribution during ESD stress in smart-power technology ESD
protection structures”, International Reliability Physics Symposium, San Jose,
California, April 10-13 2000.

10. H.D. Wanzenboeck, A. Lugstein, H. Langfischer, E. Bertagnolli, M. Gritsch, H.
Hutter, „Ion Beam Induced Chemical Vapor Deposition of Dielectric Materials“,2000
MRS Spring-Meeting, San Francisco, USA, 24.-28. April 2000

11. R. Bratschitsch, T. Müller, R. Kersting, G. Strasser, and K. Unterrainer: “Coherent
THz emission from optically pumped parabolic quantum wells”, CLEO/QELS 2000,
San Francisco, USA, 7.-12. 5. 2000.

12. G. Strasser, S. Gianordoli, W. Schrenk, E. Gornik (invited); "GaAs based quantum
cascade microcavities"; European material research society E-MRS Spring Meeting
2000, Strasbourg, France, 31.5.-2.6. 2000.

13. L. Palmetshofer, M. Gritsch, and G. Hobler, "Range of ion-implanted rare earth
elements in Si and SiO2", European material research society E-MRS Spring
Meeting 2000, Strasbourg, France, 31.5.-2.6. 2000.

14. K. Unterrainer "THz generation from intersubband devices", NATO Advanced
Research Workshop "Terahertz Sources and Systems", Chateau de Bonas, France, 21
-28 June.

15. H. D. Wanzenboeck, S. Harasek, H. Langfischer, A. Lugstein, E. Bertagnolli, M.
Gritsch, H. Hutter, C. Tomastik, J. Brenner, H. Stoer,i "Local Deposition of
Dielectrics for the deep sub-µm range", 17th Int. VLSI Multilevel Interconnection
Conf. (VMIC), Sta Clara, CA, 27.-29. June 2000

16. J. Ulrich, G. Strasser, K. Unterrainer, “Terahertz quantum cascade emission: intra-
versus interwell transition” INTERACT-meeting, Chateau de Bonas, France, 29 -30
June.

17. R. Bratschitsch, T. Müller, R. Kersting, G. Strasser, and K. Unterrainer: “Coherent
THz emission from optically pumped intersubband plasmons in parabolic quantum
wells”, Ultrafast Phenomena 2000, Charleston, USA, 9.-13. 7. 2000.
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18. R. Kersting, R. Bratschitsch, G. Strasser, K. Unterrainer; "Excitation Dynamics
beyond the Slowly-Varying Envelope Approximation"; 12th Int. Conf. On Ultrafast
Phenomena; Charleston, USA, 9.-13.7.2000

19. W. Boxleitner and G. Hobler, "FIBSIM -- Dynamic Monte Carlo simulation of
compositional and topography changes caused by focused ion beam milling", 5th Int.
Conf. Computer Simulation of Radiation Effects in Solids, Penn State University,
USA, 24.-28. Juli 2000.

20. G. Hobler and G. Betz, "On the useful range of application of molecular dynamics
simulations in the recoil interaction approximation", 5th Int. Conf. Computer
Simulation of Radiation Effects in Solids, Penn State University, USA, 24.-28. Juli
2000.

21. J.Smoliner, R. Heer, G. Strasser, C.Strahberger, Effective mass effects and k//-
filtering in BEEM on GaAs-AlGaAs resonant tunneling structures, SPS2000,
Hamburg (2000)

22. G. Strasser, W. Schrenk, S. Gianordoli, L. Hvozdara, N. Finger, K. Unterrainer, and
E. Gornik; "Single mode emission from GaAs/AlGaAs intersubband and
interminiband QCLs"; European Semiconductor Laser Workshop, Berlin, Germany,
1.-2.9. 2000

23. 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", 12th Int. Conf. Ion Beam Modification of Materials, Gramado-
Canela, Brasil, 3.-8. September 2000.

24. L. Hvozdara, A. Lugstein, S. Gianordoli, N. Finger, G. Strasser, W. Schrenk, K.
Unterrainer, E. Bertagnolli, E. Gornik; "Quantum cascade lasers with monolithic
photonic bandgap mirrors"; CLEO Europe 2000, Nice, France, 10 - 15 September
2000

25. W. Schrenk, N. Finger, S. Gianordoli, L. Hvozdara, G. Strasser, E. Gornik; "First-
and second-order distributed feedback AlGaAs/GaAs quantum cascade lasers";
CLEO Europe 2000 , Nice, France, 10 - 15 September 2000

26. N. Finger, W. Schrenk, E. Gornik; "Surface-Grating Coupled Quantum Cascade
Laser Structures"; CLEO Europe 2000 , Nice, France, 10 - 15 September 2000

27. J. Ulrich, G. Strasser, K. Unterrainer, “Terahertz-Quantum-Cascade Emitters:
Interwell Versus Intrawell Transitions” CLEO Europe 2000, Nice, France, 10 - 15
September 2000

28. G. Strasser, S. Gianordoli, W. Schrenk, E. Gornik (invited); "MBE-grown
GaAs/AlGaAs and strained InGaAs/AlGaAs/GaAs quantum cascade lasers"; MBE
XI, Peking, China, 10.-15.9.2000

29. P.O. Kellermann, N. Finger, E. Gornik, M. Ost, F. Scholz, H. Schweizer;
”Wavelength-graded surface-emitting laser array with contradirectional surface-mode
coupling“; oral presentation CLEO/Europe 2000, Nice, France, 10 - 15 September
2000

30. M. Litzenberger, C. Fürböck, D. Pogany, E. Gornik, K. Esmark and H. Gossner:
“Investigation of 3D Phenomena in the Triggering of gg-nMOS Electrostatic
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Discharge Protection Devices”, ESSDERC 2000, Cork, IRL, 11.-13. September
2000.

31. G. Hobler and V. Moroz, "Simple formulae for the effective plus-factor for transient
enhanced diffusion", ESSDERC 2000, Cork, IRL, 11.-13. September 2000.

32. K. Unterrainer (invited), "Coherent and photon assisted transport in vertical quantum
structures", TMR Advanced Research School, Space-, Frequency- and Time resolved
Quantum Transport, Hamburg, September 3-9, 2000.

33. R. Bratschitsch, T. Müller, R. Kersting, G. Strasser, and K. Unterrainer; “Coherent
THz emission from optically pumped parabolic quantum wells”; CLEO/IQEC 2000
Europe Konferenz, Nizza, Frankreich, 10.-15. 9. 2000.

34. H.D. Wanzenboeck, M. Verbeek, W. Maurer, E. Bertagnolli, „FIB Based Local
Deposition of Dielectrics for Phaseshift Mask Modification“,20th Annual BACUS
Symposium on Photomask Technology, Monterey, USA, 13.-15. Sept. 2000

35. R. Bratschitsch, T. Müller, R. Kersting, G. Strasser, and K. Unterrainer (invited);
“Nonadiabatic Intersubband Spectroscopy”; ITW 2000, Sandbjerg Estate, Dänemark,
17.-19. 9. 2000

36. R. Bratschitsch, T. Müller, R. Kersting, G. Strasser, and K. Unterrainer; “Coherent
THz emission from optically pumped parabolic quantum wells”; ITW 2000,
Sandbjerg Estate, Dänemark, 17.-19. 9. 2000

37. T. Müller, R. Bratschitsch, G. Strasser, K. Unterrainer, and A. Poppe; “Few-cycle
mid-infrared emission from quantum beats in semiconductor nanostructures”; ITW
2000, Sandbjerg Estate, Dänemark, 17.-19. 9. 2000.

38. G. Hobler and C. S. Murthy, "Towards a comprehensive model of electronic
stopping in amorphous and crystalline silicon", 13th Int. Conf. Ion Implantation
Technology, Alpbach, Austria, 17.-22. September 2000.

39. H.D. Wanzenboeck, A. Lugstein, H. Langfischer, E. Bertagnolli, M. Gritsch, H.
Hutter, „Ion Beam Induced Deposition of Dielectric Nanostructures“, 8th Int.
Conference on Dielectric Materials, Measurement and Application (DMMA),
DMMA 2000, Edinburgh, UK, 17.-21. Sept. 2000,

40. K. Unterrainer, R. Bratschitsch, T Müller, R. Kersting, J.N. Heyman, G. Strasser
(invited); "Time domain THz spectroscopy of semiconductor quantum structures";
ICPS25, Osaka, 18-22.9.00

41. G. Strasser, L. Hvozdara, W. Schrenk, S. Gianordoli, N. Finger, A. Lugstein, and E.
Gornik; "Single mode GaAs/AlGaAs quantum cascade lasers"; ICPS25, Osaka, 18-
22.9.00

42. C. Pacher, G. Strasser, C. Rauch, E. Gornik, F. Elsholz, and A. Wacker; "Optics with
Ballistic Electrons: Anti-Reflection Coatings for GaAs-AlGaAs Superlattices";
ICPS25, Osaka, 18.-22.9.00

43. R. Kersting, R. Bratschitsch, G. Strasser, and K. Unterrainer; "Sampling the
dynamics of intersubband transitions"; ICPS25, Osaka, 18.-22.9.00

44. S. Gianordoli, W. Schrenk, L. Hvozdara, G. Strasser, and E. Gornik; "GaAs/AlGaAs
superlattice - and strained InGaAs/GaAs/AlGaAs quantum cascade lasers"; ICPS25,
Osaka, 18-22.9.00
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45. M. Helm and G. Strasser; "Correlation of vertical transport and infrared absorption in
GaAs/AlGaAs superlattices"; ICPS25, Osaka, 18-22.9.00

46. J. Ulrich, G. Strasser, K. Unterrainer, and E. Gornik; "Intrawell versus interwell THz
emission"; ICPS25, Osaka, 18-22.9.00

47. T. Schwarzl, W. Heiß, G. Springholz, S. Gianordoli, G. Strasser, M. Aigle, H.
Pascher; "Strongly detuned IV-VI microcavity and microdisk resonances: mode
splitting and lasing"; ICPS25, Osaka, 18-22.9.00

48. D. Rakoczy, J. Smoliner, R. Heer, and G. Strasser; "Ballistic electron emission
spectroscopy on biased GaAs-AlGaAs superlattices in transverse magnetic fields";
ICPS25, Osaka, 18-22.9.00

49. J.Smoliner, R. Heer, G. Strasser, C.Strahberger, BEEM/S on GaAs-AlGaAs resonant
tunneling structures and  quantum wires, SXM4, Münster (2000)

50. C. Kranz, G. Friedbacher, B. Mizaikoff, A. Lugstein, J. Smoliner, E. Bertagnolli,
Combining SECM and AFM – Integration of an Ultramicroelectrode in an AFM-Tip,
SXM4 4th International Conference on the Development and Technological
Application of Scanning Probe Methods, Münster, FRG, 25-27. September 2000

51. G. Strasser; "Single mode GaAs quantum cascade laser"; Österreichische
Physikalische Gesellschaft, 50. Jahrestagung, Graz, Austria 28.-29.9.2000

52. K. Unterrainer, J. Ulrich, R. Zobl, G. Strasser, E. Gornik (invited), "THz sources
based on semiconductor nanostructures", 8th International Conference on THz-
Electronics, Darmstadt, 28.-29. September 2000.

53. R. Bratschtisch, T. Müller, R. Kersting, G. Strasser, K. Unterrainer, "Few-cycle THz-
generation, from semiconductor quantum structures", 8th International Conference on
THz-Electronics, Darmstadt, 28.-29. September 2000.

54. C. Fürböck, K. Esmark, M. Litzenberger, D. Pogany, G. Groos, R. Zelsacher, M.
Stecher, and E. Gornik; “Thermal and free carrier concentration mapping during ESD
event in Smart Power ESD protection devices using a modified laser interferometry
technique”, ESREF 2000, Dresden, Germany, 2.-6.10.2000.

55. M. Litzenberger, K. Esmark, D. Pogany, C. Fürböck ,H. Gossner, E. Gornik, and W.
Fichtner; “Study of triggering inhomogeneities in gg-nMOS ESD protection devices
via thermal mapping using backside laser interferometry”, ESREF 2000, Dresden,
Germany, 2.-6.10.2000.

56. D. Pogany, K. Esmark, M. Litzenberger, C.Fürböck, H. Gossner, and E. Gornik:
“Bulk and surface degradation mode in 0.35µm technology gg-nMOS ESD
protection devices”, ESREF 2000, Dresden, Germany, 2.-6.10.2000.

57. H. D. Wanzenboeck, S. Harasek, H. Langfischer, A. Lugstein, E. Bertagnolli, "Rapid
Prototyping by Local Deposition of Siliconoxide and Tungsten Nanostructures for
Interconnect Rewiring", 47th Int. Symp. of the American Vacuum Society, Boston,
USA, 2.-6. Oct. 2000

58. H. D. Wanzenboeck, H. Langfischer, E. Bertagnolli, H. Stoeri, M. Gritsch, H. Hutter,
"Material and Interface Characterisation of  Locally Deposited Dielectrics and Metals
with a focused  Ion Beam (FIB)" 47th International Symposium of the American
Vacuum SocietyBoston, USA, 2.-6. Oct. 2000
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59. A. Lugstein, E. Bertagnolli, C. Kranz, B. Miziaikoff „FIB Based Microfabrication
Technique For A Novel Type of Scanning Electrochemical Microscopy Probes“,
European FIB User Group Meeting, Dresden, Germany 4.10.2000

60. H. D. Wanzenboeck, A. Lugstein, S. Harasek, H. Langfischer, E. Bertagnolli,
“Advances in Material Properties of Focused Ion Beam Deposited Dielectrics “, 4th

European FIB Users Group Meeting (EFUG), Dresden, Germany 4.10.2000

61. T. Klaffs, A.A. Ivanov, A.S. Bakin, D. Piester, M. Ursu, A. Schlachetzki, L.
Hvozdara, G. Strasser, B. Güttler “Intersubband absorption in delta-doped GaInAs-
InP multi quantum wells” Advanced Semiconductor Devices And Microsystems,
Smolenice-Castle, Slovakia 16-.18.10.2000

62. L. Hvozdara, S. Gianordoli, G. Strasser, W. Schrenk, K. Unterrainer, E. Gornik, V.
Pustogov, C. Murthy, B. Mizaikoff, A. Inberg, N. Croitoru, “Gas Absorption
Spectroscopy using GaAs/AlGaAs quantum cascade lasers and a hollow waveguide
absorption cell”; SPIE – Environmental and Industrial Sensing, Boston, USA, 5-8
Nov. 2000

63. H. Wanzenboeck, A. Lugstein, H. Langfischer, S. Harasek, E. Bertagnolli; U.
Grabner, P. Pongratz, B. Basnar, J. Smoliner, E. Gornik; “Effects of Ga-ion
irradiation on chemical and electrical properties of materials processed by a Focused
Ion Beam (FIB)”, MRS 2000 – Fall Meeting, Boston, USA, 27. Nov. - 1. Dec 2000

Patents
1. C. Kranz, B. Mizaikoff, A. Lugstein, E. Bertagnolli, „Vorrichtung für die

gleichzeitige Durchführung einer elektrochemischen und einer topografischen
Nahfeld-Mikroskopie,Austrian Patent pending, A 1011/2000 G01N, June 2000.

2. A. Lugstein, E. Bertagnolli, C. Kranz, B. Mizaikoff, „Verfahren zur Herstellung einer
Vorrichtung für die gleichzeitige Durchführung einer elektrochemischen und einer
topografischen Nahfeld-Mikroskopie“, Austrian Patent pending, A 1011/2000 G01N,
June 2000

3. E. Gornik, N. Finger, „Gittergekoppelter oberflächenemittierender
Quantenkaskadenlaser“,Austrian Patent pending, A 1141/2000 H01S, July 2000

4. G. Hobler, M. Mastrapasqua, M. R. Pinto, and E. Sangiorgi, "Monolithically
integrated static random access memory device", U.S. Patent Number 6144073, 7
Nov 2000.

Doctor's Theses
1. Rudolf Heer: "Ballistic Electron Emission Spectroscopy on Buried Semiconductor

Heterostructures", TU Wien, 2000.

2. Norman Finger: "Grating-Coupled Semiconductor Structures", TU Wien, 2000.

3. Thomas Maier: "Integration von oberflächenemittierenden Laserdioden und
resonanten Photodetektoren für interferometrische Messungen", TU Wien, 2000.

4. Stefan Gianordoli: "Quantum cascade lasers on AlGaAs-GaAs for the mid-infrared
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Direct writing of metal lines is a widely used approach to interconnect prototype cir-
cuits and to rewire defective circuits at the very backend of the process line. How-
ever, the application of  these direct written metal structures to contact devices is
actually an open topic. In the presented metallization process a metal organic com-
pound is decomposed by a focused ion beam (FIB) to form metal layers on several
substrates. A variety of test structures allows the application of analytical methods
and to quantify electrical properties. In addition, the detection of secondary electrons
gives rise to time resolved in situ surface imaging of deposited metal layers. A direct
characterization of the layers is obtained by atomic force microscopy (AFM).

1. Introduction
A widely used approach to interconnect prototype circuits and to rewire defective cir-
cuits is direct writing of metal lines at the very backend of the process line by means of
FIB induced deposition. Primary beam related contaminations, intermixing effects, and
unintentional local charging are the most important issues to be overcome if an applica-
tion of FIB is viable close to the frontend. In this work we investigate the ion beam in-
duced metallization process focusing on nucleation, intermixing, and growth, involving
in situ characterization, AFM topography, SIMS, and electrical measurements.

2. Experimental

2.1 Layer Formation and Characterization
Based on a volatile metal organic tungsten compound (W(CO)6) W-layers were depos-
ited on thermal oxide layers by a Ga+ ion beam [1]. Time resolved in situ surface imag-
ing of the growth process addressing the primary steps in layer formation including nu-
cleation and nuclei coalescence are involved. Characterization of the surface topography
of the layers is done by atomic force microscopy (AFM). The chemical composition of
the layers and the intermixing effects are both evaluated by secondary ion mass spec-
troscopy (SIMS) measurements.
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2.2 Electrical Characterization
Electrical measurements are issuing the onset of the electrical conductivity, the specific
resistance, and the maximum current densities the deposited material is capable to carry.
To quantify the ohmic resistivity and maximum current densities in the metal, specific
test structures were developed. Figure 1 shows a typical van der Pauw test structure for
measuring sheet resistances. In the left viewgraph, the structure is already crossectioned
by FIB to determine the associated layer thickness.

10µm

W
W

2SiO

Al

AlAl

Al

Fig. 1: Van der Pauw structure with FIB cross-sectional view and schematic illustra-
tion.

(2a) (2b) (2c)

(2d) (2e) (2f)

Fig. 2: Evolution of an ion beam induced CVD tungsten process on thermal silicon
dioxide.
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3. Results and Discussion

3.1 FIB Induced Growth Process
In order to determine the evolution of the tungsten deposition process, in situ observa-
tions of the developing nanoscale structures are done by detecting the secondary charges
(electrons or ions) emitted from the surface during focused ion beam irradiation. After
each ion induced deposition step, an image scan over the same sample region is done.
By the way, time resolved in situ surface images of the evolving metal layers are ob-
tained. Figures 2a to 2f are a sequence of images showing how the process of tungsten
layer formation proceeds.

At the beginning of the deposition process (Fig. 2a) the time resolved investigation
shows nucleation at spots that are stochastically but homogeneously distributed over the
area exposed to the ion beam. Then the nuclei grow during the deposition and start to
collapse to form larger connected structures. Its remarkable that the formations grown in
the early deposition steps are preserved in their shape during the consecutively follow-
ing steps. They are not destroyed by the ion beam. This can be verified observing the
weakly enlightened region in the upper part of Figs. 2b – 2e. After the exposure to an
accumulated ion dose of about 1.7 1016 ions/cm2 the merging process of formerly sepa-
rated “islands” results in a closed metal surface (Fig. 2f).

3.2 Topography
Direct characterizations of the surface topography of the layers are obtained by atomic
force microscopy (AFM). Figure 3 shows a three dimensional plot of the AFM data cor-
responding to a tungsten layer deposited with the same ion dose as the one in Fig. 2c. As
seen in this figure, the topographic view is in close correspondence with the FIB imag-
ing.

Fig. 3: Three dimensional plot of AFM surface scan (left). AFM analysis of the as
grown tungsten surface (right).

The AFM section analysis of a tungsten surface in Fig. 3 exhibits a surface roughness
value of up to 40 nm peak to peak.
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3.2.1 Chemical
A SIMS based chemical analysis confirms a tungsten layer on the top of the substrate. In
addition, however, to the direct observation, SIMS evidences, that no sharp interface to
the substrate is formed. The exposure to the Ga beam leads to an intermixing region.
Approaching the interface a clear pile up in the WSi concentration is seen,
demonstrating the presence of a 50 nm interface layer between the tungsten layer and the
substrate (Fig. 4).
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Fig. 4: SIMS profiles of C, W and WSi.

Fig. 5: Current stressed tungsten lines.
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3.2.2 Electrical

The sheet resistance of a 280 nm layer is typically 3 Ω/square. The resistivity of the
metal was calculated to be in a typical range of 200 – 300 µΩcm. The maximum current
densities, indicating the robustness of the material were estimated using arrays of identi-
cal parallel W-lines (1 µm wide, 280 nm thick) connecting two contact pads. Maximum
current densities up to 3.5 106 A/cm2 were obtained. The array of current stressed tung-
sten lines is depicted in Fig. 5. A remarkable feature are the spherical hillocks visible at
the lower ends of the lines because they give a strong indication for the fact that elec-
tromigration took place before the lines broke down due to the local ohmic heating.

4. Summary and Conclusion
Direct writing of metal lines is a suitable approach to interconnect prototype circuits and
to rewire defective circuits at the very backend of line. The application of these direct
written metal structures to contact devices is actually an open topic. In the presented
metallization process a metal organic compound is decomposed by a focused ion beam
(FIB) to form metal layers on several substrates. A variety of test structures allows the
application of analytical methods and to quantify electrical properties. In addition, the
detection of secondary electrons gives rise to time resolved in situ surface imaging of
deposited metal layers. A direct characterization of the layers is obtained by atomic
force microscopy (AFM).
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Scanning Electrochemical Microscopy is a powerful technique to obtain in situ in-
formation of a wide range of processes occurring at interfaces. However, one major
drawback of this technique is the lack of high spatial resolution compared with AFM
or STM, due to the interference of the currents originated by the topographical and
the electrochemical effects, respectively. Hence, a simultaneous but independent
sensing of both, the topographical and the electrochemical information with high
spatial resolution is a major issue in the field of scanning electrochemical micros-
copy (SECM). In this paper, we present a Focused Ion Beam (FIB) based technol-
ogy, which, for the first time, enables the realization of an independent, simultaneous
sensing of both the topography and the electrochemically active interface [1]. By re-
modeling an AFM-cantilever, an isolated ring-shaped electroactive metallic surface
was integrated in the probe, whereas the residual AFM-tip was applied to gain the
topographic information.

1. Introduction
Miniaturization of electrodes and electrochemical transducers by microfabrication proc-
esses is one of the fundamentals in modern electroanalytical chemistry [2]. Laterally
resolved information on a sub-micrometer scale was added to electroanalytical chemis-
try with the invention of Scanning Electrochemical Microscopy (SECM) [3], [4]. This
analytical method provides spatially resolved information on interface processes, which
can be obtained by the possibility to use all common electrochemical methods, such as
amperometry, potentiometry or cyclic voltammetry. The changes of the diffusion limited
Faraday current at the microelectrode due to hemispherical diffusion of a redox mediator
is recorded while scanning in constant height in the x,y-plane within a distance of a few
electrode radii above the sample surface. The current response as a function of the mi-
croelectrode position is mainly influenced by the morphology and the reactivity of the
investigated surface and the distance between microelectrode and sample. One major
drawback of this technique is the lack of sufficient spatial resolution compared to AFM
or STM, as long as a current dependent mode for positioning of the micro-electrode is
used. Any further progress in information quantification and qualification has to address
(i) sub-micrometer to nanometer-sized electrodes (nanoelectrodes) for improved lateral
resolution, (ii) the integration of current independent height information and (iii) the
precise knowledge of the distance between the electrode tip and the sample surface.
Consequently, the combination of SECM with other scanning probe techniques such as
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Scanning Tunneling Microscopy (STM), Atomic Force Microscopy (AFM), Scanning
Nearfield Optical Microscopy (SNOM), etc. is of particular interest in order to over-
come the current limitations and to obtain complementary surface information. Several
approaches have been reported so far to overcome the “fixed height problem in conven-
tional SECM experiments”. A constant current mode combined with a vertical tip posi-
tion modulation was already described in 1992 [5], [6]. A second approach based on
electrochemical signaling uses convective effects when the microelectrode is moved
with high speed perpendicular to the sample surface [7]. However, both methods do not
provide current independent information on the tip-to-sample distance. Though, this
approach is restricted to a few practical applications. An innovative possibility to cir-
cumvent this drawback is to integrate an electroactive area within a defined distance to
the sample surface in a conventional AFM tip. In the present paper we discuss this novel
approach applying a Focused Ion Beam (FIB) technique to produce a microelectrode
integrated in a standard AFM tip. Thus, for the first time a precisely defined and con-
stant held distance between the microelectrode and the sample surface can be obtained,
thus allowing a simultaneous independent recording of the topographic and electro-
chemical information.

2. Experimental
The formation of the SECM electrode comprises coating of the AFM cantilever with
thin conductive and insulating layers by RF sputtering respectively plasma enhanced
chemical vapor deposition (PECVD) and the modeling of the integrated ultramicroelec-
trode by FIB cutting.

Conventional silicon nitride cantilevers were initially subjected to a RF-sputter coat
forming a 5 nm chromium layer to ensure good adhesion of the subsequently deposited
metal layer. The electrode material in form of a thin gold layer (100 nm to 400 nm) was
then sputtered onto the cantilever. Finally a thin insulating and chemically inert
SiO2/Si3N4 sandwich layer was deposited (PECVD) onto the metal coated cantilever
(Fig. 1). In order to produce homogeneous, dense films without pinholes the cantilever
had to be annealed at 300 °C.

The well-defined microelectrode integrated in an AFM tip at a certain distance above
the apex of the tip was generated by a FIB pattern process as shown in Fig. 1. The elec-
trode formation includes several diametrically opposed cuttings, which are repeated sev-
eral times in order obtain the demonstrated tip geometry. A major prerequisite for a si-
multaneous electrochemical and high resolution topographical imaging is the quality
and stability of the re-modeled AFM tip. In order to ensure high resolution imaging, the
original tip is re-established by FIB. Even smaller curvatures than usual for conventional
Si3N4 tips are achieved and thereby the quality of the AFM image after the entire modi-
fication procedure could be improved. As a final step, re-deposited material was re-
moved from the electrically active part of the tip.

The electrical contact was provided by an insulated copper wire (diameter: 0.2 mm)
glued with a conducting silver epoxy resin to a small exposed area of gold layer at the
end of the cantilever mount.
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cutted segments

cutted segments

cutted segments

A Si N -cantilever modified with
a 100 nm Au-layer and insulated
with a 700 nm Si N - layer

3 4

3 4

Removing both, part of the gold
layer and parts of the original
Si N -tip, by diametrically
opposed cuttings 

3 4

Re-shaping the pillar and
adjusting the length of the
pillar, according to the size
of the electroactive area

Repeating the diametrically
opposed cuttings at the front
areas of the pyramidal tip,
after a 90° turn of the cantilever

Fig. 1: Ion beam assisted modification of the AFM-tip. Schematic view of the proc-
essing steps (left) and the corresponding FIB-images (right).

AFM imaging was performed using a Nanoscope III atomic force microscope. The
electrochemical investigations were performed in a fluid cell using an NPI VA10 poten-
tiostat. All images were obtained in contact mode operation. The electrochemical setup
was located in a Faraday cage. First results of simultaneous topographical and electro-
chemical measurement are shown in Fig. 2. A micromachined gold grating on gallium
arsenide with a periodicity of 4.2 µm and a height of 0.45 µm was used as a model sur-
face.

3. Conclusion
We present a novel technique which enables for the first time the integration of a micro-
electrode into an conventional AFM tip using an ion beam assisted approach, allowing
simultaneous mapping of topographical and laterally resolved electrochemical informa-

Integrated
electrode
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tion. This development allows to position the electroactive area in a precisely defined
and deliberately chosen distance to the very end of a scanning probe tip. Based on the
opportunity to exactly adjust the distance of the electroactive area to the sample surface
by adapting the length of the topographical probe with a micromachining technique like
FIB, an optimized and defined working distance is ensured without theoretical fitting of
current/distance approach curves. This procedure ensures high resolution topographical
imaging and a precisely defined and constant distance between the integrated electrode
and the sample surface within the working distance for electrochemical mapping. The
demonstrated design is not limited to amperometric electrodes but can be extended to
potentiometric electrodes or integrated electrochemical sensors, which are particularly
difficult to position in a defined distance above a sample surface.

0 nA

2.5 nA

5 nA

(a) (b)

Fig. 2: Imaging of a gold grating (periodicity 4,2 µm). Simultaneously recorded AFM
image (a) and corresponding SECM signal (b).
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The technology of ultrathin solid films represents a key issue in microelectronic
manufacturing. The continued shrinking of lateral dimensions has to be accompanied
by an appropriate reduction of vertical dimensions to control short channel effects.
As far as dielectric layers are concerned, silicon dioxide remains in the center of in-
terest. In this work we investigate silicon dioxide layers of a few nanometers thick-
ness grown by thermal oxidation. Electrical characterization of the oxide layers is
performed by capacitance-voltage and current-voltage measurements. Comparison of
the measured C-V curves with simulated curves shows that the simple MOS-
capacitor model used for the simulation is well applicable within the ultrathin re-
gime.

1. Introduction
The formation and characterization of ultrathin dielectric layers is of major importance
in microelectronics. Due to the continuing reduction of lateral device dimensions, scal-
ing of the vertical dimensions is required to maintain an appropriate gate control over
the channel. In the field of dielectrics silicon dioxide still is the most important material.
The gate oxide thickness of MOSFET devices is about to enter the ultrathin layer regime
by now. Therefore the electrical properties of ultrathin layers with a thickness of only a
few nanometers are of immanent technological interest. These properties are influenced
by the growth process itself and post-oxidation processing steps. In this work, ultrathin
oxides were thermally grown at intermediate temperatures. The oxidized substrates were
integrated into a metal-oxide-semiconductor (MOS) capacitor scheme. Electrical char-
acteristics of ultrathin silicon dioxide were investigated by capacitance-voltage (C-V)
and current-voltage (I-V) measurements. The measured C-V characteristics were com-
pared to curves resulting from simulation based on a simple analytical MOS model.

2. Experimental
P-type silicon (ρ = 14 Ωcm) wafers were oxidized by dry thermal oxidation in pure oxy-
gen after a thorough RCA-clean. To investigate the influence of the oxidation tempera-
ture, oxidations were carried out at temperatures from 700 to 800 °C. Oxidation times
were adjusted to yield the same oxide thickness (2.8 nm) in each experiment. The oxi-
dized substrates were covered with aluminum by thermal evaporation and patterned us-
ing optical lithography and wet etching to form gate electrodes with an area of 1.2x10-4

cm2. Al was sputtered for good backside contacts. The samples were subjected to a pre-
metallization anneal at the temperature of the previous oxidation process in an inert at-
mosphere (N2). The patterned samples were annealed in forming gas (post-metallization
anneal) at 400 °C. Annealing times were varied from zero to a maximum of 30 minutes.
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A HP 4156B semiconductor parameter analyzer and a HP 4284A LCR meter were used
for electrical testing. Oxide thickness was determined from C-V curves at strong accu-
mulation region without any correction and showed good agreement with ellipsometric
thickness evaluation.

3. Simulation
In order to simulate the C-V characteristics of a MOS capacitor, the device is modeled
as a series connection of a constant capacitance caused by the insulator (COx) and the
variable capacitance of the semiconductor depletion layer (CD) [1]. CD is accessible
from (1):
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Knowing the values of CD and COx the overall capacitance and the voltage between gate
and bulk is easily computed in dependence of the surface potential ψS. The exact posi-
tion of the calculated curve along the voltage axis is determined from the difference in
the work function of the gate metal and the silicon substrate. Since the areas of the
stacked capacitors are relatively large, rim induced effects may be neglected in the
simulation of the C-V characteristics.

4. Results and Discussion
The variation of the oxidation temperature shows that the C-V characteristic of the gate
oxide is drastically improved if the oxidation temperature is increased. Fig. 1 shows the
C-V curves of oxide layers grown at 700°C and 800°C respectively. Apart from this
both samples underwent the same procedures including pre- and post-metallization an-
neal. The higher oxidation temperature leads to a well-behaved C-V curve with striking
correspondence to the simulated characteristic (dashed line) thereby suggesting that the
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simulated curve is valid as a measure of oxide quality. The oxide grown at 700°C on the
other hand displays several imperfections like a shifted position along the voltage axis
and a nearly constant capacitance from weak to strong accumulation which can be inter-
preted as a consequence of insulator leakage [2]. The shift of the curve from the ideal
position, however, is due to a fixed charge (Nf) of  about 1.1012 cm-2 in the oxide layer.
This charge is obviously nearly totally absent when the oxidation is carried out at the
higher temperature. Also the post-oxidation annealing procedures were found to be of
major influence on the device behavior (Fig. 2).
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Fig. 1: Typical C-V characteristics showing the effect of different oxidation tempera-
tures.

Without any further temperature treatment after the oxidation, the C-V plot displays a
relatively large amount of fixed charge as well as a high density of interface traps which
cause the typical stretch-out of the plot (squares). These defects are reduced by a pre-
metallization anneal of 30 minutes (circles). Further improvement of the curve to almost
the ideal shape of the simulation is achieved by a post-metallization anneal of 10 min-
utes. Longer heating times are of no desired effect since they in some cases lead to
strongly increased gate leakage likely due to metal diffusion through the oxide. Fig. 3
displays a typical current-voltage plot recorded using a sample grown at 800 °C and
annealed before and after metallization. The measured current densities are well within
the expected range. The much smaller gate currents at positive voltage are due to for-
mation of the depletion layer.
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Fig. 2: The effect of annealing processes on C-V characteristics.
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Fig.  3: I-V curve measured on a fully annealed sample grown at 800°C.



Ultrathin Silicon Dioxide: Growth and Characterization 41

5. Conclusion
Ultrathin silicon dioxide films were thermally grown on p-type silicon at intermediate
temperatures ranging from 700 °C to 800 °C and subjected to different pre- and post-
metallization annealing steps. Electrical characterizations were performed by capaci-
tance-voltage and current-voltage measurements and compared with simulated curves
based on a simple MOS-capacitor model. Excellent agreement of simulation and meas-
urements proved high predictability of electrical behavior and demonstrated applicabil-
ity to the ultrathin regime. Thus these films are well suited for and have already facili-
tated pioneering work in demanding applications like scanning capacitance microscopy
(SCM) [3].
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Coherent Terahertz Emission from Optically
Pumped Parabolic Quantum Wells
R. Bratschitsch, T. Müller, G. Strasser, and K. Unterrainer
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Floragasse 7, 1040 Wien, Austria

We report on few-cycle terahertz (THz) emission from modulation-doped parabolic
quantum wells. The quantum wells are optically excited by near-infrared femtosec-
ond laser pulses. The observed THz emission corresponds to the intersubband plas-
mon of the parabolic quantum well. The emission frequency is independent of the
number of optically generated carriers. We identify the excitation mechanism of the
intersubband plasmon and hence THz emission to be ultrafast field screening. This
mechanism allows for an optically driven THz emission from a completely symmet-
ric nanostructure, in contrast to quantum beats which require a broken symmetry for
their excitation.

1. Introduction
Recently, Sekine et al. [1] reported on the optically pumped emission of THz radiation
from grating-coupled intrasubband plasmons in a doped single quantum well. We pres-
ent experiments which show that modulation doped parabolic quantum wells (PQWs)
emit coherent THz radiation corresponding to the intersubband plasmon when excited
by near infrared femtosecond laser pulses.

2. Experimental
The samples used in the experiments are modulation doped GaAs/AlGaAs PQWs, with
widths in the range of 1200 – 2000 Å and carrier sheet densities of 1.7x1011 –
5x1011 cm-2. We perform THz autocorrelation (AC) measurements where two tempo-
rarily delayed visible femtosecond laser pulses hit the sample. The emitted THz radia-
tion is collected by parabolic mirrors and detected by a bolometer. The Fourier trans-
form of the recorded AC signal then gives the spectrum of the coherent radiation emit-
ted by the source. The samples are mounted in a continuous flow cryostat to cool them
to approximately 5 K, and the whole setup is purged with nitrogen gas to avoid absorp-
tion of the THz radiation by water vapor.

Figure 1 shows an AC trace of a modulation doped PQW (W=1400 Å, n2D =
5x1011 cm-2) excited by 780 nm (τFWHM = 80 fs) laser pulses. The density of the optically
generated carriers is kept well below the carrier density inside the PQW due to the
modulation doping.

The spectrum of the emitted THz radiation (inset of Fig. 1) consists of two components,
a broad one around 0.8 THz and a narrow one (FWHM: 0.3 THz) with a center fre-
quency of 2.55 THz. These two emission peaks can be observed within a wide range of
excitation wavelengths (815 – 760 nm).
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Fig. 1: THz autocorrelation signal of the 1400 Å PQW excited by 780 nm laser pulses
(T = 5 K). Inset: Fourier transform of the recorded AC.

While the broadband component varies in frequency, the emission at 2.55 THz doesn’t
change. The low frequency broadband component is found with all the different PQW
samples and shows roughly the same frequency dependence, i.e. it is independent of the
PQW sample structure. The origin of the broadband component is due to THz genera-
tion at the surface of the sample [2].

The narrowband emission results from the oscillation of the carriers inside the PQW [3].
FTIR absorption and THz-Time Domain Spectroscopy measurements [4] show nearly
the same resonance frequency of 2.2 THz which is the characteristic frequency of the
intersubband plasmon of this PQW. The width of the THz emission line is as narrow as
0.2 THz for the 2000 Å PQW sample.

The excitation mechanism for the intersubband plasmon is due to screening of the sur-
face depletion field by the electron-hole pairs injected by the ultrafast laser pulse [5]. In
this way the electrons inside the quantum well experience a kick and begin to oscillate
with their eigenfrequency (Fig. 2).

This is supported by the fact that the oscillation can be excited over a large wavelength
range of the femtosecond pulses (815 – 760 nm). This large range implies that the exci-
tation mechanism is clearly a non-resonant phenomenon, in contrast to THz quantum
beat experiments. The difference between the two excitation mechanisms — quantum
beats and ultrafast field screening — is also discernible when we perform THz emission
experiments on an undoped PQW of the same width (L = 1400 Å). In this case no THz
emission associated with the PQW can be observed, i.e. no quantum beats can be ex-
cited.
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Fig. 2: Schematic drawing of the excitation mechanism: An oscillation of the carriers in
the parabolic potential is initiated by ultrafast field screening.

3. Conclusion
We have demonstrated optically driven THz emission from intersubband plasmons in
modulation-doped parabolic quantum wells. The excitation mechanism is due to
screening of the surface depletion field by electron-hole pairs injected by an ultrafast
laser pulse. Due to this non-resonant excitation mechanism, a completely symmetric
nanostructure can emit optically driven THz radiation. THz emission due to quantum
beats can be excluded since we observe no THz radiation from an identical but undoped
PQW. The combination of the designability of the transition frequency, the narrowband
emission, and the absence of any processing of the sample make modulation-doped
PQWs attractive and easy-to-use THz emitters.
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Band Structure Engineering for Terahertz
Quantum Cascade Lasers
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We have investigated intra- and interwell transition schemes in magnetotransport and
intersubband electroluminescence experiments regarding their potential as a central
part of a terahertz quantum cascade laser. The conductivity of the interwell structure
is smaller, indicating a reduced nonradiative scattering rate compared to the intrawell
structure. The interwell transition exhibits a Stark shift, as expected. The intrawell
transition shows a smaller shift which agrees with band structure calculations.

1. Introduction
The need of compact sources of coherent radiation in the frequency regime between 1
and 10 THz has stimulated the development of a terahertz (or far-infrared) quantum
cascade (QC) laser [1] – [3]. A simple scaling of successful band structure concepts of
mid-infrared QC-lasers [4] is impracticable because resonant emission of longitudinal
optical (LO) phonons (in GaAs at 8.7 THz, 36 meV) cannot be utilized likewise, and
fast non-radiative intersubband relaxation counteracts population inversion [1]. The
relaxation rate decreases as initial and final subband of the laser transition are spatially
separated by a barrier. Two band structure schemes (emission around 18 meV, 4.4 THz)
have been compared, one based on an intrawell transition between the second and the
first subband of one quantum well, the other based on an interwell transition between
the first subbands of two adjacent quantum wells separated by a barrier [5].

2. Experimental
The samples consist of 50 periods of a 3-well system with GaAs wells and
Al0.15Ga0.85As barriers grown on n+-doped GaAs substrates employing molecular beam
epitaxy. The central well of each period is lightly n-doped (1x1016 cm-3). On top of the
layer system is a 100 nm thick n+-doped GaAs contact layer. Calculated conduction
band profiles of the two samples are shown in Fig. 1. The structures were designed for
emission between the subbands denominated as |i> (initial) and |f> (final). The narrower
quantum wells serve as an energy filter to extract electrons from |f> and inject them into
the subband |i’> of the adjacent period. We processed emission samples as 4 (intrawell)
or 32 (interwell) parallel ridge mesas, each of the dimensions 25 µm x 1000 µm, with
25 µm distance between them. These ridges are connected on both ends with two per-
pendicular mesas of 175 µm x 80 µm (intrawell) or 1575 µm x 80 µm (interwell), which
serve as bond pads. The total surface of the mesas is 0.112 mm2 (intrawell) or
0.924 mm2 (interwell). The mesas were shaped by 4.3 µm deep reactive ion etching
through the whole layer system into the substrate. Ohmic AuGe contacts were then pro-
duced on top of the mesa structure and on the backside of the substrate.
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The magnetotransport- and electroluminescence measurements were performed in the
same set-up [2]. The spectral response of an InSb cyclotron resonance photodetector
was tuned in the magnetic field B of a superconducting magnet from 8.7 meV (B = 1 T)
up to 26 meV (B = 3.4 T). The detector and the sample were located in a closed
waveguide immersed in liquid He. A second magnet controlled the magnetic field ori-
ented perpendicular to the epitaxial layers at the position of the sample. In all measure-
ments we applied 22 µs long voltage pulses at 23 kHz repetition rate between the top
and the back contact.
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Fig. 1: Band structure calculation for 2½ periods of (a) the intrawell and (b) the inter-
well structure at an electric bias of 3.6 kV/cm. The moduli squared of the enve-
lope wavefunctions of the involved subbands (thick lines) and of higher sub-
bands (thin lines) are plotted at their energies. The radiative |i>-|f>-transitions
are marked with arrows. The well- and barrier (underlined) widths in nm are: (a)
25.0 / 2.7 / 16.0 / 2.5 / 12.4 / 2.8 and (b) 18.5 / 4.0 / 13.5 / 3.3 / 11.4 / 4.0.

The conductivity of the two samples is remarkably different, for example, the current
densities at a bias of 5 kV/cm are 419 A/cm2 in the intrawell sample and 31 A/cm2 in
the interwell sample. This is a direct consequence of the different spatial overlaps be-
tween the |i> and |f> subbands. We conclude that the |i> – |f>-transition rate governs the
transport through the whole structure. In a magnetic field the current is quenched in an
oscillatory manner as depicted in Fig. 2(a). The quenching originates from a suppression
of intersubband scattering caused by Landau quantization of the in-plane electron mo-
tion. The maxima in the current resemble magneto-intersubband resonances [6]. The
knowledge of the resonance positions allows a determination of the subband energy dif-
ference. Identifying the current maxima with a change of Landau index of M = 2, 3, 4, 5
and using the GaAs effective mass m* = 0.0667 me, we derived the transition energies
plotted in Fig. 2(c) versus the electric field. The data should be compared with the center
frequency of the electroluminescence peak (solid circles). Some original spectra are
given in Fig. 2(b). For a pure intrawell transition no first order Stark shift is expected
since the centers of charge of |i> and |f> are at the same position. In the high bias region
(F > 6 kV/cm) the energy of the transition is fairly field-independent (left panel of
Fig. 2), whereas at low biases it changes from 17 meV (at 2 kV/cm) to 20 meV (at 6
kV/cm). The transition energy was calculated (Fig. 2(c), line) solving Poisson’s and
Schödinger’s equations. Apart from an offset of 1.8 meV the experimental data are well
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described by the calculation. The energy of the interwell transition (right panel of Fig. 2)
suffers a clear Stark shift, visible in the magnetotransport as well as in the electrolumi-
nescence data. The linewidth is on the average 0.4 meV broader than that of the in-
trawell transition. This is consistent with the argument of alloy scattering in the barrier.
The slope of the measured Stark shift is somewhat smaller than the one predicted by the
calculation under the assumption of a homogeneous electric field.
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Fig. 2: (a) Current density versus magnetic field for various values of the electric field
given in kV/cm. The dashed lines mark the magneto-intersubband resonances.
(b) Electroluminescence spectra at electric fields as indicated in kV/cm. The
spectra are plotted with arbitrary offsets. (c) Transition energy versus electric
field extracted from the positions of the magneto-intersubband resonances for M
= 2 (open squares), 3 (open triangles), 4 (+) and 5 (x); photon energy from the
electroluminescence spectra (solid circles); and transition energy Ei – Ef from
Poisson-Schrödinger caculations (line).
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3. Conclusion
Our comparison of an intrawell and an interwell quantum cascade structure yields: The
interwell sample exhibits a Stark shift. This transition scheme could therefore form the
basis of an electrically tunable source. The energy of the intrawell transition is also blue
shifted in an electric field as the mixing of the transition subbands with those of the in-
jectors is reduced. The lower current density of the interwell sample at an emission in-
tensity, comparable to that of the intrawell sample, demonstrate the reduction of non-
radiative scattering by spatial separation of the |i> and |f> subbands. A low scattering
rate is an essential condition for population inversion and hence for lasing.
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It is demonstrated that a standard concept for optics, anti-reflection coatings, can be
transferred to ballistic electron transport in semiconductor superlattices. This con-
stitutes a further manifestation of the electronic wave nature in nanoscale devices.
We demonstrated the counter-intuitive effect that the transmission through a super-
lattice is increased by a factor of 2.4 if two further barriers are added at both sides of
the structure. Additionally we designed a new injector for ballistic electrons which
increases the energy resolution of ballistic electron spectroscopy to approx. 10 meV
for further studies.

1. Introduction
Ballistic electron spectroscopy is a suitable method to investigate both semiconductor
bulk and heterostructure material properties. In Fig. 1 the scheme of a typical applica-
tion, the spectroscopy of superlattice minibands [1], is shown.

Fig. 1: Schematic bandstructure of a three-terminal device for ballistic electron spec-
troscopy.

By applying a DC voltage between the emitter and the base contact of a three-terminal
device (3TD) hot electrons with a tunable energy are injected through a tunnel barrier
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into a first drift region. This drift region serves the purpose to reduce quantum-
confinement effects originating from the well formed by the injector barrier and the su-
perlattice structure. After traversing the drift region the hot electrons hit the superlattice.
In a third contact the electrons which have been transmitted through the superlattice 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 superlattice transmission is obtained. The meas-
ured transfer ratio α(VBE) corresponds to the transmission function T(E) but peaks of
T(E) get broadened due to the injected electron distribution, thus limiting the energy
resolution of the spectrum.

2. Quantum Mechanical Anti-Reflection Coating

2.1 Theory
A quantum mechanical anti-reflection coating (ARC) for a superlattice (SL) consists in
the simplest case of two additional barriers, one in front and one after the superlattice
separated from the superlattice by a quantum well. In order to increase the transmission
through the superlattice minibands these additional barriers have to be thinner than the
barriers forming the superlattice. Using the transfer-matrix method in envelope function
approximation including non-parabolicity we studied the transmission through a
GaAs/Al0.3Ga0.7As-superlattice with five periods (barrier width 25 Å, well width 65 Å)
while varying the width of the additional barrier and the distance to the superlattice. As
a measure for the transmission we integrate the transmission T(E) over the width of the
first superlattice miniband: T1=∫T(E)dE. For the case where the well width between the
superlattice and the ARC equals one superlattice well width (65 Å) the maximum of the
transmission T1 is achieved when the barrier width equals half the width of the barriers
constituting the superlattice (12.5 Å). From the calculations of T(E) for both samples
shown in Fig. 2, a very strong enhancement of the integrated transmission for the first
miniband (by a factor of 3.1) and a significant enhancement for the second miniband
(+79 %) due to the additional barriers can be seen.

Fig. 2: Calculated transmission T(E) through a superlattice with (dotted line) and with-
out (full line) anti-reflection coating. (a) first miniband, (b) second miniband.
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2.2 Experiment
In Fig. 3 the measured transfer ratio α at T = 4.2 K as a function of the applied base-
emitter voltage VBE, which specifies the injection energy, is plotted for both structures.
In both samples the first peak from the left corresponds to ballistic transport through the
first miniband whereas the following peak originates from electrons that have emitted
one LO phonon in the drift region in front of the superlattice structure. From the shape
of the first peak we deduce that the miniband width and position are not influenced by
the anti-reflection coating as is predicted by our calculations. From the peak values an
increase of the transfer ratio by a factor of 2.4 is found. This agrees quite well with the
average increase of 3.1 estimated from the envelope function calculation, thus showing
the validity of the concept of anti-reflection coating for superlattice transport. For the
second miniband we measured an increase in the transmission by a factor of 1.35 as can
be seen in Fig. 3(b).

Fig. 3: Measured transfer ratios vs. bias voltage for superlattices with and without anti-
reflection coating.

By applying a positive or negative voltage to the collector, the influence of an electric
field on the electron transport has been studied. Fig. 3(c) and (d), show the transmission
of both samples at collector bias voltages of +70 mV (dotted line), 0 mV (full line), and
–70 mV (dashed line), respectively. The absolute value of the transmission of the first
miniband (∆1 = 20 meV) does not depend on the direction of the applied electric field
since the transmission time is much shorter than the dominant interface roughness scat-
tering time (τI ≈ 1 ps). This situation is different for the second miniband. Since the
miniband width (∆2 = 65 meV) exceeds the energy of an LO phonon (!ωLO = 36 meV),
LO phonon scattering becomes the dominant scattering mechanism. For a positively
biased superlattice LO phonon enhanced transport leads to an additional current in for-
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ward direction. This is the reason for the asymmetric transmission in the second mini-
band with respect to the applied electric field (peak maximum in the positive bias case is
larger than in the negative bias case) as can be seen in Fig. 3 (c) and (d). This effect can
be observed in both samples, but is weaker in the sample with anti-reflection coating,
although the superlattice is about 33% longer. The LO phonon scattering inside the sec-
ond miniband leads to a phase loss of the electrons and is therefore the reason why the
effect of the anti-reflection coating is reduced for the second miniband.

3. Injector Improvements
The aim of this work is to reduce the width of the ballistic electron distribution by opti-
mizing the layer structure of the electron injector. This was achieved by a special doping
profile in the injector. To measure the energetic width of the ballistic electron beam, a
three terminal device was designed using a special triple barrier RTD as a narrow energy
filter between base and collector. It consists of three Al0.3Ga0.7As barriers and two GaAs
wells. To get a transmission of the analyzer that forms a sharp energy filter with a
FWHM of 1 meV at 100 meV we choose both well widths to be 4.2 nm and the center
barrier (8 nm) twice as thick as the neighboring barriers (4 nm). The complete conduc-
tion band structure of the three terminal device is shown in the left part of Fig. 4.
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Fig. 4: Schematic bandstructure and transfer ratio for a three-terminal device with
optimized injector and analyzer.

The transfer ratio vs. emitter bias is shown in the right part of Fig. 4. Due to the nearly
δ-shaped transmission T(E) of the analyzer the first peak of the transfer ratio reflects
almost directly the energy distribution of the ballistic electrons. The following peaks in
the transfer ratio are due to electrons which are scattered by LO-phonons while travers-
ing the drift region and which have lost 36 meV during the scattering processes. After
deconvoluting [2] (thus removing the LO phonon replica) the transfer ratio and esti-
mating the broadening due to the analyzer (≈3 meV) we get a full width at half maxi-
mum (FWHM) of the injected electrons of 10 meV.

4. Conclusion
In conclusion, we have demonstrated that the optical concept of anti-reflection coatings
is of relevance for electron transport in semiconductor superlattices as well. We have
shown that an increase of the transmission by a factor of 2.4 is possible by adding addi-
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tional barriers of suitable width on both sides of the structure. These concepts will allow
for a better design of various devices such as the quantum cascade lasers [3], where the
introduction of such anti-reflection coatings may increase the transmission through the
injectors significantly. We developed an injector with an ballistic electron distribution
with a FWHM of 10 meV to increase the energy resolution for further experiments.
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In this work, we introduce a metal-insulator-metal (MIM) injector structure as a
solid-state version of ballistic electron emission spectroscopy (BEES) and utilize this
structure for the investigation of the lowest miniband of a biased GaAs-AlGaAs su-
perlattice in a transverse magnetic field. The ballistic electron current measured as a
function of the collector bias shows a peak at flatband condition indicating coherent
transport through the superlattice miniband. With increasing transverse magnetic
field, the coherent transport decreases, i.e. the peak is quenched. Using an extended
transfer matrix method, the observed effects are explained quantitatively.

1. Introduction
Ballistic electron emission spectroscopy (BEES) is a method to probe metal-semicon-
ductor interfaces as well as the band structure of semiconductor heterostructures. In the
form of a three-terminal extension of scanning tunneling microscopy (STM) [1], [2],
BEES was initially used to determine Schottky barrier heights [3] – [6]. Later BEES was
also applied to study subsurface structures, such as buried GaAs-AlGaAs double barrier
resonant tunneling diodes [7], superlattices [8], [9], and self-assembled InAs quantum
dots [10], [11]. The main advantage of STM-based BEES is an excellent spatial resolu-
tion, which can also be used for imaging nanostructures with ballistic electrons
(BEEM). However, in some experimental environments, e.g. high transverse magnetic
fields or temperatures in the mK range, conventional STM equipment is difficult to use.
To avoid these obstacles one can replace the STM tip by a solid-state injector which is
directly integrated on the sample under investigation. As spatial resolution is usually not
required for purely spectroscopic applications, device based BEES is a useful supple-
ment to STM-based BEES. In the literature there are several reports on devices for
BEES, such as hot electron transistors on the basis of GaAs–AlGaAs heterostruc-
tures [12] or the injector structures introduced by Rauch et al. [13]. Yet one has to keep
in mind that all these experiments were carried out on highly specialized molecular
beam epitaxy (MBE) grown structures and, in addition, required an advanced sample
processing. Therefore, we were looking for a versatile, robust and easy-to-produce solid-
state emitter for ballistic electrons. A very promising candidate is a metal-insulator-
metal (MIM) injector based on Al–Al2O3–Al, which can be used on virtually any sub-
strate material, provided the quality of the Schottky contact between the aluminum base
layer and the semiconductor is good enough. The first MIM injector for ballistic elec-
trons was realized on bulk germanium by Spratt et al. [14], whose device proved to be
suitable for operation as a hot electron transistor. First tests of our MIM injector [15]
were carried out on various heterostructures, which we had previously investigated with
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STM-based BEES. After proving that this type of injector is a suitable tool for BEES,
we applied it to a sample with a superlattice and investigated its behavior in a transverse
magnetic field.

2. Sample Preparation and Experimental Setup
To test our new emitter concept we compared two different types of MBE-grown GaAs–
AlGaAs samples. The first consisted of GaAs only, while the other one had a single,
10 nm thick AlGaAs barrier 30 nm below the surface. All samples (also the super-
lattices) were grown with a very thin region of highly p-doped GaAs ("δ-doping") in the
otherwise nominally undoped GaAs to provide a "flatband" condition at the surface. The
pattern of our  injector structure was defined by optical lithography and is shown in
Fig. 1(a). To process the MBE grown samples, first ohmic contacts to the n+ collector
region were established using a standard Ge–Au–Ni–Au metallization. Prior to the
evaporation of the Al base layer, the native surface oxide was removed by dipping the
samples in a 1:1 solution of HCl (35%) and de-ionized water. Then a 150 Å thick Al
layer was evaporated onto the sample, which serves both as a base electrode and for the
growth of the Al2O3 tunneling barrier. The base metallization was oxidized at ambient
conditions (cleanroom environment) for 30 min at 50 °C to form a protective layer on
the Al base layer for the subsequent lithography step. To fabricate the tunneling barrier,
a second oxidation step of 3 min duration at 100 °C was carried out after the lithography
for the emitter pattern. As a last step, a 600 Å thick Al emitter electrode was sputtered
on top of the sample. For the measurements the samples were cooled down to T = 4.2 K
and, in case of the superlattices, exposed to transverse magnetic fields of up to 8 T (see
Fig. 1(b)). In the following, VE denotes the voltage between emitter and base, It the cor-
responding tunneling current, and Ic the collector current. Vc, the bias voltage between
base and collector, causes a tilt in the conduction band profile.

(a) (b)

Fig. 1: (a) Sample layout. (b) Schematic conduction band profile of our device applied
to a sample with a superlattice. Below the AlGaAs barrier height only ballistic
electrons with the proper energy to pass through the miniband (indicated by the
gray area in the superlattice) contribute to the collector current Ic.
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3. Experimental Results
For all samples the BEE spectra (α = Ic/It vs. VE) show that the transfer ratio α is negli-
gible up to a certain threshold in VE and increases rapidly after this onset. The measured
onset voltages agree very well with the values expected from the band profile parame-
ters. For Vc = 0 V we obtain Vonset = –0.803 V for the sample without any barrier and
Vonset = –1.113 V for the sample with one AlGaAs barrier [15]. The measured height of
the AlGaAs barrier (i.e. the difference of the two onset voltages) is thus 310 meV, in
good agreement with the results obtained by STM-based BEES on the same samples.
The onset voltages and the shape of the BEE spectra were reproduced on several sam-
ples and also agree excellently with the calculated results. On the other hand the total
amount of the ballistic current shows large deviations when measured on different sam-
ples. This seems to originate from variations of the quality of the Al2O3 barrier.

(a) (b)

Fig. 2: (a) Measured transfer ratios vs. Vc for VE = –1.06 V. The curves are measured at
various B-fields from B = 0 T to 8 T in steps of 1 T (from left to right). At B =
0 T a peak at flatband condition is observed, which is quenched with increasing
field. The inset shows the data for B = 0 T after background subtraction.
(b) Classical trajectories of electrons in a transverse magnetic field. Curve 1
shows a path without any B-field, the other trajectories are influenced by a B-
field parallel to the x-axis. ky, kz denote the initial values of the momentum
components. Curves 2 and 2b have identical initial momenta, but for 2b the B-
field is higher.

Applying a positive voltage to the collector of the sample with the single barrier shifts
the onset to smaller absolute values in VE, just as expected from the band profile:
Vc > 0 V means a lowering of the collector Fermi level which leads to a tilt of the band
profile and therefore reduces the effective height of the AlGaAs barrier. The measured
decrease in Vonset agrees very well with results from self-consistent calculations [15].
We also tested the behavior of the superlattice samples under bias before putting them
into the magnetic field. These tests revealed that at zero bias the band structure of the
superlattice is in fact slightly tilted, and an external collector voltage of Vc ≈ 500 mV is
needed to provide genuine flatband condition. This can also be seen directly in the
measurement of the transfer ratio α in dependence of Vc for a constant emitter voltage
(in the miniband regime, e.g. VE = –1.06 V). After subtraction of a roughly exponential
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background these curves exhibit a peak at flatband condition (see inset of Fig. 2(a)),
indicating the transport through the miniband (the structure was designed in such a way
that only one miniband exists below the AlGaAs barrier height). For flatband condition
the onset voltage in the BEE spectra for this type of sample corresponds very well with
the calculated lower edge of the miniband. A detailed description of the BEE spectra as
well as a comparison with STM based BEES data can be found in [16].

The next step was to investigate the influence of the transverse magnetic field on the
ballistic current. As one can already clearly see from the raw data in Fig. 2(a), the peak
height in α(Vc) decreases with increasing magnetic field. This can already be explained
by using the simple classical model of a charged particle in a transverse magnetic field
(see Fig. 2(b)). The Lorentz force couples the ky (parallel to the interface) and kz (or-
thogonal to the interface) components of the electron momentum, whereas kx, the com-
ponent parallel to the B-field, stays unaffected. Due to the B-field, an electron can there-
fore lose kz and gain ky (and vice versa). Whether an electron is able to go through the
superlattice or not depends on its kinetic energy associated with kz, i.e. Ez. Electrons
with an initial value of ky > 0 can gain Ez via this mechanism, while all other electrons
will always lose Ez. This diminishes the number of electrons with the right energy to
pass the superlattice and leads to the observed change in the transmission.

(a) (b)

Fig. 3: (a) Transmission coefficient of the superlattice for several parameter sets.
1: B = 0 T, Ey = 0 meV; 2: B = 3 T, Ey = 0 meV; 3: B = 3 T, Ey = 60 meV;
4: B = 8.2 T, Ey  = 210 meV. The dashed line indicates the position of the Fermi
energy in the emitter for VE = –1.06 V.
(b) α(Vc) peak amplitude vs. B-field. The solid line is just a guide for the eye.
Curves 1–5 correspond to VE = –1.04, –1.05, –1.06, –1.07, and –1.08 V respec-
tively. The phonon associated features are marked by arrows.

In the quantum mechanic treatment the B field results in an additional term in the
Schrödinger equation, which can be treated as a magnetic field induced potential. With
this, the transmission can be calculated using conventional transfer matrix methods [16].
Fig. 3(a) shows the transmission coefficient of our superlattice structure at flatband con-
dition as a function of Ez, calculated for different magnetic fields and different initial
values of ky. Curve 1 was calculated for B = 0 T and ky = 0. As one can see, the mini-
band is located between 0.96 and 1.07 eV. If B is increased the transmissive regime for
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electrons with ky = 0 is shifted to higher energy and becomes smaller (curve 2). How-
ever, in our experiment also electrons with positive and negative initial ky values are
injected. Electrons with ky < 0 will be reflected back already at small B fields. On the
other hand, electrons with positive ky will gain Ez, which means that the transmissive
range is shifted to lower values of Ez (curve 3). Despite this fact, more and more elec-
trons are reflected back. Thus, the coherent current decreases, as it is observed experi-
mentally. Curve 4 shows the situation for B = 8.2 T, Ey = 210 meV, and Ez = Vb, where
Vb is the Schottky barrier height. Note that this is the highest possible Ey for VE =
-1.06 eV. For this case only a narrow transmission range exists just above Vb. If B is
increased further (B > 8.5 T), the transmission is inhibited for all electrons below e.Ve =
1.06 eV.

Plotting the peak height in α(Vc) (after background subtraction, see inset in Fig. 2(a))
vs. B, we observe a decrease for all emitter voltages (see Fig. 3(b)). This decrease is not
completely linear, but exhibits one or two kinks, which can be interpreted as a result of
sequential LO-phonon emission inside the superlattice. Simple classical estimations
show that without magnetic field, the electron transfer time through our superlattice
structure (≈100 fs) is just somewhat smaller than the LO-phonon emission time
(≈150 fs). In a transverse magnetic field, the transfer time increases, since the average z
component of the electron velocity decreases. If the LO-phonon scattering time is ex-
ceeded, scattering will occur and the scattered electrons will no longer contribute to the
coherent current. Thus, the peak amplitude decreases faster than normal. If B is in-
creased further, a second scattering can occur, provided the electron energy is still high
enough. The miniband is about 100 meV broad, therefore in principle allowing the
emission of 3 phonons. At VE = –1.08 V, where the Fermi energy in the emitter is ap-
proximately aligned with the top of the miniband, we see two kinks in the data, while
for the other curves the second kink is not observable. The second peak at low emitter
bias does probably not occur because at high B-field and low injection energy most of
the electrons are already below the LO-phonon energy after the first scattering. The third
peak is probably missing even at higher energies, since at 8 T the transfer time might
still be too small for three sequential phonon emissions.

4. Conclusion
We have developed a MIM injector structure for BEES and used it to investigate the
ballistic transport through a superlattice in a transverse magnetic field. We explained the
observed behavior quantitatively with an extended transfer matrix method. Furthermore,
indications for sequential LO-phonon scattering inside the superlattice, facilitated by the
magnetic field via increased transfer times, can be observed.
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We report on quantum cascade lasers in the AlGaAs material system grown on
GaAs. The emission wavelength is in the range of λ ~ 9.5 - 13 µm. Both, first and
second order distributed feedback laser have been fabricated. A metallized surface-
relief grating is used for feedback to achieve single-mode emission. The emission
wavelength is continuously tunable with the heat sink temperature. The second order
distributed feedback lasers are efficient surface emitters with low beam divergence.
Further, continuous wave operation at cryogenic temperatures has been achieved for
a chirped superlattice active region.

1. Introduction
A quantum cascade laser (QCL) is a semiconductor laser involving only one type of
carrier and which is based on two fundamental phenomena of quantum mechanics,
namely, tunneling and quantum confinement. In conventional semiconductor diode la-
sers (as used, e.g., in compact disk players), the light originates from the recombination
of electrons and holes, and the emission wavelength is determined by the bandgap.
However, in QCLs the light generation is based on intersubband transitions within the
conduction band (or valence band). So far, QCLs are demonstrated only in two material
systems, the InGaAs/InAlAs material system grown on InP [1] and the AlGaAs/GaAs
grown on GaAs [2]. Spontaneous emission from quantum cascade structures has been
achieved in some other materials [3], [4]. Recently, room temperature operation of Al-
GaAs based QCL [5] has been demonstrated for Fabry Perot lasers, which is an impor-
tant step towards commercial applications. Up to this, room temperature operation was a
privilege for QCL grown on InP. Continuous wave operation of QCL is so far restricted
to low temperatures [6], also for QCL grown on InP [7] – [9]. However, for absorption
measurements like gas sensing, single mode lasers are favored. Therefore, distributed
feedback (DFB) QCL [10] – [13] have been realized soon after the invention of QCLs.
Some demonstration of infrared spectroscopy of gases [14] – [16] (single- or multiple
pass absorption), liquids [17] or photoacoustic spectroscopy [18] show the potential for
commercial applications. In this letter, we report on distributed feedback quantum cas-
cade lasers in the AlGaAs material system grown on GaAs.

2. Experimental
The energy band diagram (conduction band) of a typical QCL is shown in Fig. 1. The
electrons are injected into the upper laser level 3 by an electron funnel (injector). Inver-
sion is achieved by fast depopulation of level 2 by LO-phonon emission (lifetime
~0.3 ps). Therefore the energy spacing of level 2 and level 1 is designed close to the LO-
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phonon energy of GaAs (36 meV). The lifetime of the upper laser level is in the range of
2 ps, allowing fast direct modulation.
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Fig. 1: Left: Energy band structure and moduli square of the most relevant wave func-
tions of a QCL. The laser transition is the transition 3–2, and the energy separa-
tion of the level 2 and 1 is close to the LO-phonon energy. Right: Transmission
electron microscope picture of a MBE grown QCL.

We have used Al0.33Ga0.67As or AlAs as barrier material and GaAs or In0.04Ga0.96As as
well material for our lasers. The active cell is formed by three quantum wells or by a
chirped superlattice. The superlattice is chirped in order to get flat minibands for the
design field. The conduction band discontinuity and the energy of the upper laser level
determines the leakage current into the continuum, which restricted the very first
Al0.33Ga0.67As/GaAs based QCL to low operation temperatures as the upper laser level
is close to the barrier energy (Fig. 1). In the first structures we used Al0.33Ga0.67As as
barrier material, where the X-valley is higher in energy than the Γ-valley in order to get
rid of multi valley effects as the crossover from a direct to an indirect semiconductor
occurs for AlxGa1-xAs at x~0.45. We have also investigated InGaAs as well material,
which increased the band offset in respect to Al0.33Ga0.67As [19]. The lattice mismatch
of InxGa1-xAs grown on GaAs allowed only low In contents. Then we used AlAs as bar-
rier material, where the overall Al concentration is small and the AlAs layers are very
thin (down to 2 monolayers) so that the electrons remain around the Γ-valley. In this
case, the lowest energy levels for the X-valleys (GaAs and AlAs) are higher than for the
Γ-valley. An AlAs/GaAs chirped superlattice laser material showed the first time con-
tinuous wave operation for GaAs based QCL.

Our laser material is grown by solid source molecular beam epitaxy on n-doped GaAs
(100). A double plasmon enhanced waveguide is used for all lasers. 30 to 40 periods of
active cell/injector are cascaded and embedded into low doped GaAs (Si, 4x1016 cm-3,
d ~ 3.5 µm) layers, forming the low loss waveguide core. The cladding layers are
formed by highly doped GaAs (Si, 4x1018 cm-3, d ~ 1.0 µm).
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Fig. 2: Left: Schematic cross section of the grating region and the ridge waveguide, and
a SEM picture of a fabricated laser. Λ denotes the grating period and DC is the
duty cycle of the grating. Right: Emitted power via surface and one facet for a
2.99 mm long and 45 µm wide laser in pulsed mode operation (100 ns, 5 kHz).

We have fabricated DFB laser from several laser materials [6], [13], [20]. A metallized
surface relief grating is used for feedback, resulting in a large contact area and avoiding
the need of regrowth. The coupling coefficients and losses are calculated based on Flo-
quet Bloch analysis [21]. The Floquet Bloch fields are rigorously calculated at resonance
and a connection to the coupled mode theory is made by a perturbation method, as the
optical intensity in the grating region is small. In the case of first order DFB laser the
whole grating is covered with metal whereas in the case of the second order DFB laser
only the grating peaks (Fig. 2) are covered with metal allowing efficient transmission of
the TM polarized light through the metal stripe structure. We have fabricated ridge
waveguides where we etched through the active region. The lateral light confinement is
almost unity whereas the vertical light confinement by the plasmon enhanced waveguide
(in growth direction) is in the range of 0.3 – 0.5.

The absolute average power is measured with a slow thermopile detector. The pulse
peak power in pulsed mode operation (pulse length 100 ns) is in the several 100 mW
range (Fig. 2). Spectral measurements where performed with a Fourier transform infra-
red (FTIR) spectrometer equipped with a mercury-cadmium-telluride (MCT) detector.
As the current heats the active region, the emission wavelength is shifted to longer
wavelengths during a pulse causing a broadening of the emission in pulsed mode opera-
tion. The current heating can be neglected for short pulses and low pulse repetition rates.
The emission wavelength is in this case only a function of the heat sink temperature.
The emission wavelength shifts according to the Bragg wavelength and the temperature
dependence of the refractive index at a rate of (dλ/dT)/λ ~ 1x10-5/K (Fig. 3). In continu-
ous wave operation the emission tunes with the current (Fig. 3) corresponding to tem-
perature within the laser cavity.
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Fig. 3: Left: Effective temperature in the laser cavity for continuous wave operation as
obtained from the emission wavelength (heat sink temperature 4.2 K). Right:
Emission wavelength in pulsed mode operation (100 ns, 5 kHz) as a function of
the heat sink temperature for the same laser.

3. Conclusion
In conclusion, we have achieved single mode emission in the mid-infrared from quan-
tum cascade lasers grown on GaAs. The emission wavelength is continuously tunable by
the temperature. We have developed an analysis which allows the accurate prediction of
the coupling coefficient and the losses of the waveguide grating structure, including the
surface emission of second order DFB lasers. Further, continuous wave operation at low
temperatures has been achieved for a DFB laser emitting at 11.7 µm.
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Multi-wavelength emission from a visible red GaInP/AlGaInP laser diode array has
been achieved with the contradirectional surface mode coupling technique. The
wavelength control is attained by postgrowth adjustment of the thickness of a surface
waveguide. The horizontal cavity lasers show both edge and surface emission (beam
divergence 0.1° × 10°). The individual elements show single-mode emission with a
spectral linewidth of less than 0.1 nm and a sidemode suppression ratio up to 30 dB.
The wavelength spacing between the elements is 0.76 ± 0.08 nm yielding a total
range across the array of 5.4 nm (from 681.5 nm to 686.9 nm). The thermal red-shift
of the wavelength is 0.028 ± 0.002 nm/K.

1. Introduction
The wavelength division multiplexing (WDM) scheme is utilized to increase signifi-
cantly the transmission rate of optical communication systems. Monolithic arrays of
multi-wavelength laser diodes are considered as a compact choice for WDM light
sources. Lasers in the visible regime are suitable to be used as emitters in optical short-
range data transmission since the attenuation minimum of polymethylmethacrylate
(PMMA) fibers lies near 650 nm.

Wavelength shift in distributed feedback (DFB) laser arrays is achieved by changing the
grating period of the individual elements requiring a very precise definition of the grat-
ing period [1]. Also, arrays of multi-wavelength vertical cavity surface emitting laser
(VCSEL) diodes have been attained. The optical thickness of their layers is varying in
the lateral direction on the wafer. The resonance wavelength of the microcavity can be
adjusted after the epitaxial growth by oxidation of an AlGaAs adjustment layer [2] or
the local growth rate of all the epilayers is controlled with the help of a topographically
patterned substrate [3].

2. Experimental
We have developed a multi-wavelength surface emitting laser array with horizontal
cavities. The wavelength of single array elements can be adjusted after the processing by
just changing the optical thickness of a surface waveguide (SWG). If the Fabry-Perot
mirrors are etched (not cleaved) the wavelength of laser groups can be monitored and
adjusted automatically on the chip. The principle of the laser diodes is based on surface
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mode coupling (SMC). Phase matching of the surface mode (propagating in the dielec-
tric SWG) and the laser mode is achieved by a surface relief grating in the top cladding
of the laser waveguide. The grating causes radiation losses of the laser mode (dominated
by the emission into the substrate). The losses are reduced significantly in a narrow
spectral range by the excitation and feedback process of the surface mode. The linewidth
of this resonance is comparable to the longitudinal Fabry-Perot mode spacing of the
laser cavity, thus providing an effective mode selection mechanism, which leads to sin-
gle-mode emission. By adapting the thickness of the SWG phase matching of the sur-
face and the laser mode is achieved at another emission wavelength. By choosing the
appropriate grating period either co- (the laser and surface mode propagating in the
same direction are coupled) or contradirectional (the counterpropagating modes are cou-
pled) coupling is achieved. The surface mode couples both to the active region and into
the vacuum light cone resulting in surface emission.

Recently, we have shown that a SMC laser exploiting contradirectional coupling leads
to an increased SMSR [4]. This can be explained by the fact that the slopes of the inter-
secting dispersion curves differ much more and hence the resonance is five times nar-
rower than for the codirectional SMC concept. The wavelength shift induced by a
change of the SWG thickness is five times smaller for contradirectional SMC. This
eases the wavelength adjustment and improves the insusceptibility against longitudinal
variations of the SWG thickness. In this work, we realized for the first time a multi-
wavelength laser array with the contradirectional SMC concept. The adjusting span was
increased from 1.2 nm in Ref. 4 to 5.4 nm, the SMSR from 26 dB to 30 dB.

The GaInP/AlGaInP-lasers were grown by low-pressure metalorganic vapour-phase-
epitaxy (MOVPE). Asymmetric cladding layers (by the aspect of thickness and refrac-
tive index) shift the electric field distribution of the laser mode towards the surface to
achieve sufficient coupling. The second-order grating for the SMC is defined by holo-
graphic exposure of a spin-coated photoresist on the p-side of the laser structure. The
pattern is etched into the top layers by ion milling (Λ = 270 nm, height 100 nm). The
evaporation of semitransparent Au/Zn/Au stripes (5/5/20 nm, orientated perpendicularly
to the surface grating) with a width of 10 µm defines the stripe-contacts of the lasers.
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Fig. 1: Cross-sectional sample structure of three array elements. The semiconductor
layers, surface waveguides (with different thicknesses), contact pads, windows,
and optical mode profiles are indicated. The stripe-contacts are orientated per-
pendicular to the plane of the drawing. Different SiN-layer thicknesses of the
surface waveguides result in different emission wavelengths.

Contact pads are evaporated on a polymid isolation and on the stripe contacts leaving a
5 µm wide window in the center of the contacts. Next the lasers are coated with
~170 nm SiOx below ~335 nm SiNx forming the SWG, which supports the TE0 surface
mode. The combination of one low- (SiOx) and one high-index (SiNx) dielectric layer
avoids excessive leakage losses into the high-index substrate. The SWG thickness of
individual lasers is adjusted by ion milling and photolithography. Thicknesses descend-
ing from ~505 to ~450 nm in steps of ~8 nm are realized on the finally cleaved laser
bars. In Fig. 1 the cross-sectional sample structure of three array elements is sketched.
The semiconductor layers, surface waveguides (with different thicknesses), contact
pads, windows, and optical mode profiles are indicated. The stripe-contacts are orien-
tated perpendicular to the plane of the drawing.

Single-mode edge emission is observed both in pulsed driven (AC) and continuos wave
(CW) operation. The SMC laser diodes showed a threshold current density of 1 kA/cm2

at a temperature of 10°C in AC and at –5 °C in CW operation. Spectra of an array with
seven wavelengths due to seven different thicknesses of the SWG are shown in Fig. 2
(CW, 1.6 kA/cm2, 0 °C). In the spectral center of the array the SMC-resonance (and thus
the wavelength of the laser) falls together with the maximum of the active layer gain
spectrum (~684.2 nm). This leads to a SMSR up to 30 dB as shown in the inset on the
right side. With increasing distance to the gain maximum the light output intensity and
the SMSR decrease. The smallest SMSR of 19 dB is depicted in the inset on the left
side. The spectral linewidth achieved is <0.1 nm.

An average wavelength spacing between neighbored lasers of 0.76 ±0.08 nm is found
yielding a total range across the array of 5.4 nm (from 681.5 to 686.9 nm). The SWG
thickness increases in small steps of 7.9 ± 0.3 nm from 450 to 505 nm (as measured
with a profilometer).
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Fig. 2: Emission spectra of seven SMC lasers with seven different thicknesses of the
SWG all joining the same array (CW, 1.6 kA/cm2, 0 °C). Spectra with the
smallest (19 dB) and highest (30 dB) SMSR are shown with a logarithmic scale
in the insets.

The far-field pattern of the lasers was measured by scanning from one cleaved facet
along the stripe contact to the other facet. The surface emission for a laser that emits at
683.7 nm is observed at α = ±47.5° with a beam divergence of 0.12°. The divergence in
the azimuthal direction is 10°. The other array elements show a shift in α due to their
different wavelengths. The shift in α between neighbored lasers is ~0.25°. The intensity
emitted per solid angle via the surface beam is five times larger than the one at the
edges. Presently a fraction of 2% of the whole light output power (7 mW at 1.6 kA/cm2,
0 °C, CW) is emitted via the surface.

The thermal behavior ∂λ  /∂  T of an SMC-laser was compared with a Fabry-Perot laser,
which was prepared on the same array. The wavelength of the SMC-laser increases with
0.028 ± 0.002 nm/K. The Fabry-Perot laser shifts with 0.12 ± 0.01 nm/K according to
the bandgap shift. The small red-shift of the SMC-lasers is due to the fact that the
wavelength is "locked" to the SMC resonance.

3. Conclusion
In conclusion, the contradirectional SMC technique for obtaining a multi-wavelength
surface emitting single-mode laser array has been demonstrated with visible red
GaInP/AlGaInP lasers. The wavelength control is achieved by postgrowth adjustment of
the thickness of a surface waveguide. The wavelength spacing between the individual
lasers is 0.76 ± 0.08 nm yielding a total range across the array of 5.4 nm. A SMSR up to
30 dB is reached.
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An optimization of the red SMC laser array with the help of index- instead of gain-
guiding is under progress. Increased surface emitted power, increased SMSR and a
wider wavelength span are expected.
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In this work, the physical processes leading to contrast in Scanning Capacitance mi-
croscopy (SCM) are investigated both experimentally and theoretically. Using a p-
type silicon epitaxial staircase structure we show that a monotonic dependence of the
SCM signal on the doping level is only obtained if the tip bias is adjusted in a way
that the sample is either in accumulation or depletion. In the transition region, the
SCM signal is non monotonic because depending on bias, any doping concentration
can yield a maximum SCM signal size. We also show that this behavior is in excel-
lent agreement with the conventional model of a metal-oxide-semiconductor junc-
tion.

1. Introduction
Scanning Capacitance Microscopy [1] (SCM), an extension of conventional Atomic
Force Microscopy (AFM), is a promising tool for semiconductor device characteriza-
tion. The main application of this method is two-dimensional carrier profiling for failure
analysis or process control especially on cross-sectional samples. The current state of
the art of this technique can be found in the review articles [2] – [4]. However, SCM is
not an easy and straightforward to use technique. In detail, quantitatively reproducible
measurements are a serious problem, since sample preparation has a dramatic influence
on the results especially in cross-sectional measurements. According to the literature,
best results are obtained on samples polished with silica slurry [5], [6], followed by a
low temperature oxidation in an oven [7], [8]. Usually temperatures below 350 °C are
used to avoid diffusion processes which would lead to a broadening of the investigated
doping profiles. Alternatively, irradiation with UV light and simultaneous oxidation
through in-situ generated ozone [9], or a combination of these two approaches [10], [11]
is employed.

In addition to these technical problems, the physical processes leading to contrast in
SCM images are not fully understood. Recently, a non-monotonic behavior of the SCM
signal for large dynamic range samples was observed, and the influence of the applied
DC bias [12] was studied qualitatively. Further an influence of light on the SCM signal
[13] was found. Apart from this, the influence of adsorbed water on the sample surface
on the resolution has been published [14], [15].

To obtain quantitative results, calibration samples such as epitaxial staircase structures
[16], [17] are often used. However, simple calibration attempts immediately fail when
the investigated structure size reaches the order of the depletion length in the semicon-
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ductor, or the diameter of the AFM-tip. Thus, intensive simulations were carried out to
study the limitations of the calibration curve method for determining doping profiles
[18]. In general it turns out that quantitative 2D doping measurements on small struc-
tures are obviously impossible without inverse modeling [19] or detailed simulations
using empirical databases [20] – [22].

2. Experimental

In this work, we investigate the physical processes leading to SCM contrast both ex-
perimentally and theoretically. Using conventional Metal-Oxide-Semiconductor (MOS)
theory [23], [24] and epitaxial staircase structures we show that the maximum SCM sig-
nal strongly depends both on doping and the applied bias. The sample we used was a
CVD-grown doping staircase prepared by AMS (Austria Mikro Systeme International
AG) and consists of five nominally 400 nm thick p-type Si-layers having doping con-
centrations of 2.1x1015, 2.0 x1016 , 1.7 x1017  2.2 x1018 and 9.1x1018 cm-3, respectively.
The highest concentration is located at the sample surface. The substrate is p-doped sili-
con with a concentration below 1x1015 cm-3. The dopant concentrations were deter-
mined by a SIMS measurement the result of which is shown in Fig. 1. To  avoid the
usual problems related to sawing and polishing procedures in sample preparation for
cross-sectional AFM/SCM measurements the samples were cleaved and subsequently
oxidized in UV-light [9] – [11]. For the back contact, sputtered aluminum was em-
ployed. The capacitance measurements were performed using the Dimension-3100 sys-
tem with integrated SCM sensor (Digital Instruments, USA). The probes implemented
for the investigations were conducting diamond tips (Nanonsensors, Germany) which
turned out to be superior to metal coated tips due to their high resistance against abra-
sion. Space charge effects in such tips can be neglected as long as the dopant concentra-
tion in the tip (1020 at/cm3) is much higher than in the sample.

Fig. 1: Doping profile of our epitaxial staircase structure determined by SIMS. The
sample surface is on the right hand side. The peak at z = 0.25 µm is an uninten-
tional artifact of the epitaxial process.
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Before we discuss our SCM data, we have to introduce the following important conven-
tion concerning the bias polarity: In analogy to textbooks on conventional MOS theory
[23], [24], the bias in this work is always plotted in a way as if it would be applied to the
AFM tip. In reality this is not the case, since in the DI-3100 SCM the bias is applied to
the substrate for technical reasons. Finally, it needs to be mentioned that the SCM only
measures the derivative of the capacitance, dC/dV, and not the capacitance itself.

Fig. 2: (a) SCM image of our sample taken at a bias of –1.9 V. Image (b) was recorded
at +0.8 V. The regions (a), (b), (c), (d) and (e) have doping concentrations
2.1x1015, 2.0x1016, 1.7x1017 , 2.2 x1018 and 9.1x1018 cm-3 , respectively.
(c): Sections through SCM images taken at a bias of  +0.8 V, 0 V, –0.5 V and
–1.9 V (curves 3-6). The numbering of the curves corresponds to the numbering
in Figure 3.

Figure 2 shows cross sectional SCM images of our sample measured at two different
bias values. The sample surface is on the right hand side. Figure 2(a) was measured at a
tip bias of –1.9 V and Fig. 2(b) at V = +0.8 V. As one can see, the contrast between
these two images is reversed. Figure 2(c) shows sections through SCM images perpen-
dicular to the growth direction and measured at four different bias values. Two features
are evident: First, the 400 nm wide differently doped layers are clearly visible as well
defined steps in the SCM signal (see curve (3) e.g.). As a consequence we conclude that
geometry effects of the tip can be neglected otherwise the steps would be washed out.
This washout, however is nicely seen for the doping spike at the substrate interface,  the
position of which is marked by an arrow both in curve (3) and the SIMS data (Fig. 1).
As the spike is much narrower than the steps and already in the same order as the radius
of the tip (100 nm), only a small dip is observed in curve (3) instead of the expected
well pronounced minimum.

As second feature in Fig. 2(c), the contrast dependence as a function of  bias, can be
seen in detail. At –1.9 V (curve 3), the SCM signal decreases with increasing doping. At
+0.8 V (curve 6), however, this behavior is reversed and the SCM signal increases
monotonically with increasing doping concentration  For bias values of  –0.5 V  and 0 V
the behavior is non monotonic, and the maximum of the SCM signal is observed in re-
gions (c) and (d), respectively.

Although the bias induced contrast reversal was already reported in the literature [12], a
detailed study of this behavior was not carried out up to now. To explain the origin of
this behavior, we consider an ideal p-Si/SiO2/Al junction as model system and use con-
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ventional MOS theory. Figure 3 (a) shows the corresponding C(V) and dC/dV curves,
where the y-axis of the dC/dV was flipped for better comparison with the experimental
data. For the calculation an acceptor concentration of NA = 1x1016 cm-3, an oxide thick-
ness of 3 nm (a typical thickness for SCM), and no traps or surface charges were as-
sumed. Other parameters could also be chosen, but have no qualitative influence on the
obtained result. At low bias, the sample is in accumulation, which means that the ca-
pacitance is high, because it is mainly determined by the oxide thickness. The dC/dV
peak marks flatband conditions, and above 0.9V, the area under the gate becomes de-
pleted. To explain the non-monotonic behavior of the SCM contrast, we simply calcu-
late dC/dV as a function of the acceptor concentration NA at various constant bias values
both in the accumulation and the depletion regime. As our considerations apply for n-
and p-type samples and the sign of the SCM output depends on the phase adjustment of
the built in lock-in amplifier, we consider the absolute value of dC/dV for convenience.
The result of this calculation is shown in Fig. 3 (b) where the curve numbers correspond
to the bias values marked by arrows in Fig. 3 (a). In accumulation (curves 1 – 3), the
SCM signal always decreases exponentially with increasing doping. Further, the signal
increases when the bias approaches the region of the maximum in the dC/dV curve. Un-
der depletion conditions (curves 4 – 6), the situation is complex. For bias values close to
the dC/dV maximum, the SCM signal shows a clear maximum for doping concentra-
tions around NA = 1x1016 cm-3 (curve 4). This maximum shifts to higher concentrations
when the sample goes deeper into depletion (curves 5, 6). In addition, the signal size
decreases. At a bias of 1.1 V (curve 6) a situation is achieved where the maximum is
close to NA = 1x1019 cm-3. Above that bias, the SCM signal becomes very small but
monotonically increases in the whole regime between NA = 1x1015 cm-3 and NA = 1x1019

cm-3.

Fig. 3: (a) calculated C(V) and dC/dV curves of an ideal p-Si/SiO2/Al junction. The y-
axis of the dC/dV plot was flipped for better comparison with the experimental
data. (b): SCM signal plotted as a function of NA for different constant bias val-
ues as labeled in Figure 3(a). (c) typical dC/dV curve measured with our SCM.
The arrows labeled with (3-6) indicate those bias values at which curves (3 – 6)
in Fig. 2 (c) were taken.

If we now compare the measured SCM signal in the differently doped areas with the
calculated behavior in Fig. 3(b), one can see that the experimental curves (3 – 6) in Fig.
2(c) clearly correspond to the calculated curves (3 – 6) of Fig. 3(b). Thus, it becomes
clear why the SCM signal decreases with increasing doping concentration in accumula-
tion and vice versa in depletion. In the transition regime, any doping concentration can
yield highest contrast depending on bias.
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To verify this further, we also measured dC/dV curves using our SCM. Figure 3(c)
shows typical data. Again, the absolute value of the SCM signal is plotted for conven-
ience. Compared to the calculated dC/dV curve of an ideal p-Si/SiO2/Al junction (see
Fig. 3(a)), the position of the peak is shifted to negative bias, which is due to surface
charges and the use of a diamond tip having a different surface barrier height than alu-
minum. In addition, the peak is much broader, which is mainly due to the tip geometry
[25]. The arrows (3 – 6) indicate the bias positions where curves (3 – 6) of Fig. 2(c) were
measured. As one can see, bias positions (4 – 6) are located on the right hand side of the
dC/dV peak, which is the bias regime where the sample moves from accumulation into
depletion. At bias position (3) the sample is still completely in the accumulation regime.
This good agreement nicely shows that the experimental situation indeed qualitatively
corresponds to our idealized model system.

For practical SCM applications some conclusions can now be drawn: To obtain unam-
biguous results, the bias position of the maximum in dC/dV has to be known. Then, the
bias should be chosen in a way that the sample is either in accumulation or depletion.
According to our experience, the accumulation region yields more reproducible results,
probably due to the fact that deep depletion is difficult to achieve because of the influ-
ence of the laser beam necessary for the AFM feedback control. Note that the dC/dV
maximum shifts with doping concentration so that one has to stay in a save distance
from the dC/dV maximum in order to avoid to enter the transition regime between ac-
cumulation and depletion by accident. Finally, care should be taken on samples where
both p-type and n-type regions exist. If the bias is adjusted in a way that the sample is in
accumulation in the p-type regions, it will be in depletion in the n-type regions. As a
consequence, the contrast is reversed in the n-type region and also the signal will be
small. Moreover, measurements at zero bias, as often found in the literature on pn-
junction imaging, might yield unpredictable contrast behavior.

3. Conclusion
In summary, we have investigated the bias dependent SCM contrast on a p-type silicon
doping staircase. We have found, that a monotonic behavior of the SCM signal as a
function of doping is only obtained if the sample is either in sufficient accumulation or
depletion. In the transition region, the behavior is non-monotonic, and the maximum
SCM signal size depends both on doping concentration and applied bias. The observed
behavior is in good agreement with conventional MOS theory and theoretically applies
for p- and n-type samples.
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We report on noninvasive laser-interferometric thermal and free carrier mapping in
electrostatic discharge (ESD) protection devices during a high current stress. The
method is based on monitoring the changes in the silicon refractive index due to
thermo-optical and plasma-optical effects. We study the homogeneity of bipolar
transistor triggering along the device width in CMOS and smart power technology
devices. The measured optical phase shift due to temperature and concentration
changes is in a good agreement with the results of device simulation.

1. Introduction
Protection of electronic circuits against electrostatic discharge (ESD) is becoming a
more and more important issue with the scaling down of technologies [1] and using the
electronics in steadily harsher environment as e.g. in automotive applications [2]. Due to
the high energy dissipated during the ESD pulse, the self-heating effect is a dominant
failure cause in the ESD protection devices [1]. Due to non-linearities in bipolar con-
duction, the current flow in the device may be inhomogeneous leading to destructive hot
spots. Therefore, thermal mapping is of great importance for hot spot identification and
for experimental verification of simulation models [2] – [4]. We have recently devel-
oped a laser-interferometric thermal mapping technique for non-invasive investigation
of thermal distribution and free carrier concentration changes in ESD protection devices
under high current stress [5] – [7]. In this contribution we present the study of triggering
homogeneity, thermal and free carrier distribution, and dynamics in CMOS and smart
power technology ESD protection devices.

2. Results and Discussion
Devices studied are grounded gate- (gg) n-MOSFETs of 0.35 µm process (gate width is
100 µm) [3] and smart power ESD bipolar transistor protection devices [2] (see Fig. 1).
The thermal energy distribution and free carrier concentration changes in devices are
studied using a heterodyne interferometric technique [5], [6]. The temperature or carrier
concentration change during a high current stress causes a modulation of the silicon re-
fractive index which results in a phase shift of an infrared laser beam probing the device
from the polished backside. The phase shift is a superposition of thermal and free carrier
contributions. They can be distinguished by sign and different time evolution of the
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phase signal [6]. The devices were stressed by rectangular current pulses using a trans-
mission line pulser or a DMOS high-current switch. All measurements are performed
under the snapback operation where the bipolar conduction occurs in the device.
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Fig. 1: Cross section of (a) gg-n-MOSFET and (b) smart power ESD protection de-
vices. Probing beam is indicated. HR1 and HR2 in (b) indicate the location of
regions with dominant heating.
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Fig. 2: (a) Phase shift distribution at the end of 100ns ESD pulse along the width of a
gg-n-MOSFET with the stress current as parameter. (b) Simulated current den-
sity distribution in the same device.

The trigger homogeneity along the gate width in gg-n-MOS devices is studied at low
stress currents. The probe beam is located on position where heat dissipation along the
device length is maximal (i.e. at the drain edge of the channel, see Fig. 1(a)). Figure 2(a)
shows the measured phase shift distribution along the device width as a function of the
stress current. As the holding voltage is nearly current independent, the phase shift rep-
resents, in the first approximation, the current density (current per unit of device width).
At low stress currents (IS = 0.1 A) the device triggers preferentially at corners. This is
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due to a high electric field at the drain/bulk junction curvature at the corners, and conse-
quently higher hole base current density, which promotes the transistor triggering at the
corners. When IS increases, the triggered place switches to the middle of the device.
With a further increase in IS the triggered width increases, until the device is completely
triggered. The change of triggering place from the corner is caused by a lower distrib-
uted drain resistance in the device middle, which makes the current conduction in the
center energetically more favorable. This trigger behavior can qualitatively be repro-
duced by an isothermal three-dimensional device simulation using DESSISISE (see Fig.
2(b)). At even higher stress currents, when the device is completely triggered, the cur-
rent conduction along the width is homogeneous until the stress level (IS > 1 A) where
the device fails due to a formation of destructive current filaments [8].
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Fig. 3: 2D distribution (a) and a cross section (b) of phase shift at the end of a current
pulse of 170ns duration and IS = 2A in a smart power ESD protection device (cf.
Fig.1(b)).

Because of a larger characteristic feature size in smart power ESD devices, the trigger
homogeneity in these devices is studied by performing two-dimensional phase shift
mapping in lateral directions. The phase shift distribution along the device length at the
end of the stress pulse of IS = 2 A shows one dominant heat dissipated region (HR 1)
and a region with a smaller local temperature maximum (HR 2), see Fig. 3(a). The tem-
perature distribution along the device width is nearly homogeneous, with a slight tem-
perature increase at device corners, probably due to lateral current crowding effect (Fig.
3(a)). Figure 3(b) shows a phase shift distribution along the device length in the middle
of the device (y = 0, cf. Fig. 3(a)). The two hot regions HR1 and HR2 can clearly be
distinguished. In addition, a region with a negative phase shift can be found under the
emitter region. The latter is attributed to a negative phase shift contribution caused by
electron injection from the emitter to the base. The electro-thermal two-dimensional
device simulation using DESSIS has revealed that the region HR1 (HR2) is related to
the heat dissipation due to a vertical current flow from the emitter to the buried layer
(due to a subsurface lateral current flow between the p-base and n-sinker), see Fig. 1(b).
As the devices at this stress current level trigger homogeneously, the experimental phase
shift can be compared to a simulated phase shift. The latter was calculated as a sum of
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thermal and free carrier contributions, using the integrals of simulated temperature and
free carrier distribution along the optical beam path. The agreement between the simu-
lation and experiment is excellent (see Fig. 3(b)). For better distinction of the free car-
rier and thermal contributions to the total phase shift, these are also given in the figure.

3. Conclusion
The laser interferometric method is a useful characterization tool for study of thermal
and free carrier distribution and dynamics in ESD protection devices in ns time domain.
An inhomogeneous triggering at low stress currents has been found and explained in gg-
n-MOSFET devices. Two hot spots due to a lateral and vertical current path have been
revealed in the smart power ESD protection devices. The results are in good agreement
with the simulation.
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Johannes Kepler Universität Linz, A-4040 Linz, Austria

The micro- and nanostructure research in the cleanrooms of the Institut für Hal-
bleiter- und Festkörperphysik and the Institut für Mikroelektronik is supported by the
Society for Microelectronics (GMe). In the field of Si/SiGe heterobipolar transistors,
compatibility issues with conventional Si technology were investigated. Sili-
con/Germanium structures were also used for the investigation of strain distributions
in nanostructures and for the investigation of the metal-insulator phase transition at
low temperatures. In GaAs technology, a hot electron injection field effect transistor
in 0.5 µm technology with a transit frequency of 32 GHz was realized. Also Nanos-
tructures were prepared in AlGaAs layers by use of electron beam lithography. In the
field of optoelectronics, silicon light emitting diodes were achieved by doping with
erbium and oxygen. Furthermore, in IV-VI semiconductor compounds, optically
pumped surface emitting lasers were realized. Growth processes of semiconductor II-
VI compounds were in-situ measured by Reflection Difference Spectroscopy and
magnetic properties of iron layers on GaAs were investigated with respect to spin
electronics.

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 cooperations with industrial groups as listed in the report.

A short overview is given in the following on the achievements made in the year 2000
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 hetero-
structures, for the deposition of  ferromagnetic layers like Fe on II-VI as well as III-V
compounds, as well as for MOCVD growth of III-V compounds like GaAs/GaAlAs and
GaAs/GaInAs. Apart from in situ and ex situ structural characterization, lateral pattern-
ing is made possible through equipment like optical, holographic, and electron beam
lithography. Processing includes also facilities for the deposition on insulating as well as
contact layers. The transmission electron microscope, purchased through funds of the
Federal Ministry of Education, Science and Culture, became operational this year.

The research efforts were concentrated on high frequency electronic and optoelectronic
devices as described in the following.

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 of doping and composi-
tion profiles for the SiGeC HBT technology were made in a collaboration with Austria
Microsystems, Unterpremstätten. In the production process, incompatibilities due to the
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insertion of Ge become an important issue. For example, a transient enhanced diffusion
(TED) of boron out of the SiGe base layer upon thermal activation of the poly-emitter
implant occurs. As a remedy, the use of a carbon co-doped base has been proposed, in
order to suppress the diffusitivity. On the other hand, C-complexes may introduce elec-
trically active states in the band gap and thus degrade the electrical properties of the
devices. Thus quantitative measurements of substitutional carbon and SiC were per-
formed on MBE grown Si1-yCy layers. In the IR transmission spectra, optical absorption
from coherent and incoherent β-SiC was observed. The precipitation behavior of C to β-
SiC in Si1-yCy layers was then studied with the FTIR technique. In addition, the impact
of carbon in a SiGeC HBT structure with a poly-Si emitter was studied. Complete sup-
pression of TED of B was obtained by carbon doping of the base with 0.2% substitu-
tional carbon.

Silicon and Si/Ge structures were also used in the investigation of strain distributions by
x-ray methods. The strain in Si substrates underneath laterally patterned periodic SiO2
stripes was measured by the grazing incidence diffraction technique. This method en-
hances the sensitivity in the near interface regions compared to conventional x-ray
methods. A tensile and two compressively strained regions were found below and close
to the edges of the stripes, respectively. These data have relevance for electronic trans-
port. In Si/Ge islands, the strain and composition distribution was investigated. It turned
out that although pure Ge has been deposited during island growth, the Ge composition
varies due to intermixing processes between 0.5 and 1.

Silicon/Germanium quantum well structures were further used to investigate a basic
physical problem, the behavior of potential fluctuations near the metal-insulator transi-
tion at low temperatures. For this purpose, the free electrons were detected by electron
spin resonance (ESR). From the ESR signal, the potential fluctuations and the Thomas-
Fermi screening efficiency were deduced. At the critical density of the metal-insulator
transition, the potential fluctuations diverge leading to a strong increase in resistivity.

Hot electron injection field effect transistors (HEIFET) were realized in GaAs technol-
ogy. In such a device the usual ohmic source contact is replaced by an injection limiting
contact in order to inject fast electrons into the channel region. Consequently, the elec-
tron transit time through the channel is reduced and the transistors upper frequency lim-
its are raised. As a result, a 0.5 µm device with a transit frequency of 32 GHz could be
realized.

Different types of nanostructures were fabricated in AlGaAs layers.  Narrow lateral re-
gions were defined in a two-dimensional electron gas by deep groove etching or by top
gate structures with the help of electron beam lithography.  In such structures the lateral
quantization of electron waves was observed.  The investigation and understanding of
quantum effects in nanostructures is important as the continuing miniaturization will
lead to similar effects in future semiconductor devices.

In the field of optoelectronics, silicon light emitting diodes (LED) were achieved by co-
doping of erbium (Er) and oxygen (O). The LED’s emit at room temperature at a wave-
length of 1.54 µm. The doping profile and electrical activity were investigated in order
to optimize the structure for room temperature luminescence.

Optically pumped vertical-cavity surface emitting lasers were fabricated from narrow
band gap IV-VI semiconductor compounds. High reflectivity PbEuTe/EuTe multilayers
are used as mirrors for the laser cavity. The stimulated emission occurs between 3 and
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4.5 µm and is generated either in PbTe quantum wells or in self-organized PbSe quan-
tum dots. PbTe on PbSe was also used for nano-scale dislocation patterning studied by a
scanning tunneling microscope.

Furthermore, surface processes in molecular beam epitaxy were investigated in situ
during growth by the Reflection Difference Spectroscopy method on II-VI semiconduc-
tor compounds in order to develop an all-optical feed-back system for controlling the
growth. In this method, the measured signal is the difference between the near normal
incidence reflectance of light linearly polarized along the two principal axes. The signal
is recorded as a function of time, photon energy and/or surface conditions. In
CdTe/ZnTe the in situ stress relaxation during growth was observed for the first time.

Finally, thin iron films were deposited on GaAs substrates and ZnSe epilayers in order
to investigate their magnetic properties in the initial surface reconstruction process. The
incorporation of magnetic layers in semiconductor heterostructures is an increasingly
active area of study for spin electronics. The magnetization versus magnetic field hys-
teresis curve for iron on GaAs shows a single irreversible jump whereas the irons films
on ZnSe exhibit two such jumps if the thickness is between 60 and 120 nm.
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Characterization of Si/SiGeC
Heterostructures for Device Applications
D. Gruber, T. Fromherz, M. Mühlberger, C. Schelling, L. Palmetshofer,

F. Schäffler
Institut für Halbleiter- und Festkörperphysik, Johannes Kepler Universität,

Altenbergerstraße 69, 4040 Linz, Austria

1. Introduction
With the commercial introduction of the Si/SiGe hetero bipolar transistor (HBT) into
mainstream integration technologies, process incompatibilities become an important
issue. A basic problem is, for example, the transient enhanced diffusion (TED) of boron
out of the SiGe base layer upon thermal activation of the poly-emitter implant. As a
remedy, the use of a carbon co-doped base has been proposed, in which a carbon con-
centration of a few tenths of an atomic percent have been show to very effectively sup-
press TED. On the other hand, great effort has been dedicated in the past to reduce the
carbon concentration in Si ingots as far as possible, because of the propensity of C to
form complexes and β-SiC precipitates. In contrast to substitutional C, some of these
complexes are known to introduce electrically active states in the band gap. It is there-
fore important to characterize the microscopic configuration in which C is present after
processing of SiGe:C HBTs. In this work, we address this problem with a combination
of Fourier Transform Spectroscopy (FTIR), x-ray diffraction (XRD) and SIMS studies.

With the FTIR technique, one is able to probe the local surroundings of carbon atoms in
the silicon crystal. In order to detect the absorption from carbon, a silicon reference
spectrum has to be subtracted because of the strong Si phonon absorption in the inter-
esting spectral  region. The process of subtraction of the Si background is very sensitive
to differences in thickness between sample and Si reference, making numerical correc-
tion necessary. This is done by measuring the thicknesses by Fabry-Perot interference
fringes.

2. Measurement of Substitutional Carbon / Silicon Carbide
FTIR is the standard method for the measurement of substitutional C in bulk-Si. Despite
the high concentrations in epitaxially grown Si1-yCy layers, the integrated amount of C is
small compared to bulk material. With a method for correction of differences in thick-
ness between sample and Si reference, quantitative measurements on thin layers are pos-
sible as shown in Fig. 1.

It is also possible to measure the β-SiC concentration by FTIR. A defined amount of C
was deposited on a Si substrate followed by a thin Si cap layer. During an annealing step
at 1000 °C, the carbon forms β-SiC, which can be identified by its characteristic phonon
absorption.



110 D. Gruber et al.

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

Si1-yCy

300K

 

Ap(y) = 0.015 + 0.276 * y

 this work
 Linear Fit
 data from Strane et al.

A p (
cm

-1
)

Carbon content y (%)

Fig. 1: Dependence of the integrated peak for substitutional carbon from the FTIR
measurement as a function of carbon content measured by XRD. The layers are
MBE grown with a thickness of 1000 Å.

3. Precipitation Behavior
Since the solid solubility of C in Si is about 0.0001%, the epitaxially grown layers are
metastable and tend to relax their strain by forming β-SiC precipitates. The process can
be studied by FTIR spectroscopy. Substitutional carbon (607 cm-1) leaves the lattice and
forms small precipitates which are coherently bound to the Si crystal (750 cm-1).
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Fig. 2: Time evolution of the different peaks for a 1000 Å thick Si0.99C0.01 layer which
has been annealed at a temperature of 925 °C for different amounts of time.
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If the temperature is high enough, more strain can be relaxed, if the bonds between Si
atoms and precipitate break up and the coherence with the neighboring Si atoms is lost.
Phonon absorption from β-SiC can then be seen at 820 cm-1.

The precipitation process is very sensitive to the as-grown situation. The above figure
shows the time evolution of spectra from a Si1-yCy sample annealed at 925 °C for differ-
ent periods of time. At the same time, the expansion of the vertical lattice constant can
be monitored by XRD.

4. Impact of C on TED in a SiGeC: HBT
The influence of C on TED of B was studied for an HBT structure with graded Ge base.
Pieces of two samples, one with (0.2%) and one without C doping in the base have been
annealed at different RTA temperatures. The slope for the sample with C doping is,
within the accuracy of the measurement, constant. TED of B is completely suppressed in
this structure. Electrical measurements suggest no negative influence of carbon on de-
vice characteristics.
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with and without carbon co-doping of the base.
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5.  Conclusions
Quantitative measurements of substitutional carbon and SiC were performed on MBE
grown Si1-yCy layers. In the IR transmission spectra, optical absorption from coherent
and incoherent β-SiC was observed. The precipitation behavior of C to β-SiC in Si1-yCy
layers was then studied with the FTIR technique.

As a second experiment, the impact of carbon in a SiGeC HBT structure with a poly-Si
emitter was studied. Complete suppression of TED of B was obtained by carbon doping
of the base with 0.2% subst. C.
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Strain and Composition of SiGe Islands on
Si (001)

J. Stangl, A. Daniel, V. Holý, T. Roch, G. Bauer
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We have investigated the strain and composition distribution in uncapped SiGe is-
lands on Si (001) by x-ray diffraction. In order to be sensitive to the dot layer at the
sample surface, and at the same time being able to measure in-plane strain and strain
in growth direction, we utilized a scattering geometry at grazing incidence angles,
but with high exit angles. The measured intensity distribution is compared to simula-
tions based on the strain distribution calculated by the finite element method. It turns
out that, although pure Ge has been deposited during island growth by molecular
beam epitaxy, the Ge composition varies from 0.5 at the island base to 1.0 at the top
of the islands. The elastic relaxation reaches only about 50% even at the island top.

1. Introduction
Recent years have seen a series of studies shedding light on the formation of so-called
self-organized nanostructures during semiconductor heteroepitaxy. They are formed due
to a growth instability in strained heterostructures. After a certain critical thickness of
deposited material, in our case Ge on Si, three-dimensional islands form on top of a
two-dimensional layer, the so-called wetting layer (WL). These islands can elastically
relax and hence reduce their strain energy, which is the driving force of their formation.
The main advantage of such islands as compared to nanostructures fabricated, e.g., by
etching, is the high areal density and the virtually complete absence of defects [1].

However, it is difficult to control the size, strain and composition of self-organized
structures because these quantities depend very sensitively on the growth conditions
(substrate temperature, adatom flux, etc.). Transmission electron microscopy (TEM) has
been used to investigate the strain distribution within such islands [2], [3]. Recently,
also the Ge and Si distributions in uncapped SiGe islands have been investigated using
TEM, showing that islands formed during the deposition of pure Ge onto a Si surface
are alloyed [4]. On the other hand, TEM investigations on Ge islands grown by chemical
vapor deposition of 11 ML of Ge at 600 °C have been interpreted as not giving evidence
for significant alloying [5].

X-ray diffraction (XRD) techniques have also been applied to tackle the question of
strain and composition [6], [7]. In principle, XRD is the method of choice to measure
strains, and often the strain state can be directly related to a composition. This is a stan-
dard technique for the investigation of, e.g., SiGe buffer layers with graded composition.
However, for objects as small as self-organized islands, the correct spatial localization
of a certain strain state is an ambitious task.
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2. Experimental
Our investigations focus on a sample (S1183B4) with free-standing SiGe islands grown
by MBE on [001]-oriented Si. After growth of a Si buffer layer and a buried SiGe island
layer, a layer of Ge islands at the surface was formed by the deposition of 6 ML of Ge.
The growth temperature was 600 °C. Here we are interested solely in the surface is-
lands; the buried islands have no influence on the scattered signal due to the low inci-
dence angle αi = 0.15° (below the critical angle αc ≈ 0.22°). With AFM two types of
islands have been detected on the sample surface, larger ones with a base diameter of
about 175 nm and a height of 30 to 70 nm, but with a low density of about 2×107 cm-2,
and smaller ones with a high density of about 4×109 cm-2, and a height and base diame-
ter of about 13 nm and 110 nm, respectively. Here, we consider only the smaller islands,
and neglect the scattering from the larger islands because of their low density.

In order to distinguish between material composition and strain state, we measure not
only the in-plane lattice parameter, as in grazing incidence diffraction studies, but also
the lattice parameter in growth direction. This can be achieved by measuring reciprocal
space maps (RSMs) with the momentum transfer component along growth direction
Qz > 0, as illustrated in Fig. 1(a) and (b). RSMs have been recorded around the (202)
reciprocal lattice point (RLP) of Si, which is inaccessible in the conventional coplanar
geometry at a wavelength of 1.55 Å, but can be accessed by rotating the scattering plane
around the scattering vector Q, out of the plane of the RSM, as is shown in Fig. 1(c).
With this setup, it is possible to keep the incidence angle αi and hence the penetration
depth constant at a value below ac for the entire RSM, in order to be sensitive to the dot
layer at the sample surface.

Fig. 1: Illustration of the scattering geometry in real space (a) and reciprocal space (b).
(c) Tuning of the incidence angle by rotating the scattering plane around the
scattering vector Q.

For the determination of the Ge distribution within the islands, we use kind of a “fitting”
procedure: we start with an assumption on the Ge distribution and calculate the strain
distribution using the finite element method (FEM). With this result the XRD pattern is
calculated, and compared to the experimental result. Repeating the procedure while
varying Ge distribution and island shape until a good correspondence between experi-
ment and simulation is reached, we are able to establish the distributions of Ge content
and strain within the islands. We assumed islands with the shape of a rotational parabo-
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loid. With the FEM data, RMSs have been calculated using a kinematic scattering the-
ory, and as well assuming a cylindrical symmetry.

Figure 2(a) shows the measured intensity distribution. Taking simply the peak maxi-
mum position Qmax and calculating the lattice parameters via the relation
a||,⊥ = 2π/Qx,z, we would obtain values for the composition xGe = 0.73 and for the in-
plane strain with respect to the substrate ε|| = (a|| - aSi)/ aSi = 0.011. The results of our
simulations are shown in Fig. 2(b) – (d). Using a constant composition of the SiGe is-
lands, no good correspondence with the experiment can be obtained: assuming an island
with the constant composition of xGe = 0.73, the simulation yields a peak at a different
position than the measurement, at the correct value of Qz, but at a too large value of Qx
(Fig. 2(c)).

Fig. 2: (a) Reciprocal space map around the (202) Bragg reflection. (b) – (d) Simula-
tions with different assumptions on the Ge distribution within the islands.

The reason for this difference is quite clear: the simple evaluation of the peak position
assumes an island with homogeneous composition and homogeneous strain. As the is-
land is grown pseudomorphically on the Si substrate, but relaxed towards the top, at
least the latter cannot be true. We varied the composition of the island to obtain a
smaller Qx of the peak maximum. At xGe = 1.0 (Fig. 2(d)), the peak position is almost
correct  along Qx, but now Qz is too small. Hence it is clear that assuming a constant
composition, no agreement with the experiment can be achieved. Thus we varied the Ge
composition distribution within the island from a value xGe,1 at the base to a value xGe,2
at the top. Within the islands, the Ge content was assumed to be constant laterally, and
only a vertical profile, either linear, or increasing like z½ (i.e., the Ge content increases
faster at the bottom of the island than on its top) or z2 (Ge content increasing faster at the
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top of the island than on its base), was assumed. We found the best correspondence
between simulation and experiment for a faster increase of the Ge content at the base of
the islands. Figure 2(b) shows the calculated RSM for a Ge distribution which repro-
duces the peak position best, with a maximum content of xGe,2 = 1.0 at the top of the
island, and xGe,1 = 0.5. In contrast to, e.g., InAs Islands on GaAs [7], the maximum in-
plane strain at the top of the islands reaches only about 0.02, i.e., the dot is only about
50% relaxed even at the top.

3. Conclusion
In summary, from our study it is evident that albeit pure Ge is deposited during MBE
growth, the uncapped islands are alloyed, and the Ge content varies from about x = 0.5
at the base to x = 1.0 at the top (these particular values will depend sensitively on the
growth parameters). We believe that the reduced elastic energy of an interdiffused is-
land, [8] as compared to an island of pure Ge, is the main driving force for the alloying.
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Strain Modulations in Si Underneath
Patterned Oxide Stripes
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Altenbergerstraße 69, 4040 Linz, Austria

We present a characterization method for lateral strain modulations in Si substrates
underneath laterally patterned periodic SiO2 stripes. For the investigations, the x-ray
grazing incidence diffraction (GID) technique was applied to enhance the sensitivity
to the interface near regions. Apart from a tensilely strained part below the oxide
lines, we find two compressively strained regions close to the edges of the stripes.
Furthermore, the experimental GID results clearly show the depth dependent in-
plane strain distribution. These data are relevant for electronic transport, particularly
in short channel structures.

1. Introduction
With the continuing miniaturization of electronic device structures, inhomogeneous
strain distributions of various origins become more and more important for the elec-
tronic transport. Consequently, information on these surface-near strain distributions in
nanostructures has to be obtained with sufficiently high resolution. Among the x-ray
diffraction techniques, grazing incidence diffraction (GID) is particularly well suited for
such investigations. Several groups [1] – [3] have employed this technique for the study
of heterostructures and of buried nanostructures. However, the quantitative analysis of
GID data requires the use of either the fully dynamical diffraction theory, which is
barely treatable, or as an simpler approach, the distorted wave Born approximation
(DWBA) [4] – [5]. As a suitable model system we have chosen a laterally periodic SiO2
layer on a Si substrate, for the following reasons: (i) Silicon dioxide is widely used for
the fabrication of high-density semiconductor integrated circuit devices. In particular,
with their shrinking dimensions, the structure and the quality of the interface between
the oxide and the Si substrate are crucial for the performance and reliability of the de-
vices. Additionally, the evolution of internal stresses during the conversion of Si into
SiO2 becomes more and more important in these miniaturized structures. These stresses
mainly originate from the thermal expansion mismatch created by the oxidation process.
(ii) Due to the amorphous nature of the oxide, the scattered intensity distribution in an
x-ray diffraction experiment results only from the strain distribution in the single crys-
talline Si substrate. This clear-cut situation allows to include not only transmission and
specular reflection into the undisturbed wave fields in the DWBA-simulations, as it was
done previously [2], but also diffraction. Coplanar high angle diffraction technique
yields only information on the average strain in the Si substrate, whereas GID provides a
depth sensitivity due to incidence and exit angles close to the critical angle of total ex-
ternal reflection [6].
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2. Experiment
We started from a Si (001) wafer with a 100 nm thermal SiO2. In order to estimate the
value of the effective linear mismatch χ = (<a>SiO2 – aSi)/aSi the curvature of the sample
was measured using x-ray diffraction in transmission geometry. <a>SiO2 is the mean
distance of the Si atoms in the amorphous SiO2, and aSi the bulk lattice parameter of
silicon. From the curvature we obtain a range of 3.4×10-3 ≤ χ ≤ 5.7×10-3. The error of
the curvature measurements is quite large and does not allow for an accurate determina-
tion of χ. After the curvature measurement, the oxide was structured into laterally peri-
odic stripes by holographic lithography and an etching step. The stripes were oriented
along the [-110] direction and had a period of about 800 nm. The height of the stripes,
examined by atomic force microscopy, was about 100 nm, and the width of the stripes
was 350 nm.

Quantitative strain calculations based on the finite element method were performed to
obtain the strain distribution in the Si substrate. Since the effective mismatch χ depends
sensitively on the particular growth parameters and can only be determined with some
uncertainty from the curvature measurements, we use it as a fit parameter. We finally
obtained the best correspondence with the x-ray measurements using a value of χ =
4.3×10-3. Figure 1 shows the resulting contour plots for different components of the
strain tensor εεεε. Directly underneath the SiO2, a tensile force is exerted in the Si substrate
which leads to a larger in-plane lattice constant compared to unstrained bulk Si. In be-
tween the SiO2 stripes the Si in-plane lattice constant becomes smaller than that of un-
strained bulk Si, corresponding to a compressed strain state.

Fig. 1: Contour plots of the strain components (a) εxx, (b) εzz and  (c) εxz based on finite
element calculations for SiO2 shadow mask and Si substrate.

Additionally, a compressively strained region appears in a larger depth > 100 nm below
the center of the SiO2 stripes. In the coplanar x-ray diffraction experiments, the whole
region contributes to the detected signal, impeding a distinction between regions near
and far from the Si–SiO2 interface. In Fig. 2, εxx values for different depths in the Si
substrate are shown, as indicated in Fig. 1(a).

For obtaining experimental information on such strain gradients in the Si substrate, GID
experiments have been performed. In GID, the scattering plane is nearly parallel to the
sample surface. If the angles of incidence αi and exit αf are close to the critical angle of
the total external reflection αc, the penetration depth of the x-ray beam depends very
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sensitively on αi and αf. It changes typically from 5 nm for αi < αc to several µm for αi >
αc. Moreover, it is possible to choose the diffraction vector h either parallel (2-20) or
perpendicular (220) to the stripes. In the first case the diffracted intensity depends only
on the shape of the stripes.

Fig. 2: Dependence of the strain tensor component εxx on lateral position in Si for  three
different depths below the interface.

In our case, the stripes are amorphous and thus in this geometry only a central peak at
the position determined by the bulk Si lattice constant and no lateral peaks appear. This
fact proves that the etching indeed stopped at the Si/SiO2 interface and the Si substrate
remains unpatterned.

In the second case, with the diffraction vector (220) perpendicular to the stripes, the
intensity distribution depends both on shape and strain. However, in our case only the
strain distribution in the crystalline Si accounts for the diffracted intensity distribution,
reflecting both compressively (qx>0) and tensilely  (qx<0) strained regions. Figure 3(a)
shows longitudinal line scans measured around the (220) reciprocal lattice point for sev-
eral angles αi, keeping αf = 0.20°. The appearance of the satellite peaks proves the pres-
ence of the lateral periodic strain modulation in the Si substrate with a period of 765 nm.
The envelope of the intensity distributions exhibits a slight dependence on the incidence
angle αi. For the simulation of the measured data we have to solve the problem of GID
from a periodically strained semi-infinite crystal with a flat surface, since the SiO2
stripes act only as stressors and they do not contribute to the diffraction process.
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Fig. 3: Longitudinal line scans around the (220) reciprocal lattice point. (a) Experimen-
tal data, (b) simulations. For the tensilely strained regions, the envelope curve is
indicated.

3. Results and Discussion
We calculated the dependence of the scattered intensity I on qx using DWBA. A detailed
description of the simulation model is given in Ref. [7]. The most significant influence
of the effective mismatch χ on the simulations is found for values of qx < 0 correspond-
ing to the tensilely strained Si. Changing χ shifts the envelope curve and the best corre-
spondence was found for χ = (4.3±0.2)×10-3 (see Fig. 3(b)). Furthermore, the experi-
mental data demonstrate clearly the presence of compressively strained regions in Si
near the interface to the stripes. While for the tensilely strained regions beneath the
stripes the lateral period is the same as for the stripes, two compressively strained re-
gions exist near the surface at each edge of the SiO2 stripes. Thus the lateral peaks for
qx > 0 exhibit an additional modulation. This is qualitatively well reproduced by the
simulations.

4. Summary
A periodic array of SiO2 stripes on the Si surface exerts a periodic stress field on the
surface that results in a deformation field periodic in the direction perpendicular to the
stripes. We have investigated this deformation field by grazing-incidence x-ray diffrac-
tion. The deformation field in the plane perpendicular to the stripes has been calculated
by the finite element method. Using this result, the x-ray diffraction patterns were suc-
cessfully simulated. These simulations have been performed by means of the distorted-
wave Born approximation assuming a perfect crystalline substrate as an undisturbed
system.
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We are able detect the electron spin resonance due to free carriers in modulation
doped SiGe/Si/SiGe quantum wells due to its exceedingly small line width of down
to 0.03 G. From the ESR we obtain the density of states that allows us to evaluate
potential fluctuations and the Thomas-Fermi screening efficiency. The length scale
of the fluctuations is estimated from the hyperfine broadening of the ESR. It implies
ionized donors in the doping layer as the main source of fluctuations.

1. Introduction
Two-dimensional SiGe structures with particular design exhibit higher mobility than
bulk crystals and therefore they allow the construction of devices with higher limiting
frequency than Si. The mobilities obtained, however, and thus the maximum frequency,
are still below the theoretical limit and therefore it is important to know the limiting
processes. In this project, we investigate potential fluctuations in the two-dimensional
(2D) channel of a SiGe/Si/SiGe structure by means of electron spin resonance (ESR).
We show that these fluctuations limit the electron mobility.

Modulation doped quantum wells of Si embedded between SiGe barriers exhibit in
standard X-band ESR an extremely sharp resonance [1] – [3] with a g-factor close to
2.0000. The line width under optimum conditions is 30 mG, i.e., two orders of magni-
tude narrower than that of donors in Si. We identified this resonance as that of the free
carriers in the quantum well on behalf of its two-dimensional symmetry, its scaling with
the carrier density and its persistent properties after illumination [2].

In this paper we describe the determination of the magnetic susceptibility of the 2D
electron gas (2DEG) from ESR and its evaluation in terms of the Pauli susceptibility.
The latter is proportional to the density of states (DOS) of the 2DEG which, for an ideal
system, should be constant above the band edge. We observe rather a smooth onset
which we attribute to the existence of fluctuations. The Thomas-Fermi screening effi-
ciency is also proportional to the density of states [4], and it is determined thus in the
same experiment. Using this quantity we calculate the mobility, and we obtain good
agreement with experimental data. This demonstrates that potential fluctuations which
are responsible for the band tails are also responsible for the limited mobility. From the
ESR line width we derive an average length scale for the fluctuations of the order of
1 µm. Such smooth fluctuations can arise only from remote ionized impurities.
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2. Experimental
Modulation doped Si0.75Ge0.25/Si quantum wells were grown pseudomorphically on top
of a linearly graded, relaxed Si0.75Ge0.25 buffer by MBE. To achieve n-type conductiv-
ity, an Sb-doped layer (25 nm thick) was placed 12 nm above the quantum well. After
cooling in darkness, samples with a volume doping concentration of 7.1017 cm-3 are
insulating. Prolonged illumination increases the electron concentration to 3.1011 cm-2

and a mobility exceeding 105 cm2/Vs at 4.2 K. For gated samples, a Pd layer was evapo-
rated in order to allow control of the 2DEG density.

Measurements were performed with a standard Bruker X-band spectrometer. We ob-
serve a strong increase of the integral CESR absorption with increasing illumination
dose after cooling in darkness, and finally for prolonged illumination, the signal satu-
rates. For a gated sample, we see a rather weak signal for zero bias that increases for
accumulation and it saturates also for higher positive bias voltage.

In order to determine the carrier concentration in situ, we make use of cyclotron reso-
nance (CR) which causes a broad background signal [2] in the standard ESR experi-
ment. The CR amplitude increases and at the same time the CR width decreases persis-
tently with increasing illumination dose. The latter reflects momentum scattering indi-
cating improved mobility as the Fermi level moves up and away from the tail states. The
CR signal can be fitted using the Drude expression for the dielectric function taking
both the CR-active and the CR-inactive parts into account as it is necessary since linear
polarized microwaves are used in our experiments [2]. The carrier concentration is nor-
malized to its saturation value. The latter was determined independently by investigating
Shubnikov - de Haas oscillations.

0,0 2,0x1011 4,0x1011 6,0x1011
0,0

0,2

0,4

0,6

0,8

1,0

0,00

0,25

0,50

0,75

1,00

1,25
T = 4 K

N
or

m
al

iz
ed

 E
SR

 S
us

ce
pt

ib
ilit

y
Inverse Screening Length,  q

TF    [10 9 cm
-1]Carrier Density [cm-2]

Fig.1: Normalized ESR susceptibility of the 2DEG as a function of carrier density for
an ungated sample (circles), the same sample with a gate electrode (squares) and
a highly doped sample (dot). The rhs scale gives the value of the Thomas-Fermi
screening vector.

For gated samples, we used C-V measurements to determine the carrier density.
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The integral ESR absorption is proportional to the magnetic susceptibility. In order to
evaluate the DOS quantitatively we normalized the integral CESR signal to its satura-
tion value and we assigned the unperturbed 2D DOS to that value. Typical results for
the DOS at the Fermi level, g(εF), are given in Fig. 1 as a function of the 2DEG density.
The results show a smooth increase in the density of states instead of the sharp jump
expected for an ideal 2DEG. For ns, it approaches the ideal constant value asymptoti-
cally. For an ideal 2D DOS, the saturation carrier density of ns ≈ 3.1011 cm-2 corre-
sponds to a Fermi energy of about 2 meV above the unperturbed band edge.

Within the Thomas-Fermi model, the screening efficiency qTF (inverse screening length)
is also proportional to the density of states at the Fermi level, g(εF) [4]. We are thus able
to add another scale to Fig.1 giving that quantity. Both g(εF) and qTF increase gradually
with increasing ns instead of the sharp onset expected for an ideal 2DEG.

Fig. 2: Hall mobility (solid symbols) and calculated mobility in Thomas Fermi ap-
proximation (open symbols) versus ns. The dashed line represents the ideal
2DCS.

This finding can be explained in terms of potential fluctuations superimposed on the
band edge. Such fluctuations may arise from fluctuations of the well width, of the bar-
rier composition, the distribution of ionized donors in the doping layer and residual
charged impurities.

In order to test whether these potential fluctuations are the reason for the limited mobil-
ity we calculate the mobility within the Thomas-Fermi approach and compare the results
to experimental data [5] given in Fig. 2.

As can be seen in Fig. 2, the experimental data differ from the values obtained from qTF
by less than a factor of 2 and the exponent is perfectly reproduced.
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3. Conclusion
The agreement of the data derived from the ESR susceptibility with the directly meas-
ured mobility shows that the mobility is limited by the potential fluctuations that also
cause the band tails close to the conduction band edge. The high mobility values seen, at
least for high carrier density, show that screening is efficient within the 2DEG. At low
carrier density localization occurs and the metal to insulator transition [6], [7] takes
place where screening fails and the potential fluctuations tend to diverge [8].

The high mobilities seen indicate rather smooth, long range potential fluctuations. The
ESR susceptibility alone does not give direct information on the typical length scale of
these fluctuations. There is, however, another quantity which allows to determine a
lower limit for the typical extension of the fluctuations in space, namely the ESR line
width. The ESR line width is affected by all magnetic moments seen by electrons. This
implies a lower limit for the area over which carriers can move freely, because the
minimum CESR line width is given by the hyperfine interaction with nuclear spins in
the probing area. With the relative abundance of 4.7% of 29Si (the only stable Si isotope
with nuclear spin) and the hyperfine constant of P in Si we estimate a minimum exten-
sion of the electron wave functions on the order of 1 µm2. This value is in good agree-
ment with spatially resolved compressibility measurements on GaAs hole channels [9].
Rather large extensions are also consistent with transport experiments on similar sam-
ples that revealed in the metallic regime Dingle ratios well in excess of 10. At such high
values potential fluctuations are mainly due to the Coulomb potential of the ionized do-
nors in the remote doping layer. These cause inherently smooth fluctuations, and thus
large puddles in the insulating regime, since short-range fluctuations decay very fast
with increasing spacer thickness.
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Hot Electron Injection Field Effect Transistor
E. Kolmhofer, K. Luebke, H. Thim
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A new device geometry for a microwave FET with an injection limiting source con-
tact is presented. Through this contact fast electrons are injected into the transistor
channel region which leads to a shorter transit time and thereby raised upper fre-
quency limits as compared to a conventional MESFET. Measurement and deembed-
ding methods as well as obtained results are given.

1. Introduction
The purpose of the work reported is to present a new GaAs hot electron injection field
effect transistor (HEIFET). In this device the ohmic source contact of a MESFET is re-
placed by an injection limiting contact in order to inject fast electrons into the channel
region. As a consequence the electron transit time through the channel region is reduced,
and so the transistors upper frequency limits (fT and fmax) are raised.

2. Experimental
In our HEIFET [1] a hot electron injection contact of the type used in the planar injec-
tion limited Gunn diode or “FECTED” [2] replaces the highly doped source contact
used in conventional MESFETs. The injection limiting contact which consists of an
ohmic contact and an overlapping Schottky gate injects hot and, hence, fast electrons
into the FET channel thereby reducing the total transit time throughout the channel. A
cross sectional view of the HEIFET is shown in Fig. 1.

GaAs-substrate

GaAs, buffer layer

ohmic contact ohmic contact

source contact

drain contact

SiO2

overlapping gate gate

active channel,

Fig. 1: Cross section of a HEIFET.

In conventional MESFETs the time needed to accelerate electrons leaving the highly
doped source region can be as large as a few picoseconds due to the slow energy transfer
(energy relaxation) time. This is in our opinion the reason why 0.5 µm gate MESFETs
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exhibit a rather low fT although the time electrons take to traverse a distance of 0.5 µm
at saturated velocity (≈107 cm/s) is only around 5 ps which is one third of the RF cycle
at 60 GHz and which should be short enough to allow efficient operation of a 0.5 µm
gate-MESFET at 60 GHz.

3. Measurement Circuit
Our transistors are manufactured by conventional electron beam lithography and lift off
techniques in the cleanroom of the Microelectronics Institute. The most critical step in
the manufacturing process is the placement of the 0.5 µm gate between the overlapping
gate and the ohmic drain contact. In order to need only one gate per transistor an asym-
metric layout as shown in figure 1 has been chosen. The transistors are embedded in a
coplanar test circuit which allows contacting with a Cascade Microtech waverprober
with coplanar HF-tips and so measurement with an HP 8510C vector network analyzer.
An overview of the transistor within it's test circuit is given in Fig. 2.

Fig. 2: HEIFET with measurement circuit.

Fig. 3: Open structure (left) and short structure (right) for de-embedding.
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4. De-embedding
The only purpose of the test circuit is to enable contacting of the device with coplanar
tips during measurement. Since the overall behavior of the transistor is influenced by the
test circuit’s properties it is necessary to subtract this influence from the measured data.
From several available methods to perform this deembedding operation we chose to use
one employing separate open and short circuits as shown in Fig. 3 [3].

Following this method the deembedded impedance matrix ZTRAN of the transistor can be
calculated by ( ) ( ) 111 −−− −−−= openshortopenDUTTRAN YZYYZ . The required values YDUT for the
embedded transistor, Yopen for the open structure, and Zshort for the short structure can be
directly obtained from the measured S-parameters.
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Fig. 4: De-embedded S-parameters of a HEIFET.

5. Results
Using our HP 8510C VNA our transistors have been measured in the frequency range
from 45 MHz to 50 GHz. Figure 4 shows the deembedded S-parameters of a HEIFET at
a drain voltage of VDS = 2 V, gate bias voltage of VGS = –1.25 V, and a bias voltage of
VBS = 0.25 V applied to the overlapping gate. Figure 5 shows the current gain h21 calcu-
lated from these S-parameters. Therefrom a transit frequency of fT = 32 GHz is deter-
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mined for this device. At a frequency of 32 GHz the h21 curve departs from its
20 dB/decade slope as can be seen in Fig. 5 and continues horizontally. In our opinion
this departure from the expected slope is an artifact caused by effects which stem from
measuring an asymmetric device with symmetric coplanar tips. Because of the smooth
20 dB/decade slope of the curve at lower frequencies we are nevertheless confident that
the given value of fT is reasonable.
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Fig. 5: Deembedded current gain of a HEIFET

6. Conclusion
Despite none of the usual features for improving the upper frequency limit of a FET like
gate recess or a mushroom gate have been implemented our transistor shows a transit
frequency of 32 GHz which is a good value for a 0.5 µm device. By replacing our cur-
rent transistor layout with a symmetric one and using an appropriately modified test cir-
cuit we hope to extend the range of reliable S-parameter measurement towards higher
frequencies. Additionally we hope to raise the fT of our transistor by optimizing its ge-
ometry as well as the parameters of the active channel.
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After a treatment of standard radar techniques the development of a radar sensor ca-
pable of measuring distance with 0.1 mm accuracy is presented. The operating fre-
quency of the front-end is 34 – 36 GHz. The proposed prototype sensor makes use of
some new techniques such as direct homodyne receiving and direct frequency meas-
urement.

1. Introduction
The driving force in the field of radar technology has always been the development of
military equipment. Especially during the Second World War the existence of opera-
tional radar sensors was crucial and fostered research. But the same is true for today’s
military R&D. Nevertheless, the end of the Cold War had a strong impact on the finan-
cial situation of the microwave industry forcing the opening of commercial markets.

Another reason for the rapid growth of the commercial radar market is the availability of
microelectronic devices. A radar front-end is no longer a clumsy waveguide device but
can be realized in a rather compact way. In addition, new manufacturing processes re-
duced the cost of such sensors significantly.

1.1 Frequency Allocation
One fundamental problem of every industrial radar application is the limited bandwidth.
The resolution of a radar sensor is inversely proportional to the bandwidth. The frequen-
cies that can be used by industrial sensors are restricted to the so called ISM-bands (in-
dustrial, scientific, medical). Table 1 shows the allocation of these frequencies.

1.2 Resolution and Accuracy
In contrast to the commonly used nomenclature the word resolution has a different
meaning when used in connection with radar techniques. Converting a voltage to a
number using an A/D-converter quantizes the information with the least significant digit
being the resolution.

The resolution of a radar sensor is defined similar to the resolution of an optical micro-
scope. It quantifies the minimum distance between two resolvable targets. For this rea-
son, the accuracy of a radar measurement of a single target is usually much better than
the resolution.
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ISM-Band Frequency range Bandwidth Resolution
1 26,957 – 27,283 MHz 326 kHz 460 m
2 40,660 – 40,700 MHz 40 kHz 3750 m
3 433,050 – 434,790 MHz 1,74 MHz 86 m
4 868,000 – 870,000 MHz 2 MHz 75 m
5 2,400 – 2,483 GHz 83 MHz 1,8 m
6 5,725 – 5,875 GHz 150 MHz 1 m
7 24,000 – 24,250 GHz 250 MHz 600 mm
8 61,000 – 61,500 GHz 500 MHz 300 mm
9 122,000 – 123,000 GHz 1 GHz 150 mm
10 244,000 – 246,000 GHz 2 GHz 75 mm

Table 1: ISM-Bands [1] and corresponding radar resolution.

2. Radar Principles
The two physical effects mainly used for measurements are (1) the Doppler effect,
which allows the determination of the speed of a target, and (2) the propagation time of
a wave for determining the distance to a target. Additional information can be obtained
by evaluating other physical effects as attenuation, phase change, or rotation of the po-
larization plane.

Two different sensors were built at the Microelectronics Institute. A low cost speed sen-
sor [2] using a microwave oscillator [3] and an InGaAs/GaAs detector diode [4] both
developed in-house and a high end distance radar capable of measuring distance with an
accuracy of 0.1 mm.

3. High Accuracy Distance Radar
On the initiative of the VOEST Alpine Stahl AG a highly accurate level sensor was de-
veloped. Due to the rather harsh environment in a steel plant laser sensors do not work
satisfactorily, so applying microwaves was the technology of choice. This distance radar
should be part of a closed loop control guaranteeing a constant level of liquid steel in a
crucible.

3.1 Specifications
Not only the high temperature and the existence of fumes make the design of such a
sensor challenging but also the demand for fast measurement cycles. The distance range
is 0.5 to 1 m, the accuracy specification 0.1 mm. The sensor will be placed inside a me-
tallic enclosure which allows sweeping the frequency over a larger bandwidth than
specified in the ISM-bands.

3.2 Sensor Prototype
As a trade-off between accuracy and costs the frequency of operation was chosen to be
34 to 36 GHz. In this range most devices are commercially available with the exception
of direct frequency counters.
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To achieve the high accuracy the combination of two modes of operation is necessary:
(1) a phase evaluation of the reflected wave at a constant frequency and (2) an analysis
of a linear sweep (FM-CW … frequency modulated continuous wave). The phase meas-
urement, which is unambiguous within a quarter of a wavelength, supplies the high ac-
curacy while the coarse FM-CW measurement gives an absolute distance reading.

There are two possibilities of realizing a radar front-end: The conventional way is the
application of a highly stable and, hence, expensive signal source. It is not only the sta-
bility of the frequency which is an issue but also the possibility of producing a very lin-
ear frequency sweep. This is essential for obtaining an accurate distance value using the
FM-CW mode. By contrast, the signal source of the presented prototype sensor is a cost-
effective varactor tuned Gunn oscillator (VCO … voltage controlled oscillator). The
controlling bias of the varactor is provided via a digital/analog converter by a digital
signal processor (DSP). After characterizing the control characteristic of the VCO by
means of sweeping through the full bandwidth and recording the actual frequency, the
generation of a precisely linear sweep is possible. Details of the direct frequency counter
were published in [5]. A photograph of the whole radar set-up is shown in Fig. 1.

Fig. 1: Radar prototype consisting of waveguide and coaxial components.

The receiving part of the radar front-end is a so called six-port. This device has been
used more and more since the early 1970’s [6] in laboratories and research establish-
ments and represents an attractive alternative to a conventional heterodyne receiver. The
six-port technique is primarily used for measuring magnitude and phase of a received
wave. In the proposed sensor the six-port allows measuring the phase of the reflected
wave with respect to the incident wave with an accuracy of ±3 degrees which corre-
sponds to about one hundredth of a wavelength.
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3.3 Results
The distance measurement is accomplished in two steps. Firstly, a linear frequency
sweep is applied yielding the absolute distance with an accuracy of ±1 mm. Note that
the resolution of an FM-CW measurement with 2 GHz bandwidth is about 75 mm. Sec-
ondly, a constant 35.1 GHz signal is transmitted and the phase of the reflected wave is
evaluated. This enhances the accuracy of the distance measurement to ±0.1 mm. The
stability of the distance reading is one order of magnitude better [7].

Due to the application of a direct frequency counter the measurement cycle of a 20 bit
frequency measurement is 120 µs. These time steps are only necessary for calibrating
the VCO. The cycle time during the FM sweep (open loop control) is 6 µs.

4. Conclusion and Outlook
The proposed prototype sensor makes use of some new techniques such as direct homo-
dyne receiving and direct frequency measurement. With these features the sensor oper-
ating in the 34 – 36 GHz range is capable of measuring distance with ±0.1 mm accuracy.
Future work will concentrate on shrinking the sensor set-up by integrating the six-port
and the detector diodes on GaAs.
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In order to investigate the electrical conductivity of nanostructures at low tempera-
tures, different types of nanostructures were fabricated in the AlGaAs material sys-
tem. The narrow lateral regions were either defined by deep etched grooves or by
split gate structures on top of the samples. The electron density in the structures were
additionally changed either by illumination or a large top gate Schottky contact. The
formation of a 1D electron gas channel was observed.

1. Introduction
The driving force behind the investigation of solid state nanostructures is twofold. On
the one hand side, the continuing miniaturization in microelectronics calls for investiga-
tion of the lower size limits for devices, on the other hand, nanostructures allow access
to new fields in basic physics.

Today’s miniaturization in microelectronics can be characterized by Moor’s law – every
3 years, the single-chip memory size is increased by a factor of 4. The smallest structure
size in this type of semiconductor devices is the gate length, which is 0.18 µm nowa-
days. This development in miniaturization is expected to continue at least for several
years. But finally some hard physical limits will be reached. At least, when one memory
unit would have the size of a single atom, a further continuation of miniaturization in
the common way is hard to imagine. But other limits will be reached much earlier. If
one continues to works with doped semiconductor structures, at much larger length
scales one will reach the limit where only a few electrons will be in a single device,
which makes the control of such a structure unreliable. Another limit is set by the
wavelength of free electrons. As soon as the electrons wavelength becomes comparable
with the structure size, interference and quantization effects will occur and strongly in-
fluence the functionality of such a device.

The latter limit is the starting point for a manifold of new physical phenomena. The con-
finement of electrons in nanostructures leads to a quantization in energies and wave-
functions. This allows, at least at low temperatures, the exact control of the state of the
electrons and even allows to manipulate them individually. In quantum dots with two
connecting tunneling contacts, single electron transmission due to Coulomb blockade
can be achieved. Even the realization of quantum computation in solid state structures is
considered nowadays.

In order to contribute to research and development in the above mentioned fields, we
have established the techniques for the fabrication of nanostructures in the cleanroom
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facility in Linz. All necessary steps can be undertaken, including the critical electron
beam lithography and etching steps. We have chosen AlGaAs heterostructures a the
starting point for the nanostructures fabrication. Figure 1 shows the internal layer struc-
ture of a typical sample. The high mobility two-dimensional (2D) electron gas is formed
in the GaAs buffer layer at the interface towards the above lying AlGaAs spacer. The
doping region is typically 20 nm away from the interface in order to reduce the scatter-
ing efficiency and increase accordingly the mobility of the 2D electron gas.

Fig. 1: The scheme on the left hand side shows a typical layer sequence of an AlGaAs
heterostructure for achieving a high-mobility two-dimensional electron gas sys-
tem. The upper diagram on the right hand side shows the band diagram of the
heterostructure, the lower diagram displays the energy diagram in the vicinity of
the electron gas on an expanded scale.

In order to be able to perform electrical measurements on nanostructures, some geome-
try for the electrical connections, the ohmic contacts and possible gates have to be pre-
pared. We use a Hall bar geometry, which allows the determination of electron densities
and mobilities on the same piece of heterostructure. The ohmic contacts are formed by a
sequence of Cr/Ge/Au/Ni/Au which is evaporated onto the sample and annealed for 1.2
minute at 450°C. The Hall bar geometry was defined by a reversal photoresist AZ5218
and etched with CH4 and H2 in an “Oxford 80Plus” reactive ion etching system or in a
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wet chemical etch process. The different nanostructures are then prepared out of the
Hall bar structures.

2. Etched Nanostructures
One kind of nanostructures is prepared by etching deep grooves into the heterostructure,
which divide the 2D electron gas layer into different isolated regions. The groove struc-
tures were defined on the Hall bar by electron beam lithography with a JEOL 6400 mi-
croscope in a PMMA/MA photoresist. The etching of the structures was performed in
the reactive ion etching system with CH4/H2 gas. The photoresist is then removed in a
TEPLA asher. Wire structures with different widths between 100 and 1200 nm were
produced, see Fig. 2a and 2b for 500 and 100 nm wide wires. In addition point contacts
and ring structures were prepared (Fig. 2c and 2d).

 (a) (b)

(c) (d)

Fig. 2: (a) 2 µm long wire structure; (b) detail of a 100 nm wide wire; (c) etched point
contact; (d) etched ring structure.

The electrical properties of theses nanostructures were investigated. Most of the narrow
structures were not conducting. This is caused by the defect states at the GaAs surface,
which have a very high density close to midgap. Free electrons from the neighborhood
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go to those defect states leading to a depletion layer. Narrow etched nanostructure chan-
nels are thus usually not conducting in the GaAs material system. Only wider structures
remain conducting despite the surface depletion.

Figure 3 shows resistivity measurements on a 400 nm wide, 2 µm long wire structure
versus applied perpendicular magnetic field at a temperature of 1.5 K. As this sample
had no gate, the electron density was varied via illumination with an infrared light emit-
ting diode. Different curves in Fig. 3 correspond to different illumination intensities,
where lower resistivity means higher intensity. Several curves show a step-like increase
in resistivity at a magnetic field of about 0.6 T. The steps occur approximately between
1/10 and 1/6 of h/e2 and between 1/6 and 1/4 h/e2 and thus seem to correspond to transi-
tions between different occupations of electron channels in the one-dimensional (1D)
wire [1].

Fig. 3: Wire resistance versus magnetic field for a 400 nm wide, 2 µm long wire struc-
ture. Different curves correspond to different illumination intensities of the na-
nostructure with a infrared light emitting diode.

Due to the persistent photoconductivity effect, caused by DX-centers in AlGaAs struc-
tures [2], it is possible to increase the density of 2D electrons with illumination, but the
density does not decrease to its previous value after switching off the illumination.
Therefore it is difficult to change the density arbitrarily and the use of gated structures is
desired.

3. Top Gate
By using a top gate, which covers the whole area of the 2D electrons gas together with
the deep etched grooves, the electron density can be varied within a certain range. We
have fabricated both a Schottky gate and an insulated metal gate on top of the structures.
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The area of the Schottky gate is defined in the usual way by photolithography, an Al
metal layer is evaporated and the rest of the photoresist and the metallic layer is re-
moved in the lift-off step. Figure 4 shows a sample where the surface is covered by an
Al top gate. The Al layer forms itself a Schottky contact to the GaAs surface. With the
Schottky gate, the electron density n could be varied typically between 1.2x1011 and
4.2x1011 cm-2 before the leakage currents became too large. At low electron densities,
where the resistivity is strongly increasing, we have observed several steps in the con-
ductance versus gate voltage behavior, which can be attributed to transport in 1D chan-
nels.

As the Schottky gate starts to leak when the applied voltage becomes too high, we have
also tested a metal gate on top of an insulating layer. As insulating layer, a PMMA/MA
photoresist was used as this material is quite stable against thermal stress during cool
down of the samples in a cryostat. A Ti/Au or Cr/Au layer was deposited on top of the
insulation layer, the Ti (Cr) acts as an adhesive layer, the thicker Au is used as a contact
layer for bonding beside the Hall bar. The samples with this kind of gate contact showed
only a very small change of the electron density with applied voltage. It seems that lat-
eral currents below the insulating layer shield the gate voltage, and the electron gas is
nearly not affected.

Fig. 4: Hall bar sample, where the 2D electron gas region together with the deep groove
etched nanostructures is covered by an Al-Schottky gate.

4. Split Gate Nanostructures
Last but not least, split gate nanostructures were fabricated from the AlGaAs hetero-
structures. In these samples, a Schottky gate crosses the Hall bar from one side to the
other, but leaving a narrow gap of several hundred nm width open. The narrow lateral
gap in the gate was defined by electron beam lithography in the two-layer PMMA pho-
toresist. The Al gate was produced in a lift-off step and is shown in a raster electron
micrograph in Fig. 5(a).



148 T. Berer et al.

By applying a negative voltage to both parts of the split gate, the electron density under-
neath can be reduced until the 2D electron gas is completely suppressed and the two
conducting regions are separated. Only in the narrow restriction below the gap in the
split gate, the two regions of the 2D gas are electrically connected via a 1D channel.
This can be seen in Fig. 5(b) in the resistivity versus gate voltage curve as a plateau. By
further increasing the negative gate voltage, also the lateral potential of the 1D channel
shrinks, and the resistivity increases further. Small steps, probably due to the quantized
conductance in the 1D wire, can already be seen in Fig. 5(b). This resistivity range is
most interesting as it contains the conduction through only a few 1D channels and will
be investigated in more detail in the future.

(a) (b)

Fig. 5: (a) Split gate geometry formed by Schottky gate fingers on top of an AlGaAs
heterostructure. The restriction has a lateral width of 400 nm. (b) Resistivity
versus gate voltage behavior of the top gate structure.

5. Conclusion
We have fabricated several types of nanostructures on high mobility AlGaAs heter-
ostructures. The samples with deep etched grooves suffer from the surface depletion of
the GaAs material system, and it is difficult to control the conductivity for narrow lateral
structures. Top gate structures worked, but the range in which the electron density can
be varied is restricted due to the leakage of Schottky gates. Split gate structures were
best suited to change the electron density in a narrow point contact.
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Si:(Er,O) based light emitting diodes were developed and fabricated, emitting at
room temperature in breakdown regime at a wavelength of 1,54 µm. We investigated
doping profiles and electrical activity in order to optimize our structures for room
temperature luminescence. We present data from SIMS and Hall effect investiga-
tions, which demonstrate significant deviations from TRIM simulations of the im-
plantation profiles and the hitherto assumed electrical activity of Er in such environ-
ment.

1. Introduction
It is known that electroluminescence (EL) of erbium in silicon can be achieved by im-
pact excitation with hot electrons injected in a reverse biased (r.b.) diode. Obviously,
various Er centers can be excited in the impact excitation process. They can be distin-
guished by their characteristic luminescence line patterns. It was found, however, that
the centers responsible for room temperature luminescence are contained in SiOx pre-
cipitates. Their dominance at high temperature EL becomes apparent in the transforma-
tion of the emission spectra from the characteristic sharp line spectra to a less structured
band with 20 nm width. The incorporation of Er in SiOx clusters is achieved by Er and
O implantation and subsequent annealing above 950 °C. The latter is necessary in order
to initiate the formation of SiO2:Er precipitates.

Er electroluminescence at room temperature can be realized in diodes operating both in
the tunneling and in the avalanche regimes. In tunneling diodes, the Er excitation occurs
only at a very small volume, within 15 nm of the depletion edge [1]. Making use of an
avalanche process allows us to increase the excitation volume considerably but it is still
limited to the space charge region of a pn-junction only.

The fabrication of these diode structures requires accurate control of doping gradients
and thus knowledge of the electrical activity and the distribution of the implanted
dopants. We present data from SIMS and Hall effect investigations, which demonstrate
significant deviations from TRIM simulations of the implantation profiles and the hith-
erto assumed electrical activity of Er in such environment.
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2. Design and Realization of p-n Junctions
An important property of the Er centers is their electrical activity which has to be taken
into account in the design of the diodes. For isolated centers a large portion can be elec-
trically active. Electrical activity has been seen also for SiO2 precipitates. Therefore we
investigated the electrical activity of our SiO2-δ:Er precipitates by means of Hall effect
measurements on samples prepared by implanting Er into high resistivity Si substrates
(Fig. 1). As a result, we estimate an electrical activity of less than 3% for this sample.
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Fig 1: Arrhenius plot of the electron concentration measured by Hall effect on a sam-
ple of p-Si (ρ > 1000  Ω·cm) implanted with Er+O. For the evaluation of the
electron concentration a two sheet model was applied in order to correct for the
substrate contribution.

The early successful attempts to obtain EL from r.b. p-n junctions were performed on
diodes with large doping gradients that showed tunneling breakdown [2] – [4]. The
problem with this kind of excitation is the short ballistic range of electrons with a en-
ergy of more than the 0.8 eV that are required to excite Er [1]. That way only a very
small fraction of the incorporated Er can be excited and the total efficiency of such a
device would be rather limited. An avalanche breakdown is expected to offer consider-
able advantages as it occurs in a much wider volume.

The most relevant parameter deciding about the two types of breakdown is the electric
field strength which in turn is ruled by the doping gradient. According to Sze, for Si at
room temperature the doping gradient must not exceed a value of 1023 cm –4 if avalanche
conditions are desired [5]. This, together with the requirement of a large concentration
of optically active Er centers in the avalanche region needs careful design of the im-
plantation parameters and knowledge of the resulting implantation profiles.
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Fig. 2: Implantation profiles of Er and B into n-Si (a) and Er, As and B into p-Si (b)
substrates.

Comparison of the implantation profiles measured by SIMS and those simulated by the
TRIM code led to a surprise: the profiles of Er are substantially deeper than expected
(see Fig. 2). Since the same discrepancy was found for Er implanted into amorphous
SiO2 [6], channeling effects can be excluded. Because of the low electrical activity of Er
under the present preparation conditions this discrepancy may not be crucial for the
electronic properties of a diode, but it is important for the optimal spatial overlap of the
Er profile and the avalanche excitation volume. More important, however, is the fact
that the shallow dopants also start to diffuse substantially at the annealing temperature
of 1000 °C (s. Fig. 2). This diffusion has a strong influence on the doping gradient at the
p-n junction and therefore realistic profiles have to be taken into account in the design
of an avalanche breakdown diode.

Another important design consideration concerns the question of homogeneity of the
field strength and thus of the generation rate in the avalanche regime across the diode
cross section. It is well known that in an avalanche diode the field strength close to the
edge of the contact may exceed the average field strength substantially. Consequently
avalanche breakdown occurs already at lower voltage and excitation concentrates at the
circumference of the diode whereas the center of the diode remains dark. This effect
may lead to an early degradation of such a diode. In order to avoid this effect we apply a
guard ring structure as it is also applied in the design of avalanche photon detectors.
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3. Conclusion
At present, the only principle yielding stable emission at room temperature employs
impact excitation of the Er in a reverse biased p-n junction. It has been shown that ther-
mal quenching of the luminescence can be avoided by producing a particular type of Er
center. This type of center exhibits a single inhomogeneously broadened line with two
characteristic asymmetrically arranged shoulders. There are several indications for an
SiO2-like surrounding of Er in this type of centers. The SiO2:Er centers exhibit also
larger excitation cross section for hot electrons than the isolated Er centers. We have
shown that in the design of such a diode it is essential to control the doping gradient in
order to achieve avalanche rather than tunneling breakdown in the diode. It turns out
that TRIM simulations are insufficient to describe the Er implantation profile and either
diffusion of the shallow dopants has to be taken into account at the necessary formation
temperature for the SiO2:Er clusters of 950 °C or a second implantation and annealing
step at lower temperature is necessary. As a result, almost temperature independent
emission of 1.54 µm can be achieved in a diode that can be produced in a way compati-
ble with present Si technology. The shortcoming of this type of device is the rather low
yield (mW/cm2), the low efficiency (10-4) and the relatively big linewidth (20 nm).

Acknowledgements
This work is supported by the GMe, FWF, ÖAD, and INTAS

References
[1] S. Coffa, G. Franzo, F. Priolo, Appl. Phys. Lett. 73, 1998, 93.

[2] G. Franzo, S. Coffa, A. Polman, A. Carnera, F. Priolo, Appl. Phys. Lett. 64, 1994,
17.

[3] J. Stimmer, A. Reittinger, J.F. Nützel, H. Holzbrecher, Ch. Buchal, G. Abstreiter,
Appl. Phys. Lett. 68, 1996, 23.

[4] S. Coffa, G. Franzo, F. Priolo, Appl. Phys. Lett. 69, 1996, 2077.

[5] S. M. Sze, “Physics of Semiconductor Devices”, (J. Wiley, N.Y. 1981, 2nd ed.) p.
96 ff.

[6] L. Palmetshofer, M. Gritsch, G. Hobler, Material Sience and Engeneering B 56, in
print.



The Society for Microelectronics – Annual Report 2000 155

Lead-Salt Microcavities for the Mid-Infrared
W. Heiss1, T. Schwarzl1, G. Springholz1, T. Fromherz1, G. Bauer1, M. Aigle,2

H. Pascher,2 K. Biermann3, K. Reimann3

1Institut für Halbleiter- u. Festkörperphysik, Johannes Kepler Universität,
Altenbergerstraße 69, 4040 Linz, Austria

2 Experimentalphysik I, Universität Bayreuth, 95447 Bayreuth, Germany
3Max-Born-Institut für Nichtlineare Optik und Kurzzeitspektroskopie,

12489 Berlin, Germany

Operation of optically pumped IV-VI vertical-cavity surface emitting lasers is re-
ported. The microcavity structures were grown by molecular beam epitaxy on BaF2
(111) substrates. High reflectivity Pb1-xEu xTe/EuTe multilayers are used as Bragg
interference mirrors of the cavity. Stimulated emission at wavelengths between 3 and
4.5 µm is generated either in PbTe quantum wells embedded at the antinode posi-
tions of the microcavity or in correlated, self-organized PbSe quantum dots.

1. Introduction
Narrow band gap IV-VI semiconductor compounds (lead salts) are important materials
for optoelectronic devices for the mid-infrared (MIR) spectral region (3 – 30 µm). As a
result of their favorable band structure, lead salt diode lasers were obtained with cw op-
eration temperatures up to 223 K [1] and up to 60 °C in pulsed mode [2]. This repre-
sents the highest cw operation temperature for electrically pumped MIR diode lasers.
The major application for such lasers is high resolution and high sensitivity chemical
gas analysis as well as atmospheric pollution monitoring. This is due to numerous ab-
sorption lines of many gaseous molecules in the MIR range.

Apart from the conventional edge emitting lasers, very recently, surface emitting lead-
salt mid-infrared microcavity lasers were demonstrated for the first time [3]. These ver-
tical cavity surface emitting lasers (VCSELs) offer several advantages like a circular
output beam with small divergence, single mode operation, and the possibility of high
monolithic integration. In addition, VCSELs offer the possibility for reducing the
threshold currents and increasing operation temperatures.

In this work, lead-salt VCSELs working in the wavelength range between 3 and 4.5 µm
are presented. With optical pumping, pulsed laser operation is demonstrated up to a
temperature of 65 °C. In addition, stimulated emission from correlated, self organized
PbSe quantum dots, embedded between PbEuTe/EuTe Bragg interference mirrors is
shown. This is of high interest since quantum dot lasers have been predicted to yield
strongly increased material gain and differential gain, lower threshold currents, higher
modulation band widths and better temperature stability as compared to quantum well
lasers.



156 W. Heiss et al.

2. Sample details
The microcavity structures were grown by molecular beam epitaxy (MBE) on (111) ori-
ented BaF2 substrates. Sample 1 consists of a Pb0.94Eu0.06Te cavity with a thickness cor-
responding to two times the optical wavelength (λ) with nine inserted PbTe quantum
wells (QWs). The cavity is embedded between two dielectric Bragg mirrors. The bottom
mirror consists of three periods of Pb0.95Eu0.05Te/EuTe λ/4 layer pairs. Because of the
very high refractive index contrast of the layers of more than 80 %, this yields a mirror
reflectivity of more than 99 %. To enable optical pumping, the top mirror has to be
transparent at the pump wavelength. Therefore, the Eu content in the ternary layers of
the top mirror was increased to 20 %. This leads to a reduced refractive index contrast,
so that four layer pairs had to be used to obtain a reflectivity of 98 %. As active laser
material, nine 20 nm wide PbTe QWs were inserted in the cavity close to the five anti-
node positions of the electric field.

Sample 2 contains a superlattice of correlated, self-organized PbSe quantum dots be-
tween the two dielectric Bragg mirrors. These are formed during heteroepitaxial growth
of PbSe on Pb1-xEuxTe (111) due to the 5.4 % lattice mismatch [4]. Due to the strong
increase of the Pb1-xEuxTe energy band gap with Eu content (∆Eg/∆xEu = 4.48 eV at
4 K), a quantum confinement of the free carriers in the PbSe dots is achieved already for
Eu concentrations of a few percent. We have chosen xEu = 5%, the same concentration
as used for the growth of the mirrors. To obtain PbSe dots with an areal dot density of
about 5 x 1010 cm-2, an average dot height of 120 Å, a width of 300 Å, and a size disper-
sion of typically around ±15 %, 5 monolayers PbSe were deposited at a substrate tempe-
rature of 360° C whereas the mirrors were grown at 260 °C. Fig. 1 shows a cross section
of the sample 2, by a sketch in (a), a SEM micrograph of the complete VCSEL structure
in (b), and the PbSe dot arrangement in the superlattice by the TEM images of a refer-
ence sample grown under identical conditions in (c).

Fig. 1: Schematic representation (a) and cross sectional SEM micrograph (b) of the
PbSe quantum dot VCSEL structure. (c) Cross sectional and plan-view TEM
micrographs of a PbSe/Pb1-xEuxTe dot superlattice reference sample with 5 ML
PbSe and 480 Å Pb1-xEuxTe.
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3. Experimental results
For optical pumping of sample 1, we used 100 fs long pulses at a wavelength of
1.97 µm with a repetition rate of 1 kHz. For sample 1 MIR emission can be observed at
room temperature. Below laser threshold, the emission spectrum shows a Lorentzian
shaped line centered at 3200 cm-1 with a width of 160 cm-1. Increasing the excitation
density to 1 mJ/cm2 results in a considerable narrowing of the emission spectrum and a
drastic rise of the luminescence intensity. Both effects indicate the onset of stimulated
emission. For excitation powers above 1 mJ/cm2 the line width becomes larger again
and the integrated emission intensity of the sample linearly increases with rising pump
power. Such a linear dependence is expected for laser emission, and it is shown in detail
in Fig. 2(a) giving a laser threshold energy density of 0.83 mJ/cm2.

The temperature dependence of the emission spectra of sample S1 excited with an en-
ergy density of 8 mJ/cm-2 is demonstrated in Fig. 2(b). With increasing sample tem-
perature the laser output intensity at first only slowly decreases until about 55°C above
which the intensity rapidly decreases and completely quenches at 70°C. As shown in
Fig. 2 (a), with rising temperature also the laser threshold increases slightly from 0.83
mJ/cm2 at room temperature to 1 mJ/cm2 at 50°C.

Fig. 2: Dependence of the stimulated emission of sample 1 on excitation intensity (a)
and on sample temperature (b). Laser operation is obtained up to 65 °C.

In the following, emission measurements on a superlattice of self-assembled PbSe
Stranski-Krastanow islands embedded in a vertical cavity are presented. Because of the
large total cavity length of sample 2 a large number of cavity resonance modes are ob-
served within the stop band region. The central m = 28th cavity mode is located at
290 meV (λ = 4.27 µm), corresponding to the low temperature onset of quantum dot ab-
sorption measured on PbSe/Pb1-xEuxTe reference samples. The stimulated emission
spectra of the VCSEL structure induced by optical pumping with a pulsed Nd:YAG la-
ser is shown in Fig. 3. At 1.5 K, simultaneous emission at the m = 28 and 29th order
cavity modes at λ = 4.24 and 4.09 µm occurs, with a line width of only 700 µeV. This
two-mode laser operation is a result of the inhomogeneous broadening of the quantum
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dot gain spectrum to dot size fluctuations. Measurements of the integrated output inten-
sity as a function of pump power indicates an external threshold of Pth = 510 kW/cm2.
As shown in Fig. 3, with increasing temperature, the intensity of the 29th mode increases
whereas that of the central 28th mode decreases and eventually disappears at a tem-
perature of 40 K. As the temperature is further increased, the 29th emission in turn de-
creases and at 60K the next higher laser mode turns on. At 70 K, the 29th mode com-
pletely disappears, whereas the 30th mode emission persists up to 90 K. This successive
switching of the laser emission is explained by the increase of the PbSe band gap with
increasing temperature. The envelope of the emission lines is given by the inhomo-
genously broadened dot gain spectrum with a width of about 18 meV. Similar as in
PbTe quantum well VCSELs, the upper limit of operation temperature is caused by the
detuning between the gain spectrum and the central cavity modes at higher tempera-
tures. This indicates that much higher operation temperatures can be achieved for the
dot lasers by appropriate tuning of the optical cavity modes to the dot emission at higher
temperatures.
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PbEuTe/EuTe microcavities and microdisks supporting strongly detuned resonances
were fabricated by molecular beam epitaxy and reactive ion milling. For detuned
cavity modes, we find a pronounced angle dependent relative polarization splitting of
up to 1 % and vertical laser emission at 4.8 µm, for sample temperatures between 35
and 85 K. Furthermore, lateral confinement effects in circular microdisks with di-
ameters below 20 µm are demonstrated.

1. Introduction
Microcavities have attracted immense interest in recent years due to their unique physi-
cal properties as well as their high potential for device applications. The very short
cavities with lengths comparable to an optical wavelength require high reflectivity mir-
rors, which are realized by Bragg interference mirrors. Such Bragg mirrors exhibit a stop
band with high reflectivity around a certain target wavelength. The width of this stop
band is determined by the refractive index contrast between the mirror materials.

We have recently demonstrated PbEuTe/EuTe microcavities with Bragg mirrors having
a very high refractive index contrast [1], which is more than four times higher than that
of III-V [2] and II-VI [3] mirrors. In these cavities, the mirror stop band width is large
enough to sustain Fabry-Perot resonances, which are highly detuned with respect to the
stop band center wavelength. The range for this detuning is about six times larger than
for III-V Bragg cavities.

In this work, we investigate the angle dependent polarization splitting between the TE
and TM modes of detuned resonances (DRs) as well as mid-infrared vertical lasing [4],
[5] from a DR. Furthermore, a splitting and a blueshift of resonances in laterally struc-
tured planar cavities into microdisks are shown.
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2. Experimental
The microcavity samples were grown by molecular-beam-epitaxy (MBE) on (111) ori-
ented BaF2 substrates. They consist of two high reflectivity Pb0.95Eu0.05Te/EuTe Bragg
mirrors with only three layer pairs and with (2λ) and (4λ) Pb0.95Eu0.05Te cavities in be-
tween. The samples intended for laser emission have inserted several 20 nm thick PbTe
quantum wells in the cavity layer as active material. Circular microdisks with various
diameters were formed by lateral structuring of the planar cavities by reactive ion mill-
ing. The optical characterization of the microcavities was performed with polarization
dependent FTIR transmission measurements. For investigation of the microdisks, an IR
microscope mounted on the FTIR spectrometer was used allowing spatially resolved
reflectivity measurements with a resolution of 8 µm. The laser samples were optically
pumped with a pulsed Nd:YAG laser [5].
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Fig. 1: (a) FTIR transmission of the m = 6 resonance of a 4λ microcavity for TE and
TM polarization at an internal angle of 10.3°. Inset: FTIR transmission spectrum
of the stop band region of the microcavity.  (b) Angle dependent dispersion of
the m = 6 mode for TE and TM polarization.
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3. Polarization Splitting and Lasing in Microcavities
Our IV-VI microcavity with a length of 4λ supports five cavity resonances, as shown in
the inset of Fig. 1(a) by the transmission spectrum of the cavity in the stop band region.
The energy of the most detuned resonances with order m = 6 and m = 10 is about
450 cm-1 off from the mirror center. Figure 1(a) shows the polarization splitting of the m
= 6 mode at 1860 cm-1. At an internal angle of only 10.3° (64° external) it amounts 18
cm-1 yielding a relative splitting of 1 %. In comparison, in GaAs/AlAs cavities the tu-
nability of the resonances is limited by the small stop band widths resulting in a polari-
zation splitting of only 0.1 % at an external angle of 60° [6]. For the TE mode we ob-
serve, in addition, a considerable larger finesse than for the TM mode, which appears
much higher and broader in the transmission spectrum. The difference of the finesse is
due to a lower reflectivity for the TM polarization as predicted by the Fresnel formulas.
The angular dispersion of the polarization modes of the m=6 resonance is shown in Fig
1(b). Both dispersions are fitted with the same equation [6] by using different values for
the effective refractive index (3.55 and 4.25 for TM and TE mode, respectively).

The DRs have a lower quality factor than the central resonances, due to a about 3.5 %
lower Bragg mirror reflectivity at the edges of the mirror stop band. Nevertheless, opti-
cally pumped lasing has been observed also at DRs, which is in particular important for
IV-VI semiconductor lasers exhibiting a strong temperature dependence of the energy
band gap. This enables vertical single mode laser operation over a large temperature
range via mode hopping between central mode and DRs. This is observed indeed in the
(2λ) laser cavity exhibiting three resonances. The sample shows narrow forward di-
rected stimulated emission. At low temperatures around 4 K, emission is observed at the
central m = 4 cavity mode at 5.87 µm, whereas at 35 K the emission switches to the m =
5 DR at 4.82 µm. Above 85 K the lasing quenches, because the band gap energy ex-
ceeds the energy of the DR [5].
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Fig. 2: Reflectivity spectra of circular microdisks with various diameters showing the
m = 5 resonance dip.
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4. Mode Splitting in Microdisks
The lower quality of the DRs can be improved by laterally structuring of the planar mi-
crocavities to obtain three dimensionally confined photonic states [7]. In Fig. 2, the re-
flectivity of one DR (m = 5) of circular microdisks with different diameters is shown.
The disks were structured from a 2λ planar microcavity. For disks with diameters below
20 µm, the resonance dip shows a pronounced splitting into narrower modes.

The distance between the disk modes gets larger with decreasing diameter, as is ex-
pected from lateral confinement. Furthermore, the resonances shift to higher energies
with decreasing diameter, also indicating lateral confinement. The narrow microdisk
modes are attributed to radial-like modes as well as whispering-gallery-like modes [8].

5. Conclusion
In conclusion, we have demonstrated microcavities with strongly detuned resonances
with respect to the mirror stop band center. These resonances exhibited a pronounced
angle dependent polarization splitting and enable vertical laser emission despite low
cavity finesse. Furthermore, circular microdisks showing lateral confinement effects
were fabricated by laterally structuring planar microcavities.
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Self-organized lateral and vertical ordering in PbSe/Pb1-xEuxTe quantum dot super-
lattices is investigated by transmission electron and atomic force microscopy. We
observe the occurrence of three different ordered dot structures as a function of the
Pb1-xEuxTe spacer thickness ds, namely, (a) a vertical dot alignment with weak hexa-
gonal ordering tendency for small ds, (b) a well defined trigonal dot lattice with fcc-
stacking and nearly perfect lateral ordering for intermediate ds, and (c) uncorrelated
and laterally disordered superlattices for large ds. The formation of these different
dot correlations is explained by finite element calculations.

1. Introduction
The spontaneous formation of three dimensional (3D) islands in the Stranski-Krastanow
growth mode of highly lattice-mismatched heteroepitaxial layers has recently evolved as
a novel technique for the fabrication of self-assembled semiconductor quantum dots [1].
Under appropriate conditions, these islands exhibit sizes in the nanometer regime and
are fully coherent (i.e., dislocation free) to the substrate. When embedded in a higher
band gap matrix material, quantum boxes with atomic-like optical and electronic pro-
perties are formed. Due to the statistical nature of growth, these dots are usually not very
uniform in size, shape and spacing, which poses severe limitations for device appli-
cations. Multilayering is one possible route for improving the uniformity of self-as-
sembled dots [2] – [4]. This is due to the elastic interactions between the dots across the
spacer layers, which leads to the formation of long-range correlations in superlattices.

In the present work, we have investigated the self-organized vertical and lateral ordering
in PbSe/Pb1-xEuxTe quantum dot superlattices. It is shown that different types of correla-
tions are formed by changes in the spacer thickness. Whereas for small spacer thicknes-
ses, the dots are vertically aligned, an ABCABC... stacking sequence is formed for inter-
mediate spacer thicknesses, and no correlations are found for thick spacer layers. The
occurrence of the different structures is explained on the basis of finite element calcu-
lations of the elastic strain fields induced by the buried PbSe dots, showing a charac-
teristic change when the spacer thickness becomes comparable to the buried dot size.
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2. Experimental
A series of superlattice samples was grown by molecular beam epitaxy on PbTe buffer
layers predeposited on (111) oriented BaF2 substrates [4]. The superlattice stacks consis-
ted of 30 periods of 5 monolayers (ML) PbSe alternating with Pb1-xEuxTe spacer layers
of 200 to 1000 Å in thickness. Due to the -5.4% lattice mismatch with respect to PbTe,
PbSe grows in the Stranski-Krastanow mode with the formation of 3D islands once the
critical coverage of 1.5 ML is exceeded [5]. During the overgrowth of these islands, a
rapid replanarisation takes place such that after 200 Å a smooth 2D surface is regained
[4]. Identical growth conditions were employed for all samples with a substrate tempera-
ture of 360 ° C and growth rates of 0.08 ML/sec and 3.5 Å/sec for PbSe and Pb1-xEuxTe,
respectively. Thus, the only difference in the superlattices (SLs) was the thickness and
composition of the spacer layers, where the latter was adjusted to provide a complete
strain symmetrization of the SL stack with respect to the PbTe buffer layer [5]. This pre-
vents misfit dislocation formation and ensures identical strain conditions in all samples.

Fig. 1: AFM surface images (top) and cross-sectional TEM micrographs (bottom) of
self-assembled PbSe/Pb1-xEuxTe dot superlattices with 30 superlattice periods
and different Pb1-xEuxTe spacer thicknesses of ds = 320 Å (left), 465 Å (center),
and 660 Å (right hand side). For small spacer thicknesses (I) the dots are verti-
cally aligned with weak lateral ordering tendency. For intermediate spacer
thicknesses (II) a dot alignment inclined by 39° with respect to the growth di-
rection occurs with an fcc-like ABCABC… stacking sequence and nearly perfect
hexagonal lateral ordering. For thick spacers (III) no vertical dot correlations
and no lateral ordering is observed. Inserts in the top panels: 2D FFT power
spectra of the AFM images.
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3. Results
The atomic force microscopy (AFM) images of the last dot layer and the cross sectional
transmission electron microscopy (TEM) images are shown in Fig. 1 for Pb1-xEuxTe spa-
cer thicknesses of ds = 320, 465 and 660 Å. For small spacer thicknesses ds < 370 Å
(Fig. 1(a), (b)), as the number of superlattice periods increases larger and larger PbSe
dots are formed on the surface, with a dot density decreasing from the initial value of
550 µm-2 for the single layers to about 70 µm-2 after 30 SL periods. Correspondingly,
the average dot height of 180 Å and base width of 700 Å is much larger as compared to
that of single dot layers grown under identical growth conditions. The cross sectional
TEM image of this sample (Fig. 1(b)) reveals that the dots are vertically aligned in co-
lumns, is similar as in InAs/GaAs or SiGe/Si dot superlattices.

Increasing the spacer thickness to 370 – 540 Å leads to a completely different dot arran-
gement. As shown in Fig. 1(c), a nearly perfect hexagonal 2D lattice of dots is formed
in this case, with a substantial narrowing of the size dispersion [4]. In addition, the dot
density of about 250 µm-2 is about four times larger as compared to the samples with
thinner spacer layers, with a corresponding decrease of the dot sizes. As demonstrated
by the cross sectional TEM of Fig. 1(d), the PbSe dots are now aligned in directions in-
clined by 39° with respect to the growth direction (see dashed lines), and a well ordered
trigonal 3D lattice of dots with a vertical ABCABC... stacking sequence is formed. For
spacer thicknesses larger than 550 Å (Fig. 1(e) – (f)), another striking change occurs
where the 2D hexagonal dot lattice is replaced by a highly disordered dot arrangement
with an even higher dot density of 550 µm-2. The cross-sectional TEM image of this
sample (Fig. 1(f)) shows that the PbSe dots in each layer are randomly positioned rela-
tive to those in the adjacent layers. Thus, the whole SL structure just represents an un-
correlated repetition of disordered 2D single dot layers.

The different lateral ordering tendency is clearly reflected by the Fourier transformation
(FFT) power spectra of the AFM images shown as insets in Fig. 1. For the sample with
intermediate spacer thicknesses, many well defined satellite peaks appear in the FFT
image (Fig. 1(c)). The clear six-fold symmetry and the large number of higher order
peaks indicates the formation of large perfectly ordered 2D hexagonal dot domains. The
exceedingly high efficiency of the lateral ordering process is corroborated by the corres-
ponding cross-sectional TEM image, revealing that the lateral ordering sets in already
within the first superlattice layers. For spacer thicknesses larger than 550 Å (Fig. 1(e)),
only a diffuse ring is observed in the FFT image. This indicates the lack of any lateral
ordering tendency and a rather broad dispersion of dot spacings. For samples with small
spacer thicknesses ds ≤ 370 Å (Fig. 1(a)), although the dots seem to nucleate at random
positions, six broad satellite side peaks are still visible in the FFT image (indicated by
arrows in Fig. 1(a)). This indicates a weak hexagonal ordering tendency with rather
large preferred lateral dot spacing. However, the absence of any higher order FFT satel-
lites shows that only a short-range order exists in this case.

A strikingly different behavior is also found for the scaling of the preferred in-plane dot
separation as a function of spacer thickness [6]. For small SL periods D ≤ 380 Å, the
lateral dot separation L is around 1300 Å, varying only slowly as L = (0.6 D + L0) with
L0 = 1080 Å. At a critical period of D1c = 390 Å, L drops abruptly by a factor of three to
550 Å, and a nearly perfect 2D dot lattice is formed. In this regime, L scales exactly li-
nearly with D as L = √3×D tan α [3], where α is the layer-to-layer correlation angle of
39° observed by TEM. For SL periods exceeding a critical value of D2c = 570 Å, the
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mean lateral dot distance again drops abruptly to a value of 450 Å, and remains constant
for all larger D. The corresponding dot density then equal to that of single dot layers
grown under identical growth conditions. Both structural transitions are not completely
abrupt, i.e., for D around 390 Å actually mixed structures with coexisting trigonal and
columnar dot regions are observed by TEM. Similarly, the second transition is mani-
fested by a rapid but continuos drop of the layer-to-layer correlation probability.

The formation of different vertical correlations is explained as follows. Due to the lattice
distortions around the buried dots a non-uniform strain distribution is imposed on the
epitaxial surface. This leads to a preferred island nucleation at the minima of the strain
energy on the surface. As shown by our previous work [3], [7], due to the very high
elastic anisotropy of the IV-VI compounds and the chosen (111) growth orientation, the
strain energy distribution caused by each buried PbSe dots exhibits three pronounced
side minima that are laterally displaced from the surface normal direction. The preferred
dot nucleation at these strain minima leads to an ABCABC... vertical dot stacking se-
quence [3] as well as to a very efficient hexagonal lateral ordering tendency. This is ob-
served for the superlattices with intermediate spacer thicknesses. To explain the other
types of dot correlations, the finite thickness of the spacer layer as well as the finite size
of the buried dots has to be taken into account. For this purpose we have performed a
series of finite element calculations of the stress distribution around dots located at va-
rious depths D below the surface. According to our AFM studies [5], the PbSe dots were
modeled as triangular pyramids with (100) side facets. This yields an aspect ratio of b/h
= 2.45, where b is the dot base width and h the dot height. Introducing the dimensionless
surface coordinates x'  = x/D along [-110] and y' = y/D along [-1-12], it turns out that the
shape of the energy distribution is only determined by the ratio of D/b, i.e., on the ratio
of the depth to the island base width. The results of these calculations are shown in Fig.
2.

For spacer thicknesses larger than the island base D/b > 1, the strain energy distributions
E(x´,y´) closely resemble that obtained from a point source model [3], with three well
separated minima along the <-1-12> directions. This is exemplified in Fig. 2(b) for D/b
= 1.5. The directions of these minima are inclined by α = 35° with respect to the surface
normal, in close agreement to the correlation angle observed by TEM. However, when
D/b decreases below 1, α rapidly decreases to zero (as is shown in Fig. 2(c)). This
means that the three minima are replaced by one central minimum located exactly above
the buried dot. This is illustrated by the calculated strain energy distribution shown in
Fig. 2(a) for the case of D/b = 0.5. As a consequence, preferential nucleation of new
dots then occurs directly above each buried dot, which corresponds to a cross-over from
fcc stacking to a vertical alignment of the dots, as is observed in the experiments. A
more detailed analysis shows that this crossover takes place when the lateral minima
separation L becomes smaller than the dot base width. Then, the island size becomes in-
compatible with the trigonal dot arrangement. Application of this condition to the actual
parameters of our experiments leads to an expected critical spacer thickness of D1c =
310 Å for this transition, in good agreement with the experiments [6]. On the other
hand, as the spacer thickness increases, the depth of these strain minima ∆Emin rapidly
decreases as 1/D3 [6]. As a result, the layer-to-layer dot correlation probability drops to
zero at a certain spacer thickness, which is experimentally the case for D2c = 560 Å, the
upper boundary for the trigonal dot structure.

Due to the changes in the PbSe dot size as a function of the growth conditions, the posi-
tions of the critical superlattice periods Dc also change upon changes in the growth con-
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ditions. In particular, at lower substrate temperatures, which result in smaller dot sizes,
the phase boundaries are shifted to smaller values, which means that an fcc-stacking can
be also obtained for SL periods smaller than 380 Å. This effect can be utilized in order
to extend the tunability range of the trigonal superlattice structure.
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Fig. 2: Surface strain energy distributions above a pyramidal PbSe quantum dot in a
PbEuTe matrix derived from finite element calculations and plotted as a func-
tion of dimensionless surface coordinates x/D for two different dot depths of (a)
D = 0.5 × b and (b) D = 1.5 × b, where b is the dot base width. Brighter areas in
the contour plots correspond to lower strain energies. (c) Directions α of the
strain energy minima on the surface relative to the surface normal plotted as a
function of the D/b ratio. The dot configuration for the calculations is shown in
(c) as insert.

4. Conclusions
In conclusion, different types of vertical correlations are observed in PbSe quantum dot
superlattices as a function of the Pb1-xEuxTe spacer thickness. The different vertical cor-
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relations have dramatic effects on the lateral ordering tendency as well as on the scaling
of the lateral dot spacing as a function of spacer thickness. In addition, a different evolu-
tion of dot sizes and shapes occurs. The transition between the differently correlated
structures is caused by the dependence of the elastic interaction between the dots on the
thickness of the spacer layer, as well as by the finite lateral dot sizes. Similar trends are
be expected also for other material systems.
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Heteroepitaxial growth of PbTe on 5.2% lattice mismatched (100) oriented PbSe is
investigated using UHV-scanning tunneling microscopy. A 2D growth mode is
found, and it is shown that strain relaxation occurs by pure edge type misfit disloca-
tion formation. The early stages of strain relaxation show a lateral injection of dislo-
cation half loops from monolayer step edges on the surface. A rapid increase of the
dislocation density with PbTe layer thickness indicates a very effective strain relaxa-
tion mechanism with a critical layer thickness below 1 monolayer (ML). At PbTe
layer thicknesses above 4 ML we observe the formation of a highly regular network
of misfit dislocations with a dislocation spacing of around 10 nm, and a smallest
variation of the dislocation separation of only ±12%. Thus, this nano-scale disloca-
tion patterning can serve as template for the fabrication of self-assembled, ordered
nanostructures.

1. Introduction
Strain relaxation is a critical process in lattice-mismatched heteroepitaxy. For highly
mismatched heteroepitaxial systems, two different strain relaxation mechanisms exist,
namely (1) the spontaneous formation of strain-induced coherent 3D islands on the sur-
face, or (2) by misfit dislocation formation at the layer/substrate interface. For the latter,
recent work has shown that the formation of interfacial dislocations strongly modifies
surface morphology of the epitaxial layers, due to long-range elastic deformations of the
lattice and in many cases due to monolayer surface glide steps [1]. In semiconductors,
misfit dislocations are usually distributed in a irregular way within the layers, but for
special growth geometries highly periodic dislocation arrays occur [2], [3]. This dislo-
cation pre-patterning has been demonstrated as a tool for spatial manipulation of the
nucleation sites of self-assembled quantum dots [4], [5], based on the local perturbation
of the total free energy of the surface by the subsurface misfit dislocations.

In the present work, we have studied the strain relaxation mechanisms of PbTe on 5.2%
lattice-mismatched (100) oriented PbSe substrates, using UHV scanning tunneling mi-
croscopy (STM). The non polar (100) surface has the lowest surface free energy in the
rocksalt crystal structure, other than the polar (111) surface, where strain relaxation is
found to occur by Stranski-Krastanow growth.

2. Experimental
The samples were grown by molecular beam epitaxy using compound sources for PbSe
and PbTe. On polished PbSe (100) substrates, a several µm thick PbSe buffer layer was
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deposited at a temperature of 380 °C, followed by a PbTe layer, where the PbTe layer
thickness was varied from 0.3 to 22.5 ML. After growth, the samples were rapidly
cooled down to room temperature and transferred to a separate UHV-STM chamber
without breaking ultra-high vacuum conditions.

3. Results
In contrast to (111) oriented growth we find for the growth of PbTe on (100) oriented
PbSe substrates a 2D growth mode that persists throughout the heteroepitaxial growth
process (Fig. 1). Strain relaxation occurs purely by the formation of misfit dislocations
that appear as dark surface depression lines in large-scale STM images (Fig. 1(b) – (d)).
Studies of layers with varying PbTe layer thicknesses give a critical layer thickness hc
for the onset of misfit dislocation formation of only 0.8 ML, and STM images of very
early relaxation stages show that misfit dislocation half loops are injected laterally from
monolayer step edges on the surface (Fig. 1(b)). With increasing PbTe layer thickness
the misfit dislocation density increases rapidly, and above about 4 ML PbTe a highly
regular, square grid of misfit dislocations with a spacing of the order of 10 nm develops.
By measuring the dislocation line density in STM images the relaxed strain in the layers
was determined as a function of layer thickness, indicating a very rapid strain relaxation
with more than 90% of the 5.2% misfit strain already relaxed at a PbTe layer thickness
of 9 ML.

Fig. 1: STM images of PbTe layers on PbSe (100) for different layer thicknesses of  (a)
0.3, (b) 0.8, (c) 4.5 and (d) 9 ML. Insert in (c) and (d): FFT power spectra of the
STM images. The marked area (e) is shown in Fig. 2 (a) on an enlarged scale.

Atomically resolved STM images of an endpoint of a misfit dislocation (see Fig. 2(b))
show that the Burgers vector b is of ½<011> type, as expected for the rocksalt crystal
structure of PbSe and PbTe. The Burgers vector is parallel to the heterointerface, and
thus, the misfit dislocations cannot be formed by glide but only by climb processes. In
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addition, b is perpendicular to the misfit dislocation lines that run along the fourfold
<1-10> directions. Therefore the misfit dislocations are of pure edge character.

Fig. 2: STM images of a 9 ML PbTe layer on PbSe (100). As shown in (a) a very regu-
lar quadratic dislocation array is formed. The atomically resolved STM image of
the area in (a) is shown in (b). As indicated by the Burgers circuit, the Burgers
vector is equal to ½<011> and the dislocations are formed along the <0-11> di-
rections.

The remarkable regularity of the dislocation network is evidenced by the appearance of
satellite peaks in the FFT power spectra of the STM images (insert in Fig. 1(c) and (d)).
A  statistical analysis of the dislocation spacings for the 4.5 and 9 ML PbTe samples
(Fig. 3) indicates a narrowing of the distribution of the dislocation spacings, i.e. a higher
regularity of the dislocation network with a variation of the dislocation separation of
only ±12% for the 9 ML sample. This is less than the typical variations in size and
spacing of self-assembled quantum dots formed by the Stranski-Krastanow growth
mode. The high regularity of the dislocation network is explained by the repulsive force
between the dislocations and the high dislocation mobility within the heterointerface.
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Fig. 3: Histograms of the lateral misfit dislocation spacings for PbTe layer thicknesses
of (a) 4.5 ML and (b) 9 ML, indicating that the distributions narrow with in-
creasing layer thickness.

4. Conclusions
For the growth of PbTe on (100) oriented substrates we find a 2D growth mode and a
very effective strain relaxation process by the formation of pure edge type misfit dislo-
cations that are formed by a climb process. With increasing PbTe layer thickness, the
dislocations form a highly regular, square grid along the fourfold <1-10> directions with
a period of the order of 10 nm. Due to the high uniformity of the dislocation network,
this dislocation patterning can serve as template for the fabrication of self-organized
ordered nanostructures. Because the interaction between dislocations depends strongly
on the dislocation separation, similar results can be expected for other highly mis-
matched heteroepitaxial systems.
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Reflection Difference Spectroscopy on II- VI
Semiconductors; A Tool to Investigate

Surface Processes in situ During Growth
Kurt Hingerl

Institut für Halbleiter- und Festkörperphysik, Johannes Kepler Universität,
Altenbergerstraße 69, 4040 Linz, Austria

As the materials and structures of semiconductor technology become more complex,
interest in developing real time process monitoring techniques during crystal growth is
rapidly increasing. Optical Probes are best suited to be applied simultaneously with
crystal growth, because they are non-invasive and non-destructive. A technique cur-
rently strongly used is Reflectance Difference Spectroscopy (RDS), which can monitor
in situ surface processes in real time under UHV (MBE, ALE) as well as under atmos-
pheric pressure (CBE, OMCVD) conditions. The measured signal is the difference be-
tween the near normal incidence reflectances of light linearly polarized along the two
principal axes is investigated as a function of time, photon energy, and/or surface condi-
tion. For cubic materials the uninteresting bulk reflection cancels in subtraction, leaving
the signal from the lower symmetry surface. However, there are also identified sources
for bulk anisotropy for zincblende (001) surfaces which break the 4-fold rotational
symmetry. We mention spontaneous ordering, the linear electro-optic effect, disloca-
tions, and quantum confinement.

Fig. 1: The alignment of the optical components of the RDS system
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Fig. 2: A photo of the experimental setup of the UHV MBE chamber with the attached
RDS in the cleanroom at Linz University (arrow).

Within the last years the understanding of information delivered by RDS and of kinetic
RD data has grown considerably, however full exploitation of the power of these optical
techniques needs further investigations, particularly when heteroepitaxial systems are
concerned. Therefore, since the beginning of the work in February 1997, the major ef-
fort was directed onto these topics in II-VI semiconductors:

1. In situ determination of in plane stress and strain anisotropy in ZnSe/ZnTe/CdTe
(001) Layers on GaAs.

2. On the origin of resonance features in RDS data of silicon.

3. In situ observation of stress relaxation in CdTe/ZnTe heterostructures by reflec-
tance-difference spectroscopy at the critical thickness

ad 1) Is there an anisotropic in plane strain occurring due to dimerization for II-VI com-
pounds? Furthermore we tried to find a theoretical description connecting the symmetry
of the wave-functions and the polarization dependence of the optical transition matrix
elements with the measured spectra (Bikus and Pir Hamiltonian) [6], [10]. Using re-
flectance difference spectroscopy we showed that Te surface termination on ZnTe in-
duces, due to stress occurring from dimerization and the piezo-optic effect, a dichroism
at the E1 and E1+ ∆1 critical points of the dielectric function of the ZnTe. The influence
of Te dimers on the stress field in the epilayer was proven by comparing with ex situ
measurements of anisotropically stressed ZnTe layers and in situ by enhancing the stress
effect by inserting one atomic plane of Cd. Under Zn termination no stress was induced.
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Fig. 3: Kinetic RD data taken during ALE growth of ZnTe (001) grown on GaAs at a
photon energy of 3.5 eV. The inset displays RD data on a longer time scale.

ad 2) This also enabled us to shed light on the origin of sharp resonances in reflectance
difference spectroscopy (RDS) data at the critical points of the dielectric function of
bulk Si: The physical origin of sharp resonances in reflectance difference spectroscopy
(RDS) data at the critical points of the dielectric function of bulk Si, previously assigned
to surface-bulk transitions, to photon localization or to optical transitions from bound
dimer states to excited dimer states was investigated. We show that uniaxial in-plane
stress of bulk Si induces sharp resonances at exactly these critical points of Si via the
piezo-optic effect. In the recent literature it was shown that surface reconstruction as
well as dimerization exerts anisotropic stress, e.g. along the dimer direction, and the
resulting strain is extending into the bulk. In our contribution we simulate this surface
strain by externally stressing different Si faces and comparing ex situ measured RDS
data of Si(001), Si(111), and Si(110) surfaces with RDS data measured in situ and den-
sity functional theory calculations.

ad 3) Understanding where the RDS features come from enabled us also for the first
time to observe in situ the stress relaxation in CdTe/ZnTe heterostructures by reflec-
tance-difference spectroscopy at the critical thickness. The first stages of epitaxial
growth of CdTe on ZnTe and ZnTe on CdTe are monitored with reflectance difference
spectroscopy. Spectroscopic reflectance difference data show strong optical anisotropy
responses at the critical points of the bulk dielectric function at E0, E1 and E1+ ∆1 inter-
band transitions of ZnTe, respectively CdTe, which indicate that anisotropic in-plane
strain occurs during epitaxial growth. Applying a model it is possible to determine the
in-plane strain due to the misbalance of 60° dislocations along the [ 011 ] and [1 1 0]
directions. Kinetic reflectance difference data taken at the E1 transition of the respective
material exhibit with an accuracy of one monolayer the onset of the formation of misfit
dislocations for these material systems. An example of this kinetic behavior is shown in
Fig. 5.
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Fig. 4: Comparison between in situ RDS data obtained by other groups and our stress
related features for example for the Si(111) surface: (a) displays the RD data of
a Si(111): H surface 5° miscut towards the [ 211 ] direction; (b) shows ex situ
measured data on Si(111) surfaces covered with natural oxides and 2° miscut;
(c) same as Fig. 4(b) with the RDS head rotated by 45° from the [ 011 ]  direc-
tion towards the [ 112 ]  direction; (d) same as Fig, 4(c) with the application of
25 MPa compressive stress along the  [ 011 ] direction; (e)  the RD spectrum of
a non miscut Si(111) sample; f) same as Fig. 4(e) with the application of
25 MPa uniaxial stress along the 011  direction.
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Magnetic Properties of Thin Iron Films
K. Himmelbauer, H. Sitter, H. Krenn

Institut für Halbleiter- und Festkörperphysik, Johannes Kepler Universität,
 Altenbergerstr. 69, 4040 Linz, Austria

The incorporation of magnetic layers in semiconductor heterostructures is an in-
creasingly active area of study. There is a great interest in the catalytic, electronic,
and magnetic properties of transition metal overlayers on semiconductor substrates
in thin film form. Since the metal-semiconductor interface plays an important role in
thin film heterostructures, the initial stages of overlayer growth determine the mor-
phology and crystalline structure of subsequent growth. Thin film properties often
differ significantly from bulk properties due to surface and interface effects domi-
nating the overall behavior of these films. Iron films show a broad range of magnetic
properties depending on film thickness and deposition conditions. We investigate the
influence of the initial substrate surface reconstruction on the magnetic behavior of
iron films both on GaAs substrates as well as on ZnSe epilayers. Surface reconstruc-
tion leads to magnetic anisotropies dominated by an in-plane uniaxial component.
We study the growth of ferromagnetic iron to determine the mode of film growth, the
interface formation, and the magnetic film properties. Films are characterized by
various methods: surface reconstructions are determined by Reflection High Energy
Electron Diffraction (RHEED) and magnetic properties by Superconducting Quan-
tum Interference Device (SQUID) measurements with the magnetic field applied
along different in-plane directions.

1. Introduction
The growth of single-crystal ferromagnetic films on semiconductor substrates and the
incorporation of metal layers in semiconductor heterostructures has attracted consider-
able attention due to its compatibility with planar electronics (e.g. for inducing magnetic
fields in dilute magnetic semiconductors) and due to its potential for spin-sensitive het-
erostructure devices.

Body-centered cubic (bcc) α-iron is preferentially deposited on GaAs and ZnSe due to
the slight lattice mismatch (1.5 % and 1.1 %, respectively). By variation of film thick-
ness and deposition conditions iron films show a broad range of magnetic properties. In
this paper we present the influence of the surface reconstruction of the substrate and the
influence of the film thickness on the magnetization curves obtained by superconducting
quantum interference device measurements.

2. Experimental
A new ultrahigh vacuum chamber, designed for the growth of bcc α-iron and described
earlier [1], has been attached to an existing MBE-system allowing us to grow iron di-
rectly on (001) GaAs substrates or on  ZnSe epilayers.

Prior to growth the (001) GaAs substrates are heated up to 720 °C and kept at that tem-
perature till a streaky RHEED pattern indicates deoxidation of the substrates, usually for
a few seconds.
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The ZnSe epilayer is grown by ALE (Atomic Layer Epitaxy) [2] in the following way:
The shutter of the Zn effusion cell is kept open for 3 sec. After a delay time of 0.5 sec,
in which all shutters are closed, the shutter of the Se effusion cell is open for 3 sec. An-
other delay time of 0.5 sec finishes one growth cycle during which one monolayer of
ZnSe is grown. Therefore the substrate with a temperature of 300 °C is exposed to only
one kind of source material at one time. The ALE-growth of ZnSe starts with Zn and
finishes with Se leading to a Se-terminated surface. The thickness of the ZnSe epilayer
is chosen to be 500 Å, which is below the critical thickness at which dislocations start to
form.

Figure 1 shows a typical RHEED pattern observed after growth of ZnSe. The distance
between the streaks corresponds to a (2x4) reconstruction.

Fig. 1: RHEED pattern along the two [110] directions observed after growth of 500 Å
ZnSe in ALE-mode on (001) GaAs.

After ZnSe growth the sample is cooled down to 150 °C and then transferred to the iron
chamber via an UHV tunnel without breaking the vacuum. The iron chamber is
equipped with an electron beam evaporation source due to the low vapor pressure of
iron and the high source temperature required. For details see [1].

The iron layer is grown at a substrate temperature of 165 °C and with a growth rate of
approximately 10 Å/min. The thicknesses of the iron films are in the range of 20 –
120 nm. After growth of iron RHEED patterns are taken still in UHV without the effects
of oxidation. Then the iron samples, which are not covered with a capping layer, are
exposed to air and oxidize. The films are characterized by SQUID measurements with
the magnetic field applied along the [100] and [110] in-plane directions.

3. Results and Discussion
Figure 2 shows the results of SQUID measurements taken on a 60 nm thick Fe film on a
ZnSe epilayer. There is a shift in horizontal direction due to an offset of the SQUID
magnetometer. (Without offset the curves are symmetric with respect to the vertical
axis.) For all measurements the magnetic field is applied in the plane of the Fe film.
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Fig. 2: Magnetic moment, m, versus applied magnetic field, H, obtained from SQUID
measurements. (a) Iron film (60 nm thick) on a ZnSe epilayer; (b) magnification
of (a) for low magnetic fields.

The curves of magnetization versus applied magnetic field indicate a saturation of mag-
netization at low magnetic fields (at 50 G and 750 G for the [100] and [110] direction,
respectively). It is clearly visible that the [100] axis is the easy axis of magnetization
while the [110] axis is the intermediate axis of magnetization as it is expected for a
60 nm thick film [3].

3.1 Magnetic Field Applied Along In-Plane [100] Directions
By taking a closer look at the magnetic behavior for low applied fields (see Fig. 2) we
observe no rectangular hysteresis with one jump in magnetization, but a hysteresis con-
taining two irreversible jumps of the magnetization when increasing/decreasing the
magnetic field.

This behavior strongly depends on the thickness of the iron layer: For Fe films with a
thickness between 20 and 30 nm we observe a hysteresis with only one jump, whereas
the Fe films with a thickness between 60 and 120 nm show the two-jump-behavior.

This can qualitatively be explained by evaluating the energy density E of a magnetic thin
film with the in-plane magnetization vector M :
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where H  is the applied magnetic field, K1 is the fourth-order cubic anisotropy, αi are
the direction cosines of the magnetization with respect to the cubic axes, Ku is a uniaxial
in-plane second-order anisotropy, and θ is the angle between the magnetization and the
in-plane [110] axis.

The ratio Ku/K1 is crucial for determining the hysteresis. For the magnetic field applied
along the [100] direction the hysteresis shows one jump for |Ku/K1| > 1 (range (1)), two
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jumps for 1 > |Ku/K1| > 0,3 (range (2)) and again one jump for 0,3 > |Ku/K1| (range (3))
[4]. In range (1) the magnetic field, at which the irreversible jump in the magnetization
occurs, decreases with decreasing ratio Ku/K1. In range (2) the value of the magnetic
field at the first jump increases and for the second jump decreases with decreasing ratio
Ku/K1.

The evolution of the hysteresis with film thickness for our samples exactly agrees with
the behavior predicted by the model: Films with thicknesses of 20 and 30 nm show a
hysteresis with one irreversible jump of the magnetization with decreasing jump-field
for increasing film thickness, whereas films with thicknesses of 60 and 120 nm show
two jumps in the hysteresis. By assuming a decreasing ratio Ku / K1 with increasing film
thickness the fields for the jumps behave according to the model described above. Ap-
parently the ratio Ku/K1 is larger than 1 for Fe films between 20 nm and 30 nm thick
while for the thicker films (60 – 120 nm) Ku/K1 is between 0,3 and 1.

From this thickness behavior we conclude that the uniaxial anisotropy resulting in the
inequivalence of the two in-plane [110]-directions is induced by the interface. Another
important fact must be mentioned: We observe hysteresis curves with two irreversible
jumps only for the Fe films on a ZnSe epilayer, whereas the Fe films grown directly on
GaAs show only one jump in the magnetization for the complete thickness range !

This behavior can be explained in the following manner: By deoxidizing the GaAs-
substrate prior to growth of iron directly on GaAs, there is no specific background pres-
sure. Therefore after deoxidation we find Ga- and As-dimers at the surface, which are
oriented along the [ ]110  and [ ]101  directions [5].

On the contrary by the insertion of a ZnSe epilayer, deposited by atomic layer epitaxy as
described in the previous section, we have a Se-terminated surface due to the finishing
epitaxy step with the Se shutter open, where the Se-dimers are oriented along the [ ]101 -
direction [6].

For a (2x4)-reconstruction the dimer bond is parallel to the [ ]101 -axis as a result of the
orientation of the dangling bonds, and the (2x4)-surface has a pronounced rowlike struc-
ture along [ ]101  due to the missing Se-dimer rows. Therefore, the axis perpendicular to
the missing dimer rows, which characterize the surface reconstruction of the ZnSe, is an
easy axis, whereas the axis parallel to the missing dimer rows is a hard one [5]. Due to
the (2x4) surface reconstruction the two in-plane [110]-directions become inequivalent,
expressed by the last term in Eq. 1 where θ is the angle between the magnetization and
the [110] direction.

The uniaxial anisotropy originates in the interface between ZnSe and Fe and decreases
with increasing film thickness, whereas the cubic anisotropy due to the crystal stays is
independent of the film thickness. This leads to a decreasing ration Ku/K1 with increas-
ing film thickness, which has also qualitatively been determined from the evolution of
the hysteresis curves.

3.2 Magnetic Field Applied Along In-Plane [110]-Directions
By comparing the hysteresis curves for the magnetic field applied along the two [110]
in-plane directions (see Fig. 2), we notice that the magnetic fields of the irreversible
jump of the magnetization are different for the two [110] directions by a factor of ap-
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proximately 2.4. This also clearly indicates that one of the two in-plane [110] directions
is an easy axis for the magnetization, while the other one is a hard axis. This confirms
the discussion given above.

In summary there are two contributions determining the hardness of the different in-
plane axes: The cubic anisotropy, which distinguishes the [100] (easy) from the [110]
(hard) axis, and the uniaxial axis, which leads to the inequivalence of the [ ]110  and the
[ ]101  axis. These two contributions combine in a way as theoretically predicted in [7].

4. Conclusion
In summary we have presented (001) iron films with different thicknesses deposited
both directly on GaAs as well as on ZnSe epilayers. While the iron films on GaAs show
a rectangular hysteresis in the M versus H curves (magnetic field parallel [100]) with
one irreversible jump of the magnetization for the whole thickness range, the iron films
on the ZnSe epilayer exhibit a different magnetic behavior: The hystereses of thin films
(20 – 30 nm) contain only one irreversible jump, but thicker films (60 – 120 nm) lead to
hysteresis curves with two irreversible jumps.

This behavior originates in the Fe – ZnSe interface. The ZnSe epilayers are grown by
atomic layer epitaxy, where the Se-terminated surface contains a rowlike composition of
dimers resulting in inequivalence of the two [110] in-plane directions.

Measurements of M versus H curves with the magnetic field applied along the in-plane
[110]-directions are in agreement with the results of the [100]-measurements.
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