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The Society for Micro- and Nanoelectronics
(GMe — Gesellschaft fur Mikro- und
Nanoelektronik)

E. Gornik, K. Riedling
Gesellschaft fur Mikro- und Nanoelektronik,
c/o Institut fiir Sensor- und Aktuatorsysteme, TU Wien
GuBhausstraBe 27 — 29, A-1040 Wien

Goals of the Society for Micro- and Nanoelectronics

The Society for Micro- and Nanoelectronics (GMe) has been founded in 1985 as “Soci-
ety for Microelectronics - Gesellschaft fiir Mikroelektronik” with the aim to “support mi-
croelectronics technology and its applications” in Austria. With the shift of the focus in
research from micro to nano technologies the goals of the GMe changed accordingly.
Therefore, the GMe has changed its name into “Society for Micro- and Nanoelectronics
— Gesellschatt fiir Mikro- und Nanoelektronik” in 2003.

The GMe defines its tasks as follows:

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

o Operation of research facilities;

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

The central task of the GMe is to provide an internationally competitive infra-structure
in the area of micro- and nanoelectronics technology. The GMe allocates funds to
maintain research 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.

Activities of the Society

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

The main task of the GMe in the area of microelectronics technology is the operation of
the cleanroom laboratories in Vienna and Linz. The GMe has coordinated the construc-
tion of the Microstructure Center (MISZ — Mikrostrukturzentrum) in Vienna; the funds
were supplied by the Austrian Federal Ministry of Science and Research. The GMe
now finances a significant part of the operation costs for the cleanroom laboratories in
Vienna and Linz.
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Microelectronics Technology — Cleanroom Vienna
The following university institutes receive support within this focal point activity:
e Vienna University of Technology (TU Wien):

— Institute of Solid State Electronics (Institut flir Festkérperelektronik)

— Institute of Industrial Electronics and Material Science (/nstitut fiir Industrielle
Elektronik und Materialwissenschaften)
(since 2004: Institute of Sensor and Actuator Systems — Institut ftir Sensor- und
Aktuatorsysteme)

Microelectronics Technology — Cleanroom Linz
The following university institutes receive support within this focal point activity:
e Johannes Kepler University Linz:

— Institute of Semiconductor and Solid State Physics (Institut fiir Halbleiter- und
Festkérperphysik)

Other Activities of the Society

One of the declared tasks of the GMe is to provide information on current Austrian aca-
demic activities in the field of microelectronics to industry, in particular to Austrian
small- and medium enterprises (SMEs). To enhance the distribution of the results of
the research work done with GMe support, the GMe has put the contents of its annual
reports — 1995 through 2003 — and the proceedings of the latest seminars organized
by the GMe on its Web server. This server provides a variety of search facilities into the
reports, thus acting as a Microelectronics Knowledge Base. The GMe Web server is
available under the address:

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

The “GMe Forum 2003”

The biennial seminar of the GMe, the “GMe Forum”, took place at the Vienna Univer-
sity of Technology on April 10 and 11, 2003. The intention of the “GMe Forum’ is to
present application-oriented results of international industrial and academic research
and to indicate trends for future applications of research results. The “GMe Forum
2003” focused on the technologies and issues involved in the transition from a micro to
an nano technology. Ten distinguished speakers from research and industry in Europe
and the USA gave plenary lectures. In five invited oral and 22 poster presentations,
members of the university institutes that receive support from the GMe presented their
results, which would have been impossible to achieve without the contributions of the
GMe to the laboratory infrastructure.

The program of the “GMe Forum 2003” was as follows:



Preface

Thursday, April 10, 2003

09:00 — 09:30
09:30 —10:15
10:15 - 11:00
11:00 — 11:15
11:15-12:00
12:00 — 12:45
12:45 — 14:00
14:00 — 14:45
14:45 — 15:30
15:30 — 16:00
16:00 — 16:45
16:45 - 17:30
17:30

Opening:

E. GORNIK (President of the GMe)

P. SKALICKY (President of the Vienna University of Technology)

SOl and Waferbonding:

U. GOESELE, S. CHRISTIANSEN (MPI Halle): “Strained Si and Wafer-Bonding”

G. CELLER (Soitec, Summit, NJ, USA): “SOI: Developments, Challenges,
and Applications”

Coffee Break

P. LINDNER, T. GLINSNER, V. DRAGOI, J. WEIXLBERGER, C. SCHAEFER
(EV Group, Scharding): “Key Enabling Process Technologies for Ad-
vanced Semiconductors, MEMS and Nanomanufacturing”

Semiconductor Intellectual Property:

M. KASTNER (NewLogic, Lustenau): “Semiconductor Intellectual Property
Industry”

Lunch — Catering
System on a Chip:

D. DRAXELMAYR, R. PETSCHACHER (Infineon, Villach): “Mixed-Signal Design
for SoCs”

Nano-Technology:
E.J. FANTNER (IMS, Wien): “Micro@Nano-Fabrication-Austria”
Coffee Break

E. HAMMEL (Electrovac, Klosterneuburg): “Applications of Micro- and Nano-
Technologies”

H.G. CRAIGHEAD (Cornell, Ithaca): “Nanomechanical Systems”

Panel Discussion: “Can Austria Keep Up Internationally in the Area of
Nano-Technology?”

Friday, April 11, 2003

09:00 — 09:45

09:45 - 10:30

10:30 - 11:00

11:00 — 11:15

11:15 - 11:45

11:45-12:15

12:15 - 12:45

12:45 - 13:15

13:15

Organic Electronics:
G. LEISING (AT&S, Leoben): “Integrated Organic Electronics”
Sensors:

M. BRANDL, CH. FURBOCK, F. SCHRANK, V. KEMPE (AMS, Unterpremstatten):
“A Modular MEMS Accelerometer Concept’

B. JAKOBY (TU Wien): “Sensors and Interface Electronics for Oil-Condition
Monitoring”

Coffee Break
Thermal Imaging:

D. POGANY (TU Wien): “Local Thermal and Current Imaging of Power De-
vices”

Opto-Electronics:
W. SCHRENK (TU Wien): “Quantum Cascade Lasers”

T. FROMHERZ (JKU Linz): “Light from Silicon: SiGe Quantum Cascade Struc-
tures”

K. SCHMIDEGG (JKU Linz): “In-situ Growth Monitoring and On-Line Composi-
tion Determination of MOCVD GaN by Spectroscopic Ellipsometry”

Snacks and Poster Exhibition



6 E. Gornik, K. Riedling

The Annual Report for 2003 of the Society for Micro- and
Nanoelectronics

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, at least
partly, carried out in the cleanrooms in Vienna and Linz, respectively. They are not spe-
cific 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 possible to carry out these projects without the support by the GMe.

In addition to the two sections on the central activities in the cleanroom laboratories in
Vienna and Linz, there is a “Sensor Systems” section. The sensor system activities are
closely linked with the cleanroom at the Vienna University of Technology, and partly
carried out using the infrastructure of this cleanroom. The piece of equipment that was
co-financed with GMe funds is, in fact, located in the Microstructure Center of the TU
Vienna, and available to all groups using the cleanroom facilities. Still, some sensor
technology processes require separate equipment due to material or process incom-
patibilities, and therefore separate laboratories. For reasons of clarity, we chose to put
the sensor activities into a separate section of this report.
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Cleanroom Vienna

G. Strasser
Micro Structure Center of the Vienna University of Technology,
Floragasse 7, A-1040 Vienna, Austria

In this report a summary of the main activities in the MISZ TU Wien (Mikrostruktur-
zentrum der Technischen Universitat Wien) during the year 2003 will be given. Till
the end of 2003, the MISZ was a central institution of the TU Wien. Since 2004, the
institution is part of the Electrical Engineering department and was renamed to dem-
onstrate the strong position it takes in the development of novel concepts and down-
scaling strategies. The new name — Zentrum fiir Mikro- und Nanostrukturen — under-
lines the twofold mission we see in the development of mature technologies and the
introduction of new concepts. Within this report we describe projects taking intensive
use of the cleanroom and the available technologies within. This includes state of the
art growth of 11I-V nanostructures and silicon processing, structuring techniques utiliz-
ing standard contact lithography, the production of patterned masks, ion milling as
well as dry etching and plasma enhanced chemical vapor deposition, electron beam
writing, focused ion beam etching and depositing, and different metallization tech-
niques. A major part of the mission of the ZMNS is the development and production
of optoelectronic and microelectronic prototype devices.

Introduction

An overview of the main research efforts with a high need of technological input is pre-
sented within this scientific report. This summary includes the maijority of experimental
projects of the solid state electronics institute (Festkdrperelektronik TU Wien) during
the year 2003. All the projects described below like transport studies in low dimensional
semiconductor nanostructures, scanning probe spectroscopy, realization of new and
improved optoelectronic devices, quantum cascade lasers, THz sources, and the char-
acterization of microelectronic devices take full advantage of the technologies installed
in the cleanroom of the MISZ (Reinraum Mikrostrukturzentrum der TU Wien), which is
now part of the ZMNS.

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

¢ Optoelectronics & THz technology

e Quantum Dots

e Transportin lll-V Semiconductors

¢ Silicon Device Testing

e Focused lon Beam Developments

o Novel Characterization Techniques and Devices

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

This includes growth of semiconductor nanostructures (molecular beam epitaxy), as
well as a complete process line including structure definition (lithography), structure
transfer (reactive ion etching, focussed ion beam etching, ion milling, wet chemical
etching techniques) and coating with metals and/or dielectrics (plasma-enhanced
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12 G. Strasser

chemical vapor deposition, sputtering, electron gun evaporation, focussed ion beam
deposition). Surface morphology as well as local carrier concentration probing is done
with a conventional Atomic Force Microscope (AFM) in combination with a Scanning
Capacitance Microscopy (SCM) extension.

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

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

Optoelectronics/THz technology

M. Austerer, C. Pflugl, W. Schrenk, T. Roch, and G. Strasser:
Surface Emitting Quantum Cascade Laser

C. Pflagl, M. Litzenberger, W. Schrenk, D. Pogany, E. Gornik, G. Strasser:
Interferometric Temperature Mapping of GaAs-based Quantum Cascade Laser

W. Schrenk, S. Anders, T. Roch, C. Pfligl, G. Strasser:
Tuning Quantum-Cascade Lasers by Postgrowth Rapid Thermal Processing

P. Schwaha, S. Anders, V. Tamosiunas, W. Schrenk, and G. Strasser:
Light field in Quantum Cascade Ring Lasers

V. Tamosiunas, R. Zobl, G. Fasching, J. Ulrich, G. Strasser, K. Unterrainer, R. Colom-
belli, C. Gmachl, L.N. Pfeiffer, KW. West, F. Capasso:
Terahertz Quantum-Cascade Lasers in a Magnetic Field

S. Golka, W. Schrenk, and G. Strasser:
Fabrication of dry etched planar Photonic Crystals for THz regime

M.Coquelin, R.Zobl, G.Strasser, E.Gornik:
Plasmon Enhanced THz Emission

J. Darmo, G. Strasser, J. Kroll, and K. Unterrainer:
Heterostructure-Based Photoconductive Terahertz Emitters

Josef Kroll, Juraj Darmo, and Karl Unterrainer:
Metallic Anti-Reflection Coating for Terahertz Technology

Quantum dots

T. Muller, F. F. Schrey, G. Fasching, G. Strasser, and K. Unterrainer:
Ultrafast Intraband Dynamics in InAs/GaAs Quantum Dots

F.F. Schrey, G. Fasching, T. Miller; G. Strasser, and K. Unterrainer:
Confocal Micro-Photoluminescence and Micro-Photoluminescence Excitation
Spectroscopy on Single Self Assembled InAs Quantum Dots

G. Fasching, F. F. Schrey, G. Strasser, and K. Unterrainer:
Photocurrent and Photoluminescence Measurements of InAs Quantum Dots

G. Pillwein, G. Brunthaler, G. Strasser:
Fabrication and Characterization of Lateral Quantum Dots in GaAs Heterostruc-
tures
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Transport in lll-V Semiconductors

M. Kast, C. Pacher, M. Coquelin, W. Boxleitner, G. Strasser, E. Gornik:
High-Resolution Hot-Electron Spectroscopy in Parallel Magnetic Fields

D. Rakoczy, G. Strasser, and J. Smoliner:
BEEM/BEES Investigations on AlAs/GaAs Single Barriers and RTDs

R. Heer, J. Smoliner, J. Bornemeier, H. Briickl:
Magnetic Tunnel Transistors Studied by Ballistic Electron Emission Microscopy

Silicon Device Testing

S. Bychikhin, D. Pogany, E. Gornik, M. Graf, F. Dietz, V. Dudek, W. Soppa, H. Wolf:
Thermal Mapping of the SMARTIS SOI Devices Under the vf-TLP and TLP Stress
Conditions

V. Dubec, S. Bychikhin, M. Blaho, D. Pogany, E. Gornik, J.Willemen, N. Qu, W.
Wilkening, L. Zullino, A. Andreini:

A Dual-Beam Interferometer for Investigation of ESD Protection Devices under
vf-TLP Stress

M. Blaho, V. Dubec, D. Pogany, M. Denison, M. Stecher, E. Gornik:
Hot Spot Dynamics in Vertical DMOS under ESD Stress

E. Auer and E. Bertagnolli:
Investigation of the Parasitic FET in Sub-100 nm Trench-DRAM

Focused lon Beam Developments

H. Landfischer:
Focused lon Beam Prepared Contacts of Tungsten to Silicon Characterized by a
Cross-Bridge Kelvin Resistor Approach

H. Wanzenboeck, E. Bertagnolli:
Active Field Effect Transistor Fabricated by FIB-implantation

G. Otto, G. Hobler:
Simulations of lon Beam Induced Damage in Silicon: Coupled Kinetic Monte
Carlo and Molecular Dynamics Simulations

A. Lugstein, B. Basnar, M. Weil, J. Smoliner, and E. Bertagnolli:
Advanced Nanoscale Material Processing with Focused lon Beams
Metallic Nano Dots Realized by a Subtractive Self Organization Process

Novel Characterization Techniques and Devices

W. Brezna, M. Schramboeck, A. Lugstein, S. Harasek, H. Enichimair, E. Bertagnolli, E.
Gornik, J. Smoliner:
Quantitative Scanning Capacitance Spectroscopy

T. Roch, W. Schrenk, S. Anders, C. Pfligl, G. Strasser:
X-ray Investigation of Interface Broadening by Rapid Thermal Processing

H. D. Wanzenboeck, C. Almeder, C. Pacher, E. Bertagnolli, E. Bogner, M. Wirth, F.
Gabor:
Cell Growth on Prestructured Microelectronic Materials

M. Coquelin, R. Zobl, G. Strasser, E. Gornik:
Recent Structures for Plasma Instability Search
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J. Kuzmik, D. Pogany, E. Gornik, P. Javorka and P. Kordos:
Electrostatic Discharge Effects in AIGaN/GaN High-Electron-Mobility Transistors

M. Trinker:
Development of a Silicon Deep Reactive lon Etching Process for the Fabrication

of Large Area Silicon Phase Gratings
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Project Information

Project Manager

Cleanroom MISZ TU Wien (since 2004 ZMNS TU Wien)

G. Strasser, Floragasse 7, A-1040 Wien

Project Group

Last Name First Name Status Remarks
Anders Solveig postdoc
Auer Erwin student
Austerer Maximilian student
Basnar Bernhard postdoc
Beiter Klaus student
Bertagnolli Emmerich 0. prof.
Blaho Matej dissertation
Boxleitner Winfried postdoc
Bychikhin Sergey postdoc
Brezna Wolfgang dissertation
Coquelin Michael dissertation
Darmo Juraj postdoc
Dubec Viktor dissertant
Dzigal Elvira technician
Fasching Gernot dissertation
Flirnhammer Felix dissertation
Golka Sebastian dissertation
Gornik Erich 0. prof.
Gruber Karl student
Harasek Stefan dissertation
Hobler Gerhard ao. prof.
Kamvar Parvis student
Kast Michael dissertation
Kroll Josef student
Kroll Peter technician
Kuzmik lan postdoc
Langfischer Helmut dissertation
Litzenberger Martin dissertation
Lugstein Alois univ. ass.
Mdaller Thomas dissertation
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Last Name First Name Status Remarks
Otto Gustav dissertation
Pacher Christoph dissertation
Pogany Dionyz univ. ass.
Prinzinger Johannes technician

Pflagl Christian dissertation
Rebohle Lars postdoc

Rakoczy Doris dissertation
Riegler Erich technician

Roch Tomas postdoc

Schinnerl Markus technician
Schenold Helmut technician
Schrenk Werner cleanroom director
Schrey Frederik dissertation
Schwaha Philipp student

Smoliner Jirgen ao. prof.
Steinesberger | Gernot dissertant
Strasser Gottfried ao. prof.
Tamosiunas Vincas postdoc

Ulrich Jochen dissertation
Unterrainer Karl ao. prof.
Wanzenbdck Heinz univ. ass.

Zobl Reinhard dissertation

Books and Contributions to Books

1.  S. Anders, G. Strasser, E. Gornik; “Long wavelength laser diodes”; in Handbook of
Laser Technology and Applications; Ed.: C. Webb, IoP Publishing, Bristol, UK

Publications in Reviewed Journals

1. M. Lackner, C. Forsich, F. Winter, S. Anders, and G. Strasser: “Investigation of
biomass steam gasification gas using a GaAs based quantum cascade laser
emitting at 11 ym”, Optics Communications 216, 357 (2003)

2. C. Pflugl, M. Litzenberger, W. Schrenk, D. Pogany, E. Gornik, G. Strasser;
“Interferometric study of thermal dynamics in GaAs-based quantum cascade
lasers”; Appl. Phys. Lett. 82, 1664 (2003)

3. Selected for the Virtual J. of Nanoscale Science & Technology 7 (12) 2003

D. Rakoczy, R. Heer, G. Strasser, J. Smoliner; “High Energy Ballistic Transport in
Hetero- and Nanostructures”; Physica E 16, 129 (2003)

5. W.Brezna, H.Wanzenbdéck, A.Lugstein, E.Bertagnolli, E.Gornik, J.Smoliner,
“Focussed lon Beam Induced Damage in Silicon Studied by Scanning Capacitance

Microscopy”, Semicond. Sci. Technol. 18, 195 (2003)
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6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

J. Darmo, T. Mller, G. Strasser, K. Unterrainer, G. Tempea; “Terahertz emitter
with an integrated semiconductor Bragg mirror”; Electron. Lett. 39, 460-462 (2003)

S. Harasek, H.D. Wanzenboeck, E. Bertagnolli, “Compositional and electrical
properties of zirconium dioxide thin films chemically deposited on silicon”, J. Vac.
Sci. Technol. A 21, 653-658 (2003)

S. Anders, W, Schrenk, A. Lugstein, G. Strasser; “Room temperature lasing of
electrically pumped quantum cascade micro-cylinders”; Physica E 17, 626-628
(2003)

L. Rebohle, F.F. Schrey, S. Hofer, G. Strasser, K. Unterrainer; “Energy level
engineering in InAs quantum dot stacks embedded in AlAs/GaAs superlattices”;
Physica E 17, 42-45 (2003)

W.Brezna, H.Wanzenbdck, A.Lugstein, E.Bertagnolli, E.Gornik, J.Smoliner,
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Surface Emitting Quantum Cascade Laser

M. Austerer, C. Pflligl, W. Schrenk, T. Roch and G. Strasser
Institute of Solid State Electronics, TU Vienna, Austria

We present high power surface-emitting single mode GaAs-based quantum cascade
lasers (QCLs) in the mid infrared. By using an air-AlGaAs waveguide combined with
second-order distributed feedback processing, we obtained optical output via the sur-
face above 3W. Surface-normal dual-lobe light emission exceeds the emission from
one as-cleaved facet by a factor of six.

Quantum cascade lasers are based on intersubband transitions [1]. Selection rules for
transitions in quantum wells allow gain only for TM polarized electromagnetic waves.
Therefore conventional vertical cavity surface emitting laser design is not suitable for
QCLs. If one wants to exploit the advantages of surface normal emission an other ap-
proach must be taken. We have chosen a distributed feedback design where the feed-
back is given through a second-order Bragg grating etched into the surface of the laser
ridge. Such surface emitting QCLs have been realized both in the InGaAs/InAlAs/InP
[2] and also in the GaAs/AlGaAs material system [3]. Appropriate etch depths, a low
loss top air cladding, and metallization of the grating peaks only, lead to high power
surface emission. The far field of such lasers exhibits an asymmetric dual lobe pattern,
because the near field close to the emitting surface also includes interference terms.
An in-detail investigation shows that the relative position of the grating and the end
mirrors determines the ratio of the two lobe intensities [4]. The single mode emission
wavelength is continuously tuneable by the heat sink temperature.
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Fig. 1: (a) Emission spectrum and light-intensity curves for surface and facet emission.
The emission wavelength is the same in both cases.

(b) Angular dependence of the far-field 124 cm away from the laser chip. An
asymmetric dual lobe pattern is observed.
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A three-well GaAs/Alp4sGagssAs quantum cascade active region [5] was grown by
means of molecular beam epitaxy on a <100> GaAs substrate. For waveguiding an
air/AlGaAs cladding was used in order to reduce absorption losses. Our calculations
yield a waveguide loss coefficient of a = 3.8 cm™, whereas another structure with the
same active region at the same wavelength, but a double-plasmon waveguide has a-
values of 12cm™. Taking the waveguide structure and the desired wavelength of
8.9 um into account, a suitable grating period, duty cycle and grating depth were calcu-
lated. The MBE grown material was processed into DFB laser ridges by means of op-
tical lithography and reactive ion etching (RIE). The laser ridges were cleaved to differ-
ent lengths in order to investigate the critical DFB coupling length. Lasers that are
shorter than 1.4 mm, thus having a product of DFB coupling coefficient « = 7 cm™ and
length (cm) smaller than one, do not experience sufficient feedback from the surface
grating and are showing typical Fabry-Perot modes. The samples were mounted sub-
strate-down on a turnable cold finger and operated under pulsed bias (100 ns, 5 kHz)
at 78 K. By turning the cold finger we could observe both edge and surface emission.

In Fig. 1 (a) absolute light output power versus bias current density for a 2.55 mm long
laser is plotted. Single mode emission is observed for all bias currents above threshold.
Light power was measured using a calibrated thermopile detector. In the case of edge
emission an f/1 AR-coated ZnSe lens was used to collect the light from the highly di-
vergent beam. In both cases the light power was focused onto the thermopile detector
by means of a gold coated off-axis parabola. The ratio between surface emission and
single-facet emission is determined to be 6 for this device.

The far field distribution (Fig. 1 (b)) of the laser emission was measured using a 1 mm x
1 mm sensitive area liquid-nitrogen cooled HgCdTe detector at a distance of 124 cm
away from the laser chip. Lateral resolution of 1 mm results in an angular resolution of
0.046°. The two beam lobes are separated by 0.25° and have an FWHM beam diver-
gence of 0.2° in laser ridge parallel direction. Beam divergence in ridge normal direc-
tion is determined by the ridge width, here FWHM beam divergences are in the range
of 10° to 20°.

We have shown the high-power capabilities of surface emitting DFB quantum cascade
lasers. Single lobe emission surface emission of second order DFB QCLs is proposed
by introducing a phase shift into the surface grating. Such low divergence emission
pattern would further improve practical usability. In contrary to facet emitters, for many
applications no collimating lens would be necessary.

This work was partly supported by EC (NMP-project) ANSWER, Austrian FWF (SFB-
ADLIS) and the Austrian GMe.
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Interferometric Temperature Mapping of
GaAs-based Quantum Cascade Laser

C. Pflugl, M. Litzenberger, W. Schrenk, D. Pogany, E. Gornik and
G. Strasser
Institute of Solid State Electronics, TU Vienna, Austria

Quantum cascade lasers (QCLs) based on intersubband / interminiband transitions in
GaAs/AlGaAs are unipolar semiconductor lasers [1], [2]. Compared to InP-based QCLs
([3] and references within), GaAs-based QCLs offer the advantage of higher flexibility
in the engineering of the electronic states. In spite of the improvements concerning
output power [4], threshold current [5], single mode operation and maximum operating
temperature [6] their performance is still limited by strong heating of the active region
due to poor heat dissipation. Improving the lasers with respect to better thermal charac-
teristics requires knowledge about the thermal dynamics in the laser under operation.

We want to report on a technique, namely the interferometric thermal laser mapping
technique, which we used to investigate GaAs-based QCLs under operation. Compar-
ing the experimental results with a thermal model enables to determine the heat distri-
bution of the working devices and reveals the heat conductivity of the multilayered ac-
tive region.

An infrared laser probe beam (wavelength of 1.3 um, well below the GaAs bandgap), is
directed to the sample from the device backside, passes through the substrate and laser
active area and is back reflected on the surface metallization. The current-induced heat-
ing causes a temperature increase in the active region, which induces changes in the
semiconductor refractive index. The resulting phase shift, which is detected interferomet-
rically, provides quantitative information on the thermal dynamics [7], [8].

The investigated QCL has an active region consisting of 50 periods of a chirped
Alg.45Gag ssAs /GaAs superlattice. This active region is embedded into a double plas-
mon enhanced waveguide. Ridge waveguides with a width of 10 um are fabricated by
etching 10 um trenches. The extended TiAu contacts are insulated with SiN. The length
of the laseris 1.3 mm.
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Fig. 1: (a) Calculated and measured phase shift in the middle of the laser ridge. The
calculated graph is shifted by 0.1 rad for clarity. (b) From the phase shift ex-
tracted temperature increase in the middle of the active region.
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We measured the transient phase shift during pulsed mode operation at room tempera-
ture, with a typical pulse length for GaAs based QCLs of 100 ns. The time evolution of
the phase shift in the middle of the laser ridge (see Fig. 1 (a)) can be used to determine
the anisotropic heat conductivity of the multilayered active region, ka=(k;, k), where k;
is the in-plane heat conductivity and k, the cross-plane component perpendicular to the
layers. For all parameter in this model standard literature data are used except the ani-
sotropic heat conductivity of the active region, which was fitted. A best fit was obtained
with an anisotropic heat conductivity k; = 0.25 W/Kem and k, ~ 0.015 W/Kcm [9]. After
the heating during the pulse (t < 100 ns) the first strong cooling is determined by the in-
plane heat conductivity. After the in-plane heat fluxes are mostly saturated the further
cooling depends on the low cross-plane heat conductivity. This model also reveals the
temperature distribution of the working devices. Figure 1 (b) shows the calculated tem-
perature increase in the middle of the active region. The maximum temperature in-
crease in the active region at the end of the pulse, we found to be 77 K at an applied
current of 3.1 A corresponding to a dissipated power in the active region of 63 W
(1.24 W/cm®) during the pulse.

The reduced in-plane heat conductivity compared with the weighted average of its con-
stituents (k = 0.31 W/Kcem [10]) can be explained by partly diffusive scattering of the
phonons at the interfaces in the multilayered active region. The cross-plane conductiv-
ity was found to be much smaller than the heat conductivity of an Aly17GaggsAs alloy
(k= 0.18 W/Kcm [10], the average Al-content of the investigated active region is 17 %).
In our superlattice structure the width of the single layers is in the range of a few nm
and thus is much smaller than the mean free path of thermal phonons in GaAs at 293 K
(A =50 nm [11]). In this case the heat conductivity is no longer determined by the prop-
erties of the involved materials but rather it must be considered that the effect of the
superlattice is to modify the phonon-dispersion relation [12]. This crucial difference of
the two components shows that the best way to improve the lasers with respect to a
better thermal behavior is to support the in-plane fluxes. This can be done e.g. by fabri-
cating the lasers as buried heterostructures or thicker gold layers in the trenches.

In conclusion, we have shown that the presented technique is a valuable tool to inves-
tigate the thermal dynamics in GaAs-based QCLs. Comparing the experiment with a
thermal model enables us to extract the anisotropic heat conductivity of the multilay-
ered active region as well as the temperature distribution in the working devices. The
ratio of the two components of the heat conductivity kj/k, was found to be in the range
of 15-20. The maximum temperature increase in the investigated active region is up to
80 K depending on the applied current.
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Tuning Quantum-Cascade Lasers by
Postgrowth Rapid Thermal Processing

W. Schrenk, S. Anders, T. Roch, C. Pflliigl and G. Strasser
Institute of Solid State Electronics, TU Vienna, Austria

We report on postgrowth heat treatment of quantum-cascade lasers. Intermixing of the
atoms at the barrier-well interfaces in the temperature range between 850 and 875 °C
shifts the energy levels and thus the gain of the structure. The achieved emission
wavelength shift is from 10.3 to 11.9 uym.

The QCLs described here were grown by solid source molecular beam epitaxy on
doped n* GaAs (100) substrates with a doping concentration of ng; = 2 x 10" cm™.
Alo.45Gags5As was used for the barriers and GaAs for the wells. We performed rapid
thermal processing (RTP) on the structure shown in Fig. 1. The lasing is based on a
bound-to-continuum transition similar to a sample described elsewhere [1]. The lasing
transition takes place between levels 2 and 1. Temperature-induced diffusion of atoms
grades the bandstructure. An effect similar to diffusion may be achieved by growing a
digitally graded structure. Such a structure has been calculated with the aim of maxi-
mizing the gain. [2]
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Fig. 1: Calculated conduction band structure of an active cell embedded between two
injectors for an external field of 45 kV/cm at room temperature.

The heat treatment parameters were 60 s at 850, 860, 870 and 875 °C for four different
pieces covered with SiO. After removing of the SiO with hydrofluoric acid, the samples
were processed into ridge waveguides with as-cleaved facets. The length of the ridges
was approximately 1.9 mm. Their widths were 20 and 10 um. The QCLs were mounted
into a cryostat cooled with liquid nitrogen. The lasing spectra were measured by driving
the device with a pulse length and repetition rate of 100 ns and 5 kHz, respectively, at
a current density just above the threshold. Spontaneous emission was measured with a
pulse length and repetition rate of 300 ns and 67 kHz, respectively, at less than half of
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the threshold. The optical signals were detected by a mercury cadmium telluride detec-
tor. The spectra were obtained by a Fourier transform infrared spectrometer.

Figure 2 shows that both spontaneous and lasing emission shift to longer wavelengths
as the RTP temperature is increased. Apparently, the intermixing of the interface atoms
causes the bandstructure to round such that the energy level spacing is smaller, and
hence the gain is shifted to lower energies. We may compare this to a result on
MOVPE-grown QCLs. In contrast to MBE-grown samples, which have relatively abrupt
interfaces, the interfaces of MOVPE-grown devices are always graded because of finite
switching times. J. S. Roberts et al. [3] find that the emission wavelength of their
MOVPE-grown QCLs is consistent with a grading of two monolayers at each interface.
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Fig. 2: Spontaneous emission (normalized to 0.5) and lasing (normalized to 1). Sam-
ples were heat treated for 1 min at 850, 860, 870 and 875 °C (from left to right).
Inset, circles: Shift of the lasing signal with increasing RTP temperature. All
data are from 20 um wide ridges. Inset, squares: Shift of the threshold with in-
creasing RTP temperature. Open symbols: laser width is 20 ym; closed sym-
bols: 10 um. In the inset, the data for the sample that was not heat treated are
shown at 600 °C, which is a typical growth temperature for QCLs.
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Light Field in Quantum Cascade Ring
Lasers

P. Schwaha, S. Anders, V. Tamosiunas, W. Schrenk and G. Strasser
Institute of Solid State Electronics, TU Vienna, Austria

Several geometries of circular micro resonators have already been investigated in the
past with micro disks, micro cylinders and rings among them. These devices showed
appealing performance characteristics such as a low threshold and lasing up to room
temperature [1]. Theory on the distribution of light within such devices predicted the
concentration of the light at the periphery in lowest order whispering gallery modes [2],
[3]. This assumption motivated the exploration of electrically pumped quantum cascade
lasers with ring shaped cavities. Several devices with varying inner and outer diame-
ters were manufactured in the course of this investigation. The measurements per-
formed on these devices indicated that the light is not confined to extreme periphery of
the device but also extended into the center region of the device. It is the aim of this
report to explain the distribution of the light field within these devices.
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Fig. 1: The spectra begin to blue shift as the inner to outer diameter ratio exceeds the
value of 0.4.

An important observation can be made by closely examining the emitted spectra. Since
the emission wavelengths already shift with the change of the outer diameter at a con-
stant ratio between inner and outer diameters, an adjustment of the emitted spectra is
necessary to easily compare the different devices. Figure 1 shows these adjusted
spectra. The spectra of the smallest devices (200 um) were left unchanged, while the
spectra of the larger devices (300 and 400 um) were horizontally shifted by constant
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factors. The vertical position of the normalized spectrum is defined by the ratio of the
inner to outer to diameters of the originating device. It can be seen that the emitted
wavelength is constant up to a ratio of 0.4. Devices having a diameter ratio beyond this
exhibit an increasing blue shift of the emitted wavelengths.

Fig. 2: The light reflected at the interface cannot enter the innermost region of the de-
vice.

A simple model based on ray optics can be used to explain this behavior. At the air-
semiconductor interface total internal reflection occurs up to a certain critical angle.
This critical angle depends on the refractive indices of the two adjoining media and in
this case can be calculated at 18.4°. Light with a smaller angle of incidence than this
critical angle is not reflected but will be refracted and leave the cavity. It thereby also
limits the angle under which light is reflected back into the device. In this way it defines
a central region that light, which is reflected at the border, cannot enter. This is shown
in Fig. 2. The radius of the “dark zone” can be calculated as the sine of the angle of
total internal reflection. As long as the inner diameter of a ring device is smaller than
this “dark zone” the device’s operation remains undisturbed. As soon as the hole in the
middle is bigger than the dark zone it pushes the light outward, resulting in the ob-
served blue shift. The calculated value of inner to outer radius at which the spectra
begin to shift is 0.32 and agrees reasonably well with the measured result. Simulations
performed for ring shaped cavities [4] also agree with the assumption that the light field
extends further into the central section of the device, than previously anticipated. This
can be explained by the occurrence of higher order whispering gallery modes.
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Terahertz Quantum-Cascade Lasers in a
Magnetic Field

V. Tamosiunas, R. Zobl, G. Fasching, J. Ulrich, G. Strasser and
K. Unterrainer
Institute of Solid State Electronics, TU Vienna, Austria

R. Colombelli, C. Gmachl, L.N. Pfeiffer and K.W. West
Bell Laboratories, Lucent Technologies, Murray Hill, New Jersey 07974

F. Capasso
Harvard University, Division of Engineering and Applied Sciences,
Cambridge, MA 02138

Terahertz quantum-cascade lasers (QCLs) are coherent sources of far-infrared radia-
tion based on semiconductor heterostructures. Operation of QCLs in the Terahertz
range of the electromagnetic spectrum was demonstrated just recently and the further
improvement of the THz QCLs is a challenge for several reasons related to the inter-
subband population dynamics and to the waveguide properties. Electron-electron and
interface roughness scattering represent the main scattering mechanisms at low tem-
peratures in this range of intersubband energies. They lead to fast carrier relaxation
and they counteract population inversion. It was proposed to increase the intersubband
lifetime by applying a magnetic field normal to the epitaxial layers. The additional quan-
tization (induced by the magnetic field) of the in-plane electronic motion dramatically
modifies the electron-electron scattering in the Landau-quantized energy spectrum.

In this contribution, we report on the behavior of a 4.5 THz QCL in an external mag-
netic field. The structure consists of 100 periods of a layer system of GaAs wells and
Alo.15Gag gsAs barriers sandwiched between two n+-doped contact layers, and it was
grown on a semi insulating GaAs substrate using molecular beam epitaxy.

The system used in the emission experiments consists of a FTIR spectrometer and a
4.2 K Si bolometer. For the magnetic field measurements, the THz QCL is mounted in
a magnet cryostat with two superconducting magnets. In this cryostat, detection is pos-
sible by a magnetic field tunable InSb cyclotron resonance detector, by a broadband
Ga doped Ge detector, or by the external FTIR (Fig. 1).

The broadband Ge detector was used to obtain the laser intensity as a function differ-
ent sample magnetic fields which is presented in Fig. 2. The laser emission intensity
increases substantially for certain values of the magnetic field when compared to
B =0 T. For increasing magnetic fields we observe oscillations with a larger period.
The application of a magnetic field increases the laser intensity by a factor of more than
five at B = 4.2 T. This effect is understood as a consequence of the discretization of the
energy spectrum. A magnetic field breaks the subbands into ladders of Landau levels
with energies:

where E, - E; is the energy difference, # the Planck constant, e the elementary
charge, By magnetic flux density , m* effective mass, N an integer. For certain values
of the magnetic field it is possible to achieve favorable conditions for fast energy re-
laxation in the injector and to suppress nonradiative relaxation in the active region. This
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leads to an increase of the population inversion and to an increase of the emission in-
tensity.
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Fig. 1: Set-up for high resolution spectral measurements.
(a) High-resolution spectrum of the laser without applied magnetic field at the
emitter sample.
(b) Response of the InSb detector versus applied detector magnetic field when
illuminated by the THz laser.
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Fig. 2: Laser emission intensity as a function of the injected current at different mag-
netic fields applied to the sample. The pulse width was 150 ns at 90 kHz repeti-
tion rate.

Figure 3 summarizes the spectral features observed in the magnetic field. A substantial
spectral shift is consistently observed in addition to a conventional Stark shift. A combi-
nation of Bloch gain, conventional intersubband gain, and many body effects like the
depolarization effect can cause these emission line shifts. However, a future research
is required to evaluate the possible contribution of each effect.
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Fig. 3: (a) Frequency of the emission line vs magnetic field applied to the sample,

measured by the InSb detector (dots), and high-resolution spectra measured
by the external FTIR for several different magnetic fields (lines).

(b) High-resolution spectra for different injected currents at a fixed magnetic
field of 4.2 T. Multimode emission and a Stark shift are observed.

(c) Constant bias voltage measurement: The measured voltage was set to

9.5 V for all measurements at a pulse length of 200 ns and at a repetition rate
of 94 kHz. An additional emission line appears consistently above 18.7 meV at
3.2and 4.2 T. The 18.65 meV emission line is not recorded due to a water ab-
sorption line.

(d) Long pulse (400 ns) measurements at 6.2 T (1 A and 8.46 V, as measured
on the sample), and for 4.2 T at constant voltage and current. A background
spectrum with water vapor absorption lines is also presented (BGR).
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Fig. 4: Maximum amplitude versus resonator mode number simulation results for two

different n+ layers.

We have employed a finite-difference time domain (FDTD) based algorithm to investi-
gate the changes of the waveguide properties in a magnetic field. Two waveguide de-
signs are compared in Fig. 4. A broader operating range is predicted for our waveguide
design when compared the design of Ref. [1]. A predicted intensity reduction in strong
magnetic fields is also consistent with the experiment.
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In conclusion, we have observed a reduction of the threshold current density, a simul-
taneous enhancement of the laser emission intensity in a magnetic field and clear shifts
of the emission spectra when the external magnetic field is applied, while operating the
device at constant voltage or current. Our FDTD simulation results for the QCL
waveguide are consistent with the experimentally observed reduction of QCL emission
intensity.
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Fabrication of Dry Etched Planar Photonic
Crystals for THz Regime

S. Golka, W.Schrenk and G. Strasser
Institute of Solid State Electronics, TU Vienna, Austria

Photonic Crystals (PhCs) in IlI-V semiconductors will play an decisive role in future
telecom opticelectronic integrated circuits (OICs). Undoubtedly this is valid for related
fields such as THz emitters and novel compound semiconductors as well. Besides the
light guiding aspect many new phenomena which are very desirable for THz applica-
tions, such as enhancement of optical nonlinearities and efficient vertical coupling to
continuum, can be observed in deep etched InGaAsP PhCs. In such devices the basic
idea is to exploit the large degree of freedom one has with such PhCs in tailoring sym-
metries and shapes of cavity modes or high reflectivity mirrors but at the same time
leaving a contiguous surface that allows for easy subsequent processing. In most
cases the optical mode confinement is achieved by the “substrate approach”, e.g. pla-
nar light guiding by deep hole patterns and vertical guiding by a epitaxially grown high
index layer as opposed to membranes or surface plasmon guiding. Heat and electric
conduction to the substrate are provided for and multi-step fabrication is much easier
than in membranes for example. Furthermore, the comparatively large minimum pat-
tern size as required for THz allows for subsequent processing that is aligned to and/or
in the same area of the PhC [1], such as top contacts. Etch depth [2] becomes the
most critical parameter for these emitters, since epitaxial layers typically are several
micron thick and holes need to penetrate the substrate much further than the guided
light mode.

Fig. 1: (a) SEM picture of cleaved sample with N,/SiCl, process with 1:1 molecular
flow, duration 38 min, best sidewall protection obtained so far;
(b) same etch process applied on a two dimensional PhC with 1 um pitch
etched for only 13 min. Pattern was generated with 30 KV EBL in 400nm
PMMA 950K resist. Roughness on the top is the remainder of the SiNx mask
after deep etching that could be easily removed by HF or SF¢ plasma. Etch du-
ration was limited by stability of PMMA resist in SFg.

Due to the importance of deep etching in a first step we solely focus on the process for
GaAs. In order to achieve sufficient etch selectivity a hard mask with good adhesion
such as SiNy is needed. A two step process of first structuring the SiNy from a resist
with SF6 plasma and then, after resist removal, etching with SiCl, high density plasma
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has proven very convenient. This also has the advantage of easy migration to novel
lithography methods as stamp-imprinting or deep UV. In the case of standard UV li-
thography (Fig. 1 (a)) 500nm of AZ5214 resist will suffice to etch 500 nm of SiNx. In the
case of electron beam lithography (EBL, Fig. 1 (b)) a plasma-stable resist is needed.

In deep etching very high aspect ratio is needed in densely packed hole patterns,
F=30%, so some mechanism must be present to inhibit underetch. With free standing
walls, back-sputtering of etch products would serve as such mechanism, but in deep
trenches/holes the ratio of floor to wall area is too small for efficient side wall coverage.
In our inductively coupled plasma reactive ion etcher (ICP-RIE) we tried both an
Ar/SiCl, and N,/SiCl, gas mixture. Both mixtures showed fundamentally different be-
havior in the plasma (Fig. 2 (b)). For Ar [3] chemically sticky GaClx might be expected
for proper parameters that is sputtered off the floor by Ar but not off the walls. But de-
cent results were obtained with N, only. We believe that the nitrogen in the plasma en-
hances saturation or deposition of some Si containing species on the hole sidewalls
that is not volatile even at slightly elevated temperatures, which is not surprising think-
ing of SiCl, as a precursor in Silicon technology [4]. It therefore provides for sidewall
protection even at very large etch depths (Fig. 1 (a)). This also is consistent with the
dependence of etch rate on flow ratio (Fig. 2 (b)) in which the rate is slightly enhanced
by Ar surface cleaning but degraded by too much N, induced deposition which is valid
at least for the process window where we found each process to work at all for small
patterns.
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Fig. 2: (a) Typical trench profiles for different kinds of physical etching contribution in
ICP processes;
(b) etch rate dependence on physical/chemical ratio at P = 3 mtorr, gas flows
were 3 times lower in the case of Ar intentionally due to severe underetch,
hence the lower vertical etch rate;

In conclusion, we have shown the main contribution of process parameters to SiCl,
ICP- RIE where we distinguished between adding Ar or N,. Etch depths of 13 ym were
achieved for N, with a mask that could be easily fabricated in a 2 step procedure with
one more SFg etch. The achieved trench depth will be sufficient for low scattering
losses in high index guided structures. Furthermore we fabricated two dimensional
PhCs with E-Beam lithography with the same process.
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Plasmon Enhanced THz Emission

M. Coquelin, R. Zobl, G. Strasser and E. Gornik
Institute of Solid State Electronics, TU Vienna, Austria

In 2001, a three energy level structure, based on the GaAs/AlGaAs material system,
was proposed [1] as the active region of a plasma instability driven THz radiation
source. The basic idea of this structure is to reach population inversion between the
second and third energy level, while the lowest energy level is filled. Therefore elec-
trons are injected in the third level and extracted from the second one which is in reso-
nance to the extraction level of an RTD. We investigated a novel design now, based on
the GaAs/InGaAs material system (Fig. 1). The active region of the new sample g564
consists of an InggsGaggsAs-well between a GaAs drift region and the extracting RTD
followed by another GaAs layer. This well is an efficient electron trap. Thus we can
assume the lowest level to be filled with electrons. The whole “unit cell” shown in Fig. 1
is repeated 10 times to increase the radiation output of the sample.
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Fig. 1: Conduction band of g564 at working bias

The emission spectra of this structure were measured by using a FTIR step scan spec-
trometer. Figure 2 shows two typical spectra for each bias direction measured at 4K.
Figure 2 (a) shows the emission in forward direction. The electrons are injected from
the drift region and extracted through the RTD. One can see three sharp lines between
118 cm™ and 125 cm™ and a broad emission peak at around 145 cm™. In contrary to
the broad peak, the sharp lines occur also in the spectra of the inverse biased sample
(Fig. 2 (b)). Due to the asymmetric structure of the sample we cannot reach the needed
population inversion in this case. This means that plasmon instability is not the origin of
the sharp lines. While these lines seem to be insensitive to the applied bias the broad
line shifts to higher energies with increasing bias (Fig. 3) and increasing current densi-
ties, until it vanishes at current densities higher than 60 Acm™. The energy of this peak
is in good agreement to AE43/2, which is the expected energy region of the instability,
but the current densities are too small to reach the required population inversion.
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A good proof for plasmon instability is the temperature dependence of the emission,
because the instability is a many body effect and therefore is less sensitive to high
temperatures than intersubband emission. Figure 4 shows the emission of the sample
at different temperatures. One can see that the intensity of all features in the spectra
decreases with increasing temperature and vanishes at temperatures around 80 K.
This means that the emission of this sample is caused by intersubband scattering.
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Heterostructure-Based Photoconductive
Terahertz Emitters

J. Darmo, G. Strasser, J. Kroll and K. Unterrainer
Institute of Solid State Electronics, TU Vienna, Austria

Generation of THz radiation within a femtosecond mode-locked laser cavity using a
photoconductive emitter was recently demonstrated [1]. The emitter is based on an
AlGaAs/AlAs Bragg reflector with low-temperature-grown (LTG) GaAs. The LTG GaAs
has two functions: as a saturable absorber and as an active photoconductive layer of
the THz emitter. In order to achieve optimal emitter performance, we have focused on
tuning the properties of LTG GaAs to maximise THz output power.

The THz emitter comprises a Bragg mirror stack made of the AlGaAs/AlAs layers and
LT GaAs layer grown usually at 220 °C and annealed at 600 °C. The parameters of
LTG GaAs strongly depend on the growth temperature and post-growth thermal history
(i.e., annealing temperature and time). Changing growth temperature thus allows modi-
fying the charge carriers’ lifetime and mobility. In the standard LTG GaAs, the carrier
lifetime is in the sub-picosecond range, while carrier mobility is about 30 times lower
then in normal GaAs. Therefore, we have prepared a set of emitter structures with LTG
GaAs grown at different temperatures between 220 and 350 °C.

500

EO signal (uV)

0
T20G T220 T270 T300 T320 T350

Fig. 1: Output THz radiation from LT/BR emitters with LTG GaAs layer grown at differ-
ent temperatures. Emitters were biased at 150 V.

Figure 1 shows the output THz power from the emitter at a bias of 150 V. The effi-
ciency of emitters increases with the LTG GaAs growth temperature, but for tempera-
ture of 350 °C efficiency already drops. The emitters are also compared to one labelled
T220G (standard photoconductive THz emitter without Bragg mirror) exhibiting signifi-
cantly lower THz emission efficiency. The gradual increase of emission efficiency with
the LTG GaAs growth temperature is explained by a synergetic effect of longer lifetime
and the higher mobility of charge carriers [2]. Final drop in THz emission efficiency is
due to an enormously increased dark conductivity of the emitter.
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Another problem that we have addressed is a fatal breakdown of the THz emitter when
a certain optical power is exceeded. This breakdown is related to a local increase of
the temperature of the emitter due to the deposited optical power. We have studied the
thermal resistance of the emitter structures. An attenuated laser beam at 800 nm was
focused to an area of about 100 um in diameter. The local temperature was monitored
by means of a deposited platinum strip. Figure 2 shows the thermal resistance we ob-
served for four different emitters structures — LTG GaAs on GaAs substrate, with AlAs
and AlGaAs/AlAs Bragg mirror stack, and SI GaAs substrate only. The LTG GaAs ex-
hibits reduced thermal conductivity in comparison to the standard GaAs, therefore, all
structures with LTG GaAs have a higher thermal resistance. The insertion of a ther-
mally well conductive layer (AlAs or AlGaAs/AlAs) helps to reduce the overall device
thermal resistance. In practice it means that the local temperature of the THz emitter
can be reduced by more then 50 K when a convenient structure is used.
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Fig. 2: Thermal resistance of THz emitters with different structure layout. The size of
the focus was about 100 pym in diameter

In conclusion, we have improved the performance of the photoconductive THz emitter
(i) by means of optimised parameters of the LTG GaAs active layer; and (ii) by improv-
ing the heat management of the emitter.
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Metallic Anti-Reflection Coating for
Terahertz Technology

J. Kroll, J. Darmo and K. Unterrainer
Institute of Solid State Electronics, TU Vienna, Austria

The recent progress in the Terahertz technology widens the field of application of far
infrared radiation [1] — [3]. There is a big interest to characterize various organic and
non-organic materials [4] in this frequency region. One of the problems occurring in
Terahertz time-domain spectroscopy (THz-TDS) measurement based on electro-optic
detection [5] are reflections of the THz wave within the electro-optic crystal. As known
from the Fourier transformation of a time shifted signal, these reflections manifest
themselves as a modulation of the original spectrum with the period given by the delay
time. Depending on the magnitude of the reflection peak it is very difficult to identify
narrow absorption lines since they are hidden or blurred within this modulation. Till now
no complete solution for this problem has been found. The reflected wave can be
shifted out of the measured time window by attaching a long non-active electro-optic
crystal (EOC) to the backside of the active EOC. Another method is to avoid that the
reflection is detected by applying a tilt between the Terahertz and probe beam. Both
these methods, however, decrease the data quality. The standard optics approach to a
solution is to use an anti-reflection coating that means a layer of optical thickness of
M4, For 300 um wavelength (~1 THz) the required layer thickness is about 50 um
which is difficult to deposit. The other possibility is to use an anti-reflection principle
coming from the electrical engineering where two regions of different wave impedance
are connected by using a well adjusted resistor between them to avoid any reflection.

In this contribution, we report on a high resolution THz-TDS system using an electro-
optic crystal (EOC) with an anti-reflection coating consisting of thin chromium layer. We
apply this system to study molecular and lattice related optically active vibrational
modes of benzoic acid in the frequency range 0.1 — 5 THz with a resolution of 20 GHz.

The benzoic acid is measured in a pure crystalline form and mixed with polyethylene
(PE). Latter samples are in the form of the pressed pellets. PE is chosen as a matrix
material because of the low index of refraction and negligible absorption at the fre-
quencies of interest. These two types of samples are used to distinguish between mo-
lecular and lattice vibrational modes.

Figure 1 shows our THz-TDS system. It uses a Ti:Sapphire laser with 80 femtosecond
long NIR pulses to generate coherent THz radiation from a biased GaAs emitter and to
gate an electro-optic GaP detector. With this system, a bandwidth of 5 THz and a sig-
nal-to-noise of more than 1000 is reached.

To avoid reflections at the air/GaP interface we use an EOC coated with a 81 A thick
chromium layer. Due to the optimized sheet resistance of the metal layer, the wave
impedance of the GaP is matched to that of air and no back propagating THz electro-
magnetic wave exits in GaP. The improved signal quality is demonstrated in Fig. 2. It
can be seen that the chromium coating reduced the magnitude of the reflection at time
delay of 7 ps after main pulse. As a result, the strong periodic modulation of the spec-
trum is fully suppressed and the high frequency resolution of THz-TDS is enabled.
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We apply the improved THz-TDS system to study the optically active vibrational mode
of the benzoic acid. Fig. 3 shows typical absorption spectra of a benzoic acid crystal
measured at room temperature for two different angles between the crystal orientation
and polarization of the coherent THz radiation. Their absorption spectra contain a nar-
row absorption line at 0.9 THz and a broad band beginning at 1.2 THz. The difference
in the weight of the individual frequency components is due to projection of correspond-
ing dipoles to the plane of polarization of the probe radiation.
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Fig. 3: Relative absorption spectrum of a benzoic acid crystal at two different crystal
orientations.
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Ultrafast Intraband Dynamics in InAs/GaAs
Quantum Dots

T. Miller, F. F. Schrey, G. Fasching, G. Strasser and K. Unterrainer
Institute of Solid State Electronics, TU Vienna, Austria

The dynamics of carriers in semiconductor quantum dots (QDs) has attracted much
attention during the last decade because of their physical interest and their important
implications on the performance of novel optoelectronic devices. Most of the experi-
ments have been performed by interband spectroscopy, where the signal reflects the
combined electron-hole dynamics. Here we report an interband pump — intraband
probe experiment which is sensitive to the capture and relaxation of electrons only [1].
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Fig. 1: PL (T = 300 K) spectra at two different excitation densities. Inset: Photo-
induced e1 — WL intraband absorption spectrum at T =5 K.

The T = 300 K photoluminescence (PL) spectra of the QD sample (30 layers of InAs
QDs separated by 50 nm thick GaAs barriers) at excitation densities of 25 W/cm? and
1 kW/cm? are shown in Fig. 1. We observe three QD transitions, corresponding to e1h1
emission at 1.081 eV, e2h2 emission at 1.137 eV and e3h3 emission at 1.194 eV, as
well as luminescence at 1.333 eV from the underlying InAs WL. From the PL we esti-
mate the intraband transition energy between the QD ground state e1 and the WL to be
~160 meV. This value is in good agreement with the energy obtained from the photo-
induced intraband absorption spectrum shown in the inset. Accordingly, we expect in-
traband transitions from the excited states e2 and e3 to the WL at energies of ~105
meV and ~50 meV, respectively. For time-resolved measurements of the intraband
transitions we used a mode-locked Ti:sapphire laser that delivers 12 fs pulses (780 nm
wavelength). Half of the laser intensity serves as an interband pump to inject electrons
and holes in the GaAs barriers. The other part is used to generate the tunable (70 —
155 meV) mid-infrared (MIR) probe pulses by phase-matched difference frequency
mixing in a 0.5 mm GaSe crystal.
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Fig. 2: (a) Photo-induced MIR absorption signals as a function of pump-probe delay at
probe energies of 155 meV (upper curve) and 105 meV (lower curve), corre-
sponding to the e1 — WL and e2 — WL intraband transitions, respectively.

(b) Excitation density dependence and
(c) temperature dependence of the capture time.

Figure 2 (a) shows typical pump-probe signals (I, = 25 W/cm?) at T = 5 K when the
probe is tuned into resonance with the e1 — WL and the e2 — WL transition, respec-
tively. After excitation the photo-excited electrons relax very fast into the InAs WL, and
from the MIR absorption at different probe energies the QD level populations can be
determined. From our measurements we find that the QD ground state e1 gets popu-
lated via the excited state e2, because the electrons leave e2 with the same time con-
stant as they arrive in e1. As shown in Fig. 2 (b), the excitation density dependence of
the capture time exhibits two regimes: At room-temperature it decreases from about
2.7 ps down to 1.5 ps with increasing excitation density above a certain threshold, and
it changes only slightly at low excitation densities. The high-power dependence can be
explained by electron-electron scattering: An electron is scattered into the QD ground
state by transferring its energy to a hot electron in the barrier or the WL. When measur-
ing the temperature-dependence of the capture time we find an increase of 7, from 2.7

to 4.7 ps upon decreasing the temperature from 300 to 5 K (Fig. 2 (c)). The LO-phonon
energy of InAs amounts to E o = 29 meV and the average electron level separation in
our QDs is 55-56 meV. Thus, one possible explanation for the observed short capture
times could be that electrons scatter between subsequent QD states via repeated
emission of two LO-phonons. The corresponding two-phonon scattering rate for this

process can be written 7' =T,[N,,(T)+1]*, where T, is the scattering rate at T = 0 K

and N,,(T) is the Bose—Einstein distribution function for LO phonons. The calculated
curve (solid line) can roughly account for the experimental temperature dependence.
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Confocal Micro-Photoluminescence and
Micro-Photoluminescence Excitation
Spectroscopy on Single Self Assembled
InAs Quantum Dots

F.F. Schrey, G. Fasching, T. Muller, G. Strasser and K. Unterrainer
Institute of Solid State Electronics, TU Vienna, Austria

Carrier dynamics in semiconductor quantum dots (QDs) have attracted much attention
during the last decade, since a profound understanding of the underlying processes is
essential for the development of novel optoelectronic devices. Furthermore, a direct
addressing of the quantum dot states by means of optical coupling between electronic
states will open the door for coherent manipulation of these states. However, most of
the optical studies in QDs are carried out on dot ensembles because single dot spec-
troscopy needs high spatial resolution and appropriate dot densities in the range of
approximately 10® dots/cm? or even less. While dot ensembles imply the advantage of
a higher signal to noise ratio due to the higher amount of emitters, their spectroscopic
signature suffers at the same time from ambiguities imposed by ensemble broadening
and possible dot-dot interactions. Thus, for basic studies of optical QD properties it is
desirable to have a tool to access and manipulate single QDs. In this contribution we
present first results on our micro-photoluminescence (uUPL) and pPL-excitation (UPLE)
setup and demonstrate its abilities as a tool for nanophotonic studies on semiconductor
QDs.

(b)

Fig.1: (a) Coupling scheme for the yPL and yPLE measurements. The MIR radiation
is focussed by parabolic mirrors via the KBr side windows of the cryostat.
(b) Typical 1 um diameter micropillars on which the single dot experiments are
carried out.

The functional part of the experimental setup is sketched in Fig. 1 (a). The near infrared
(NIR) excitation path as well as the PL detection path lead through a self-built confocal
laser scanning microscope (LSM) with a lateral and axial resolution below 500 nm. The
sample is placed in a low drift Oxford LHe flow cryostat and excited through the top
window by a picosecond Ti:sapphire-laser at 745 nm with different excitation densities
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for the yPL measurements. For yPLE the light source is a cw Ti:sapphire-laser, which
is continuously tunable between 700 nm and 1080 nm with a linewidth of less than
30 GHz. The pPL signal is filtered by appropriate long pass filters and dispersed in a
0.5 m spectrometer, which allows a spectral resolution better than 50 peV with a nitro-
gen cooled CCD detector or for small dot ensembles the signal can be recorded by a
nitrogen cooled InGaAs photodiode. The CCD limits the spectral region to 1100 nm,
while the diode allows detecting signals up to 1500 nm. Depending on the wavelength
and the polarization of the emission the spectral efficiency of the setup reaches 3 % to
10 % for low light applications with a high signal to noise ratio. Besides top coupling of
light, the cryostat allows superimposing other light sources such as mid-infrared radia-
tion (MIR) via the side windows in a cross correlation scheme.

For the samples a QD density of approximately 10® dots/cm? or below is required due
to the lateral resolution of the confocal setup. We could obtain this density by a gradi-
ent molecular beam epitaxial (MBE) growth, where the rotation of the wafer is stopped
while the InAs is deposited on the GaAs. In low density region the ground state emis-
sion of the dots varies between 1040 nm and 870 nm. In order to exclude signal contri-
butions from neighboring dots the sample is processed into an array of micropillars as
shown in Fig. 1 (b). These pillars, which are approximately 8 um high and vary between
1 ym and 10 ym in diameter, allow the addressing of single QDs. Furthermore, they act
as microantennas for the superimposed MIR radiation.

energy (eV)
14 13 1.25 1.2
T T T T T T T T T
1.48 1.46 1.44 1.42 1.4 1.38 1.36
aﬂm_ ﬁ W_ T T T T T T T
]' 300+ WPLE @ detection i = 965.39nm
) .
£ 6000 I\ 3 h : .
@Q O 20 i
|1 o -
g | F = .
@ [ . |
q) _ r 1
£ 4000 [ 10l ' ”j |
IS ,.E_ )
1 e hm———
| 540 850 860 870 880 890 a0 210
2000 + | & (nmy)
T\‘ a2 { QD1 :
s-level(s)
04— b __J./').L\”" — S

T o T o T T T T o T o T e T W T . T o
860 880 900 920 940 960 980 1000 1020 1040 1060
7 (nm)

Fig. 2: pPL spectrum of 2 QDs within a 10 um micropillar: The spectrum exhibits two
groups of discrete lines, which correspond to the interband transitions of the
excitons within the different QDs. The inset shows the yPLE spectrum of the
965.39 nm transition in QD1. Resonant states are found close to the broad-
ened WL transition.

Figure 2 shows the high excitation yPL spectrum of a 10 ym micropillar which contains
two quantum dots. The corresponding WPLE spectrum exhibits some sharp resonances
around 873 nm very of the 965.39 nm 1-S exciton transition close to the wetting layer
(WL), which is centered around 865 nm with and FWHM of 7 nm. This indicates that for
the investigated dot the excited states can be found very close to the wetting layer
states. The broadening of these excited states might be due to an interaction of dis-
crete QD states with the broader two dimensional quantum well states of the WL.
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In a second experiment we superimpose MIR radiation with the NIR excitation on a
similar sample. An lon-Optics glow bar generates the black body spectrum, which is
used as THz/MIR source for the 10 meV to 900 meV radiation. This spectrum is cou-
pled via two parabolic mirrors and through the KBr side window into the cryostat with a
focal spot diameter of approximately 1 mm. The measurement in the lower energy level
around 960 nm is performed in three steps: First the PL spectrum under NIR laser exci-
tation is recorded with the CCD and labeled as NIRO1. In the second step the MIR
source is superimposed with the laser excitation and the second spectrum is recorded
as MIRO1. In a third step we use again only the laser excitation and label the spectrum
NIR02. The whole procedure is than repeated for the spectra of the excited levels
around 910 nm. Subtraction of the NIR0O1 spectra from the MIRO1 spectra reflects the
changes in the count rate for the different levels.
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Fig. 3: Near infrared PL spectrum of the SQD at an excitation density of 576 W/cm?

and corresponding difference spectra: In the case of the superimposed NIR,
MIR excitation the level population changes are monitored via the NIR pPL
signal. The count rate in the lower energy states is reduced, while an increase
in the upper states can be measured.

Subtracting NIR02 from NIRO1 (spectrum (b) in Fig. 3) gives a measure for drift in the
whole system. The results in Fig. 3 show the impact of the MIR radiation on the count
rate, while the NIR excitation density was kept constant at 1440 W/cm?. In the lower
energy levels of difference spectrum (a) in Fig. 3 the count rate is clearly reduced while
in the higher levels, which are separated by approximately 75 meV from the lower lev-
els, the luminescence is increased. This result strongly suggests that we observe a
direct electron transfer from the lower electronic levels of the QD into higher levels. The
drift during the experiment is negligible as indicated by spectrum (b). Because of the
high cw excitation density, which nearly saturates the lower level PL, we assume that
the underlying process for the PL changes results rather from a direct, optically induced
transition into higher dot states than a mediated transition via WL or GaAs CB states
[1]. The latter process would change the count rate in both levels into the same direc-
tion due to the very fast scattering mechanisms within the dot.
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In conclusion, we could demonstrate that we built up a powerful microscopy setup,
which provides us with the necessary tools for basic quantum dot studies. In first ex-
periments we could already show a direct, optical induced electron transfer between
intersublevels within a QD. In a new experiment we will extend the possibilities of the
system by combining it with a cross correlation NIR pump, MIR probe setup. In this
approach we want to further investigate the electron dynamics of QDs. The ensemble
studies [2] will first be intensified on samples with reduced dot densities and finally in a
second step single dot dynamics should be monitored by its NIR emission. Thus we
can directly study the dynamical behavior of single quantum dots.
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Photocurrent and Photoluminescence
Measurements of InAs Quantum Dots

G. Fasching, F.F. Schrey, G. Strasser and K. Unterrainer
Institute of Solid State Electronics, TU Vienna, Austria

Quantum dots are often called artificial atoms due to their nanoscale pyramid or lens
shaped structure, which cause a strong three dimensional electron confinement like in
atoms. Each quantum dot consists of 10° to 10° lower band gap material atoms, which
are embedded into a matrix of higher band gap material. The &-function-like density of
states and the typical intraband level spacings of 30 to 90 meV turn QDs to promising
objects for both applied and fundamental research on zero-dimensional systems.

In this contribution, we report on PL and PC measurements of InAs quantum dots em-
bedded in a quantum dot photodiode. QDs provided with both electric contacts and
optical access allows us to vary independently the electric field while measuring the
optical or electrical response of the dots. The dot layer is embedded in an intrinsic
GaAs region with an ohmic contact on bottom and a Schottky contact on top of the
structure (Fig. 1 (a)). In the center of the top contact a 2 um aperture covered with a
6 nm thick Ti layer serves as an semitransparent shadow mask (optical transmission
approximately 60 %) to achieve a homogeneous electric field in the region of the inves-
tigated QDs. The band structure under negative bias condition is shown schematically
in Fig. 1 (b). Changing the bias from positive to negative voltage reduces the tunneling
barrier thickness in z-direction and therefore the tunneling time t; of the photoexcited
carriers out of dot. When t;becomes equal or even smaller than the radiative lifetime of
the exciton 1, (= 1 ns) one changes from the PL regime to the PC measurement re-
gime.

(a) Laser

top contact

dot layer__,

bottom contact

Fig. 1: (a) Sketch of the QD-photodiode. The dots are embedded in an n-i-Schottky
diode with a shadow mask on top.
(b) Schematic band diagram under a negative bias vg.
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The experimental setup used in the PL experiments consists of a cw Ti:Sapphire laser
(emission at 760 nm), a confocal laser microscope, a low drift LHe flow cryostat, a
850 nm long pass filter, a 0.5 m spectrometer with a nitrogen cooled InGaAs detector,
and a remote lock-in amplifier for data acquisition. For the PC measurements we use a
tunable cw Ti:Sapphire laser to resonantly excite the QD energy levels, and a self-built
current preamplifier with a sensitivity of 10 V/A for the detection of the PC signal.

Figure 2 shows a typical PL and PC spectrum of the QD’s at 4 K. The PL lines in Fig. 2
(a) observed at 1.42 eV and 1.52 eV come from the GaAs matrix and from the InAs
wetting layer, respectively. The spectrum shows clearly four, approximately 50 meV
separated, luminescence peaks between 1.22 and 1.37 eV, which indicate the ground-
state and the excited-state transitions of the InAs QD’s. Since the density of the QD’s in
the sample used is very high (= 10" cm™), the PL of the QD’s under weak excitation is
much stronger than that from the wetting layer. Increasing the excitation intensity fills
up the states in the QD’s and therefore leads to radiative relaxation from higher energy
levels like the InAs wetting layer or the GaAs matrix (see Fig. 2 (a)). The PC spectrum
in Fig. 2 (b) show less spectral features than the PL spectrum in Fig. 2 (a). The increas-
ing PC signal beyond 1.4 eV indicates the absorption of the InAs wetting layer and the
absorption tail of the GaAs bulk material as well, and is therefore in good agreement
with the PL measurements. The measured PC signal of the dots between 1.4 and
1.1 eV is not only a convolution of the tunneling currents of different states of different
dots, but also convoluted with the tunneling probabilities of the carriers in the QD’s.
This means that the position and the amplitudes of the maxima of the PC signal are not
only a function of the excitation power (like in the PL experiments), but also a function
of the tunneling probability of the photoexcited carriers and therefore of the applied
electric field.

In conclusion, we built a device which enables us the optical and electrical access to
InAs QD’s enbedded in a GaAs matrix and measured successfully the PL and the PC
spectra of these dots.
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Fig. 2: (a) Broad PL response of the dot ensemble around 930 nm for lower excitation.
The maximum shifts with increasing power to higher exciton levels (InAs wet-
ting layer and GaAs).

(b) Position of the maximum of the PC signal is equal to the PL signal under
low excitation values.



Fabrication and Characterization of Lateral
Quantum Dots in GaAs Heterostructures
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We have improved the design of our lateral quantum dots, which are fabricated from
a two-dimensional GaAs/AlGaAs heterostructure by electron beam lithography. Our
split gate geometry, which defines the dot electrostatically by metal gates, has been
modified. The devices were characterized electrically in a *He cryostat at 300 mK.
Due to improvements in device design and measurement conditions we can now
control the number of electrons in the dot over a wider range. Additionally we have
observed reproducible conductance fluctuations overlaid on the Coulomb oscillations.

Introduction

In several recent proposals [1], [2] lateral quantum dots were discussed as a promising
option to realize the quantum entanglement necessary for doing quantum computation.
We have fabricated quantum point contacts and single lateral quantum dots in the two
dimensional electron gas (2DEG) of a GaAs/AlGaAs heterostructure, which are basic
elements for more sophisticated devices. Already one year ago we have presented first
working devices of this type, but the fabrication process was not very reliable then and
measurement results were not reproducible from one device to the next. In the mean-
time we have improved both the fabrication process and the electrical measurements.
In our present devices we have thus greater control over the number of electrons in the
quantum dot. Now we can think of combining two or more lateral dots, which will allow
us to investigate effects, in coupled dot systems.

Experimental

Our samples are based on a MBE grown GaAs/Aly3Gag7As heterostructure with a
2DEG situated approximately 100 nm below the sample surface. They have a carrier
concentration of about 2x10"" cm® and a mobility of up to 1.4x10° cm?/Vs. Ohmic con-
tacts were made from an Au/Ni/Ge alloy and Hall bar mesas were wet-etched with
H,S04:H,0,:H,0 (1:6:150). The quantum dot structure was defined by e-beam lithog-
raphy and subsequent deposition of Cr/Au metal electrodes (i.e. the split gates) on top
of the hall bar mesa. Figure 1 shows all important parts of the sample in different mag-
nifications. By applying a negative voltage to the split gates the underlying 2DEG can
be completely depleted. Our new dot design consists of four gate fingers, which define
a quantum dot. The two outer gates in connection with the bottom gate define the tun-
nel barriers, which separate the quantum dot area from the surrounding 2DEG. The top
center gate (the plunger gate) can be used to change the electrostatic potential of the
dot. In comparison to our previous design the tunnel junctions are further away from
the plunger gate, and are thus not so easily influenced by the plunger gate voltage,
which has been one of the major problems with the former design. A SEM image of the
new split gate geometry is shown in Fig. 1 (b), the old geometry is shown for compari-
son in the inset. The quantum dot area defined by the metal gates is approximately
circle shaped with a diameter of roughly 400 nm in the investigated sample.
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Fig. 1: (a) shows an SEM image of a part of the hall bar containing the split-gate struc-
ture. The inset shows the entire structure including the ohmic contacts.
(b) SEM image showing enlarged view of the center region marked in
Fig. 1 (a). The inset shows the old gate geometry for comparison.

Electrical measurements were carried out in a *He cryostat at a temperature of 300 mK
using a low frequency lock-in technique (f = 10 Hz). To avoid heating of the electrons it
is important to keep the excitation voltage lower than the thermal energy, which corre-
sponds to 25 yV at 300 mK, thus excitation voltages of 10 uV or below have been
used. In order to define the quantum dot in the 2DEG, negative voltages have to be
applied to the split-gates. By sweeping the plunger gate voltage the number of elec-
trons in the dot is changed. Such a measurement is shown in Fig. 2 (a), where the
conductance through the dot is plotted versus the plunger gate voltage. From the pe-
riod of the conductance peaks a gate capacitance of Cs = 8.9x10® F can be calcu-
lated. Because the plunger gate voltage also has an influence on the tunnel barriers,
the peak conductance decreases towards more negative voltages, until it is finally to-
tally pinched off at about Vg =-0.2 V.
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Fig. 2: (a) Coulomb oscillations observed in the conductance G versus plunger gate
voltage V. The spacing of the peaks gives an estimate of the gate capacitance
C,=8.9aF.

(b) Fit of Coulomb peak lineshape at two different temperatures.



Fabrication and Characterization of Lateral Quantum Dots... 69

When compared to measurements in our first samples, where only very few for two
temperatures are shown in Fig. 2 (b), while at the higher temperature (1.2 K) the fitted
temperature is in good agreement with the measured temperature value, at a meas-
ured temperature of 0.3 K the fit indicates that the electron gas is heated up to 0.6 K.
Therefore we have to further improve our measurement equipment by installation of
additional filters, which eliminate any disturbing signals.

Closely looking at the data shown in Fig. 2 (a), one can see that there is a fluctuation
superimposed upon the Coulomb oscillations (Fig. 3 (a)). So far we observed these
fluctuations in two samples, where the fluctuations have been bigger for the larger dot
with a diameter of 900 nm. Figure 3 (b) shows a measurement in the larger dot where
the gate voltage was swept up and down (curves are offset for clarity), from which it is
obvious that the fluctuation is not some random noise but a reproducible effect. The
origin of these fluctuations is not yet clear to us. Oscillations could be seen, the im-
provement is clearly visible. One of our goals is now to design the gate geometry in a
way that transport is possible until only one electron remains in the dot.

The Coulomb peaks have a thermally broadened lineshape and can thus be used to
determine the temperature of the electron gas, which may be heated up with respect to
the crystal lattice by stray pick-up of RF signals. A fit of the lineshape

T 015 0145 -014 0435 043 0125 042 0098 0096 0094 0052 009 0088 -0086 0084 0082 -008

Vg V] Vg V]

Fig. 3: Conductance fluctuations superimposed on Coulomb oscillations for two dots:
(a) 400 nm dot; (b) 900 nm dot: the fluctuations are reproducible on a very
small voltage scale.

In addition to changing the plunger gate voltage, we may apply a large DC source drain
bias, superimposed by a small AC signal, which is detected by lock-in amplifiers. By
doing so we measure the differential conductance dependent on both Vs and Vsp. With
such a measurement the basic properties of the quantum dot are obtained, including
total and source capacitance as well as an estimate of the actual size of the quantum
dot. Figure 4 shows a grayscale plot of such a measurement. The horizontal axis cor-
responds to the plunger gate voltage Vg, the vertical axis to the source-drain voltage
Vsp. The dark (bright) areas correspond to low (high) G. In the dark parallelogram-
shaped regions marked by lines the number of electrons is fixed and no transport is
possible due to Coulomb blockade.
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Fig. 4: Differential conductance G versus source-drain voltage Vsp and plunger gate
voltage V. The dark (bright) areas correspond to low (high) G. Coulomb
blockaded regions are enclosed by the lines.

From the conductance peak spacing AV at zero source drain voltage the capacitance
Cs of the plunger gate can be calculated to be 8.9 aF. From the slopes of the peak
lines we obtained the total and the source capacitance to be C = 103.8 aF and Cs =
27.2 aF. Via the known relation for the charging energy E¢ = €%/C we related the gate
voltage scale to an energy scale. From the capacitance of a 2D disk C = 4¢gyed (for
GaAs ¢ = 12.9) we estimated the diameter of the electron island to be about 225 nm.
Considering that the depletion region will extend around the contours of the split-gates
(by a length comparable to the depth of the 2DEG, which is ~100 nm), this is in good
agreement with the structural diameter of 400 nm.

Conclusion

We have refined the processing our split-gate quantum dot devices and our results
confirm that their electrical properties have improved. Further measurements will be
performed on these structures to investigate the origin of the observed conductance
fluctuations. Because the optimized fabrication process now gives very reproducible
results and a good yield, as a next step we will integrate two or more dots into a quan-
tum dot circuit, which may be combined with quantum point contacts for charge readout
[3]. A dilution refrigerator, which is currently being installed in our lab, will allow us to
reach lower temperature and increase the resolution in upcoming measurements.
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High-Resolution Hot-Electron Spectroscopy
in Parallel Magnetic Fields

M. Kast, C. Pacher, M. Coquelin, W. Boxleitner, G. Strasser and E. Gornik
Institute of Solid State Electronics, TU Vienna, Austria

Hot-carrier spectroscopy is a well established technique to analyze band structure and
transport properties of semiconductor bulk and heterostructure material systems. In
previous works, this technique was applied to observe ballistic electron and hole trans-
port in bulk GaAs [1], [2], to map miniband positions of finite superlattices [3] and to
determine the transition from coherent to incoherent electron transport in GaAs/AlGaAs
superlattices [4]. The technique was also used to demonstrate electron transport en-
hancement through superlattices with antireflection coatings [5]. Recently, the resolu-
tion of the spectrometer could be improved considerably to 10 meV [6]. Utilizing this
improved design of the hot-electron transistor, the Wannier—Stark splitting and the pro-
gressive localization of individual Wannier—Stark states could be observed separately
in short superlattices [7].
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Fig.1: Conduction-band diagram of a three-terminal device along the growth direction
incorporating a triple-barrier RTD between the base and collector.

In this work, we focus on the situation where the magnetic field is applied parallel to the
current direction which is identical with the growth direction [8]. Figure 1 shows the
calculated conduction band structure of the hot-electron transistor presented in Ref. [6].
An energy tunable electron beam is generated by the emitter tunneling barrier (emitter
current Ig) and reaches a triple-barrier RTD (TBRTD) with a normal-energy distribution
of 17 meV in width after traversing a highly doped n-GaAs base layer and a slightly n-
doped GaAs drift region. Electrons which are transmitted through the RTD are meas-
ured as collector current Ic. Reflected electrons are collected in the base contact and
do not contribute to Ic. Due to the sharp filter characteristic of the TBRTD (Eq =
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100 meV, FWHM =1 meV), the measured transfer ratio a=I¢/Ig is directly proportional to
the superposed energy distributions of the ballistic electrons and of the phonon replicas
[6].

In the presence of a magnetic field applied parallel to the current direction, all electronic
states are quantized in the plane perpendicular to the magnetic field direction into Lan-
dau levels of energies E, = hw. (n+1/2) where n denotes the Landau-level index and
hw.= heB/m* the Landau splitting. At injection energies where the corresponding Lan-
dau levels of the injector and the RTD are aligned (Ei,; = Eo), we get resonant magneto-
tunneling of ballistic electrons through the GaAs drift region and the RTD. In the ab-
sence of elastic or inelastic scattering, inter-Landau-level transitions are forbidden. In
the hot-electron transistor, the Landau-level conservation is lifted by inelastic longitudi-
nal optical (LO)-phonon scattering and by elastic scattering processes (charged impu-
rity scattering and electron—electron scattering) in the GaAs drift region. As a conse-
quence the individual peaks in the transfer ratio (ballistic peak and phonon replica
peaks) build up satellites shifted by Anhw, according to electrons which changed the
Landau-level index by An during the scattering process.
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Fig. 2: Transfer ratio vs. emitter bias of the TBRTD at magnetic fields up to 14.5 T in
steps of 0.5 T.

Figure 2 shows the measured transfer ratio of the TBRTD as a function of the emitter
bias at different magnetic fields up to 14.5 T in steps of 0.5 T. The first peak indicated
by ‘Eq’ is attributed to resonant magnetotunneling (An = 0) of hot electrons through the
RTD. On the low-energy tail, weak satellites are observed which are equally spaced by
hw,. Since these peaks are observed well below the energy of the first phonon replica,
this is direct evidence of the elastic scattering induced breakdown of the Landau-level
conservation. The same splitting is observed in all phonon replicas which is direct evi-
dence of the inelastic scattering induced breakdown of the Landau level conservation
by LO phonons.
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The peaks which correspond to resonant magnetotunneling An = 0 exhibit nearly no
shift with magnetic field due to the collective Landau quantization of all electronic states
in the device. The weak dependence of the peak position on magnetic fields is due to
(i) magnetic depopulation effects at the emitter side of the injection barrier and (ii) a
magnetic field dependent series resistance in the base contact. The peaks which cor-
respond to scattering-assisted inter-Landau level transitions of An = 1, 2 are showing a
clear magnetic field dependence. Due to the overlap of the peaks in the transfer ratio,
the Landau-level spacing hw, can only be resolved at magnetic fields where the indi-
vidual peaks are sufficiently separated in energy. From Fig. 2, it follows that the peaks
are resolved at magnetic fields higher than 6 T which equals a cyclotron energy of hw,
= 9.4 meV. This value for the resolution corresponds to the half width at half maximum
(HWHM) of AVe = 7.8 mV of the ballistic peak at 6 T.

In conclusion, the performance of a hot-electron transistor in parallel magnetic fields up
to 14.5 T has been studied. A triple-barrier RTD with a narrow energy window of 1 meV
at Eo = 100 meV was used to scan the energy distributions of the injected electron
beam and of the phonon replicas. Scattering-induced inter-Landau level transitions are
observed in the ballistic electron peak due to elastic scattering in the highly doped base
contact layer as well as in the phonon replicas due to LO-phonon scattering in the drift
region of the hot-electron transistor. This way it is possible to study the strength of elas-
tic and inelastic scattering mechanisms simultaneously in a single device.
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BEEM/BEES Investigations on AlAs/GaAs
Single Barriers and RTDs

D. Rakoczy, G. Strasser and J. Smoliner
Institute of Solid State Electronics, TU Vienna, Austria

Ballistic Electron Emission Microscopy/Spectroscopy (BEEM/S) [1], a three terminal
extension of Scanning Tunneling Microscopy (STM), was used for the local investiga-
tion of electrical properties of semiconductor heterostructures. In BEEM/S an STM tip
is used to inject hot (ballistic) electrons into a semiconductor via a thin metallic base
layer. The resulting ballistic current can be measured on the backside of the sample
via a collector contact. Therefore, BEEM/S is, in contrast to STM, able to probe also
sub-surface structures with a local resolution of several nanometers.

In this work we present results of BEEM/S on MBE grown AlAs-GaAs double barrier
resonant tunneling diodes (DBRTDs) and AlAs single barriers on a GaAs substrate. As
a base layer we used in all cases a 7 nm thick, polycrystalline Au layer. The meas-
urements presented here were all carried out at cryogenic temperatures (either 4.2 K or
10 K).
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Fig. 1: (a) Band profile of the sample used for the electron refraction measurement,
sketched for the unbiased sample and for a positive collector voltage, which
lowers the band profile. Also indicated are the electron energy distribution in
the Au base layer and the one in the GaAs, showing the massive broadening
caused by the refraction.

(b) Measured electron energy distribution in the GaAs for two different tunnel
voltages.

An important effect influencing the ballistic current on e.g. Au-GaAs samples is the “re-
fraction”, which the ballistic electrons experience at the Au-GaAs interface. For elec-
trons crossing this interface ballistically, the momentum parallel to the interface is con-
served. Thus, a change in effective mass and/or potential leads to “electron refraction
effects”, which have a significant influence on the BEE spectra. For example, the ex-
pected step-like spectrum of a single resonant level in a heterostructure is turned into a
linear rise, which is well-known from the BEE spectra of various DBRTDs. Although
the effect on the BEE spectra has been demonstrated repeatedly, up to now a direct
measurement of the ballistic electron distribution beyond the Au-GaAs interface was,
due to various technical problems, missing. To achieve this measurement, we de-
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signed a heterostructure with a buried AlAs-GaAs-AlAs-DBRTD and a p-6-doping (see
Fig. 1 (a)). This sample design enabled us to apply a bias voltage between the Au-base
and the collector. With a slightly modified BEEM setup we were then able to map di-
rectly the energetic distribution of the ballistic electrons in the GaAs by measuring the
ballistic current as a function of the sample bias Vc (see Fig.1 (b)), i.e. using the RTD
as a tunable energy filter for the ballistic electrons. This measurement confirmed that,
in agreement with theory, the refraction leads to a considerable broadening in the en-
ergetic distribution of the injected electrons [2].
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Fig. 2: (a) Sketch of the setup together with the -band profile of a 30A wide RTD
sample, also indicating the position of the resonant level.
(b) Close-up view on the RTD, showing besides the I'- also the X- and the L-
valley band profile.

In order to investigate higher conduction bands, we demonstrated ballistic transport
through confined states in the L-valley of an AlAs-GaAs-AlAs DBRTD [3]. In contrast to
so-called “3-terminal-devices”, a solid state device designed for ballistic transport,
BEEMY/S is capable of injecting electrons into the L-valley coherently because of the
broad momentum distribution in the metallic base layer. The ballistic spectra of the
DBRTDs studied (see Fig. 2) show a first onset followed by a pronounced linear regime
caused by the first resonant level in the I-valley of the DBRTD. Tunneling processes
through the L-valley confined states of the DBRTD are observed as additional current
onsets (well above the onset caused by the resonant level in the -valley) followed by a
very short linear regime (see Fig. 3). These features can be seen more clearly in the
first derivative of the ballistic current. Using DBRTDs of different well width (20 A,
30 A, 40 A), we confirmed that the additional onset is dependent on the well width and
therefore due to a resonant level in the RTD rather than to a simple barrier overshoot in
a higher valley. Measurements on a reference sample with a single AlAs barrier (100 A
thick) show that at cryogenic temperatures the '-X-transfer can also be neglected.
Finally, the design of our DBRTD rules out any influence of a higher resonant level in
the I-valley, because the second resonant level in I is well above the onset position
observed. Therefore, we conclude that we truly observed tunneling through a resonant
level in the L-valley. This is further confirmed by the results of a semiempirical tight
binding calculation which reproduces the experimental data very well. This calculation
can furthermore be used to derive the corresponding ballistic transport mass. As a
result, we found that this ballistic transport mass differs significantly from the GaAs and
AlAs longitudinal and transversal masses, which is due to the mass anisotropy in the L-
valley. Using the ballistic transport mass derived by the tight-binding model as an input
parameter, the experimental data can also be reproduced very well with a simple effec-
tive mass model.
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Fig. 3: (a) Measured BEEM spectra. Curves 1-3: RTDs with 40 A, 30 A, and 20 A well
width respectively. Curve 4: 100 A thick AlAs single barrier. The arrows indicate
the positions of the resonant levels; the dashed line marks the X-valley at the
Au-GaAs interface.

(b) First derivative of the spectra shown in (a).

On single AlAs barriers we investigate the local influence of doping on the band struc-
ture [4]. For this purpose several, otherwise identical, samples were grown, each hav-
ing a 100A thick, single AlAs barrier with a specific donor concentration in the barrier.
Up to now we have investigated barriers with doping concentrations of 1e17 cm™,
3e16 cm™, and an undoped reference sample. We observe that the onset voltage in
the ballistic spectra shifts for higher doping concentrations to lower values. By taking
BEEM images of the different samples, an even more direct approach to show the in-
fluence of the doping atoms on the band structure was also pursued. Images depict a
quite uniform “potential landscape” for the undoped as well as for the highly doped
sample. On the other hand, the samples with a doping of 3e16 cm™ reveal a higher
inhomogeneity in the BEEM images, which may be a signature of single impurities
(Fig. 4).

(b)

Fig. 4. BEEM images for AlAs single barriers with different doping concentrations.
(a) undoped barrier, (b) Np = 3e16 cm™, (c) Np = 1e17 cm™.
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In this work, spin valve structures as they are employed in the base layers of magnetic
tunnel transistor devices are locally characterized by BEEM. For the experiments, n-
type (Np=10x17cm™) GaAs [100] bulk wafers were used. As base layer, the following
sequence of polycrystalline metal layers was sputtered onto the substrate: Co 4.5 nm,
Cu 4.2 nm, Py 3.5 nm. The layers were deposited in the presence of a magnetic bias
field along the [100] direction of the GaAs which causes a uniaxial anisotropy in both
layers. For STM operation, an additional layer of Au (4.0 nm) was sputtered on top.

Figure 1 (a) shows two typical BEEM spectra, which are the measured collector current
as a function of STM bias. At zero magnetic field after saturation of the magnetization,
the current onset is observed at V= 1.0V which is determined by the Schottky barrier
height at the Co-GaAs interface. Above that bias, the collector current increases in a
roughly quadratic dependence on the bias, as it is typical for BEEM signals on bulk
GaAs samples. If the magnetization of the spin-valve is oriented in antiparallel direc-
tions at an applied magnetic field of H = 26 Oe, however, the ballistic collector current
is considerably quenched. Here, the collector current is below the detection limit for
voltages smaller than V;= 1.2 V and then increases just slowly. In addition, the spectral
behavior does not appear typically quadratic and even shows some hints of saturation.
This behavior is currently not fully understood and will be subject of further investiga-
tions. As a consequence of the significantly quenched BEEM current in the antiparallel
state, the “magnetocurrent” MC, usually defined as the ratio of the ballistic current in
the parallel (lcp) and antiparallel (Ic ap) magnetization configuration minus one (MC =
lcp /lcap — 1), is surprisingly high. At Vi= 1.5V, Icp= 0.7 pA and the value of Ic ap is just
0.1 pA yielding a MC value of 600% at room temperature.

Figure 1 (b) shows the ballistic current as a function of magnetic field along the easy
magnetization axis at a fixed value of V. The curves were measured at V;= 1.5 V and
li= 20 nA. At H = —67 Oe, the magnetic layers are in parallel configuration and in satu-
ration magnetization. Running from H = —67 Oe to H = +67 Oe, the magnetic layers flip
into the antiparallel configuration at H = +19 Oe and the BEEM current is quenched. At
H = +43 Oe the hard magnetic layer changes its orientation too, and the spin filtering
effect is switched off again. This behavior is symmetric on the H-field axis. The states
are well separated indicating a negligible magnetic interaction between the layers. The
sharp switching between the two states can be understood by the local character of the
BEEM method. It is caused by a sudden transition of a single domain wall underneath
the tip. Within the scanning range of our STM, however, the switching position was
always exactly at the same field value within the experimental error and in the absence
of pinning centers.

On large area scans (4 um x 4 um), magnetic domains are observed in the BEEM im-
ages. Figure 2 shows such magnetic domains, which only occur in the vicinity of the
switching field of the spin valve. Note, the sample was not exposed to the maximum
magnetic field level of H = 73 Oe during the imaging. The values were varied between
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H = 0 Oe (parallel spin configuration) and H = 30 Oe (antiparallel spin configuration).
The magnetic field level to reach the parallel spin configuration coming form the anti-
parallel state was H = 12 Oe. In image (a), at zero magnetic field, the transmission is
high and almost constant in the scanning area. An imperfection in the film is weekly
visible on the upper right hand side of this image. Note that this imperfection is just
visible in the BEEM image, not in the topographic image, which is not shown here. Im-
age (b) was taken at the switching field of the spin valve from the antiparallel state to
the parallel state at H = 12 Oe. On the left hand side, the transmission is high, whereas
on the right hand side, a domain with low transmission is formed. The imperfection is
now clearly visible as a wormshaped and bright feature. The domain is obviously
pinned at this defect. Image (c) shows the transmitted current in antiparallel configura-
tion of the spin valve at H = 300e. Here the transmission is low everywhere except in
the region of the film imperfection. Switching back to the magnetic field of image (b)
H = 120e, the domain appears again as shown in image (d). However, it has changed
its shape. In addition, the overall transmission appears to be somewhat reduced.
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Fig 1: (a) Typical BEEM spectra recorded at H = 0 Oe and H = 26 Oe. The tunneling
current |y was 20 nA and the temperature 300 K. A schematic setup of the ex-
periment is shown in the inset.

(b) Collector current measured as a function of the magnetic field. (V;= 1.5V,
ly=20nA, T =300 K)

Fig. 2: Large area BEEM images showing magnetic domains in the vicinity of the
switching field of the spin valve. Images (a) — (d) were recorded sequentially on
the same position at different magnetic field levels of a minor loop. A film im-
perfection is visible on the upper right hand side of all images. The scan size is
4 ym x 4 ym and the images were recorded V;=1.8V, [ =20nAand T =
300 K)
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The importance of the microelectronics products in daily needs is steadily growing. The
questions of the reliability and ESD robustness of microelectronic chips and circuits
gain higher level of significance from year to year. Modern ASICs monitor and control
security relevant operations in automotive applications. Electronics become responsi-
ble for the health of the passengers in case of an unforeseen event like an accident.
Safety critical applications set a new demand for improvement of the ESD hardness of
the protection devices. An obvious increase in the integration density and at the same
time an improvement of ESD robustness is possible to obtain by using a new kind of
technology based on SMARTIS SOI. The approved concepts of the BCD bulk technol-
ogy cannot be transferred to the SMARTIS SOI due to technological peculiarities (ab-
sence of the buried conductive layer). Therefore the development of the effective ESD
protection concept for the SOI devices has to start from the beginning.

The prototypes of bipolar protection elements (see Fig. 1 (a)) of SMARTIS SOI tech-
nology were investigated under the TLP (100ns) and CDM-like vf-TLP (10ns) stresses.
The devices were processed on different kinds of SOl wafers with high variations of the
active layer thickness. Pulsed IV characteristics of the devices exhibited variations in
the maximum ESD current. These variations could be caused by the inhomogeneous
triggering of the devices or by the influence of the active layer thickness on the failure
currents.

Using backside thermal interferometric mapping the power dissipation inside of the
devices was monitored during the TLP and vf-TLP stresses. Scans along two perpen-
dicular axes (data along Y axis is shown in Fig. 1 (b), the results along the X-axis are
similar to the Y-scan) show homogeneous power dissipation in the device. This result
helps to understand that the variations in the maximum ESD current of devices are
influenced by the active layer thickness only.

With help of the electro-thermal model of the device the influence of the active layer
thickness variations on the failure current was simulated. The optical mapping and the
simulated temperature profile are in a good qualitative agreement (see Fig. 2). This
indicates the correctness of the electro-thermal model of the device that was chosen
for simulations.

The results of the investigations could be used in the development of suitable ESD
protection for smart power SOI technologies.
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Fig.1: Results of the transient interferometric mapping on SMARTIS SOl bipolar de-
vice under the vf-TLP stress 2.2 A 10 ns. The device layout is shown in (a).
The thermally induced phase distribution along Y-axis (b) is shown for 5 ns and
10 ns time instants. The background image in (b) is the backside infrared pic-
ture of the device; after [1].
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Fig. 2: Comparison between optical mapping (white/black) and simulation (gray line
with triangle marks at right half of the Y-axis); after [1].
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Protection against charged device model (CDM) becomes more and more demanded
by automotive industry. Understanding device internal behavior and the device interac-
tion within a circuit or a package at short time scale is important for optimization of pro-
tection devices against CDM. Recently, backside transient interferometric mapping
(TIM) technique in combination with very fast transmission line pulses (vf-TLP) has
been used for investigation of trigger delays in ESD protection devices. However, as
some devices exhibit pulse to pulse instabilities in triggering behavior, a dual-beam M
has been introduced for the simultaneous measurements of absolute phase shift at two
different positions with 0.4 ns time resolution [1].

Piezo control EMirror 1 Mirror 2 Piezo control
YV 77222224

Attenuator

PBS  BS3
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Vertically Tektronix
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Horizontally 4 GHz.
polarized beam |Pulse trigger” HV |

Fig. 1: Simplified schematic of the dual-beam Michelson interferometer setup: BS —
beamsplitter, PBS — polarization beamsplitter, MO — microscope objective,
DUT - device under the stress; after [1].

The dual beam MI consists of two interferometers combined in one setup, see Fig. 1.
Two diode laser sources (A = 1.3 um) are used. In order to reduce optical losses the
two beams have orthogonal polarization and are combined using polarization beam
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splitters. Each reference branch is piezo controlled for maximal sensitivity adjustment.
Both beams are focused by the microscope objective on the device under stress (DUT)
mounted on xyz and rotational stages. One of the beams has a fixed position, while the
position of a second beam can be adjusted by a mirror (the maximal beam separation
is 0 — 500 uym, the beam spot size is 2 ym). The position of the beam spots can be
visualized using an infrared (IR) vidicon camera. The interference signals related to two
interferometers are detected by two InGaAs detectors with 400 ps rise time and sam-
pled with an oscilloscope together with the voltage waveform of the vf-TLP signal. The
current waveform was properly aligned relative to the phase waveforms taking into ac-
count all the signal delay lines. The signal is usually averaged 20 — 40 times to improve
the signal to noise ratio. For transient phase signals with amplitude higher than 0.1 rad,
the transient behavior can also be studied using a single stress pulse. All setup opto-
electronic components are shielded to avoid the induction of electromagnetic pick-ups
in the interference signal.

As an example, two BCD technology device types were investigated. First structure is
an npn transistor with a lateral and buried collector and short-circuited base/emitter, the
second structure is an inverted vertical npn transistor with short circuited base and col-
lector. The devices are stressed by a home-built vf-TLP pulser.
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Fig. 2: (a) Backside IR image of the first npn structure with marked laser beam posi-
tions;
(b) phase shift development in marked positions; after [1]

Two hot spots have been observed using the scanning TIM method in the first npn
ESD structure: a dominant thermal peak at the position of collector edge due to the
heating in the lateral npn transistor and a negative peak due to carrier injection under
the n-emitter region. The trigger delay between the lateral and vertical transistor was
investigated by the dual beam MI. In the lateral npn transistor (see Fig. 2 (a)), immedi-
ately with the begin of the pulse the phase shift nearly linearly increases due to the
self-heating effect in the impact ionization region of the base-collector junction, see
Fig. 2 (b). After the end of the pulse the heat spreads to the surrounding. At the posi-
tion of vertical transistor (see Fig. 2 (a)) a rapid decrease occurs after the beginning of
the pulse followed by a phase increase. The start of both signals from the lateral and
vertical npn is well aligned, indicating a trigger delay within 0.4 ns. The signal at vertical
npn is caused by a superposition of a free carrier negative signal, acting in a short time
scale, and a thermal signal, which is much slower. These two components are sepa-
rated and also plotted in Fig. 2 (b) (see the dotted lines). The steady state of free car-
rier signal is obtained after some 2 ns. After the pulse end, a slower tail is observed, as
the high concentration of excess carriers has to decay. The thermal component of the
signal exhibits a rise after the pulse end, which is due to heat transfer from the sur-
rounding region.
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In second npn structure, the scanning TIM revealed hot spots at the device corners. To
investigate if these hot spots indicate an earlier triggering at the corners than in the
middle of the emitter, the two beams of the dual beam MI were placed at the corner
and in the middle positions; see Fig. 3 (a). At these positions a maximum trigger delay
may be expected. At both positions the free carrier negative signal dominates at the
pulse beginning; see Fig. 3 (b). At later times the heating dominates as the temperature
and thermal energy increase with time. No phase delay has been found between the
measuring positions within the measurement precision (0.4 ns).

position 1 {4
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Fig. 3: (a) Backside IR image of the second npn structure with marked laser beam
positions;
(b) phase shift development in marked positions; after [1].
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Double-diffused MOS (DMOS) transistors are widely used as high power switches in
automotive applications. Due to harsh environment predominating in cars, these de-
vices are exposed to stresses like electrostatic discharge (ESD). A high current, short
duration ESD pulse drives the transistor into avalanche breakdown. Under such condi-
tion, the device may fail due to triggering of a parasitic bipolar NPN between source,
body and drain.

This work studies experimentally the complex dynamics of grounded gate quasi-vertical
DMOS transistors after non-destructive snap-back and explains it using electro-thermal
simulations [1], [2]. In particular, the positive action of current delocalization on ESD
capability is addressed. Formation, spreading, and movement of the hot spots are in-
vestigated under square current pulses of maximal 180 ns duration by means of the 2D
Transient Interferometric Mapping (TIM) method. In this technique, a thermally induced
phase shift is detected, the later being proportional to 2D thermal energy density in
silicon. The thermal image can be obtained during a single stress pulse. The time and
space resolutions are 5 ns and 3 pm, respectively. The current pulses are produced by
a high power electronic switch. The stress currents were chosen above the snap-back
current. The devices under test belong to a 1.2 ym, 90 V Smart Power Technology.

0.5A @100 ns 2A@100 ns

Fig. 1: Examples of extracted TIM pictures of studied small VDMOS device. The
stress current level and time instant, when the picture was taken, are indicated
below each picture (after [2]).
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Figure 1 shows examples of the phase shift distributions in the small device at different
time instances and under different stress currents. The phase shift profiles are aligned
with the backside infrared images. The heat dissipation starts at the termination and
spread with time into the area of the device. This indicates the existence of moving
current filaments in the device during this operation condition. With increasing current,

the heated area enlarges.

Figure 2 shows the phase shift distribution over a larger device stressed by the current
pulse of 3.5 A @ 180 ns. Several hot spots can be observed along the termination of
the device. It was found that several filaments could coexist in the device simultane-

ously.

3.5A @180 ns

Fig. 2: Examples of extracted TIM pictures of studied large VDMOS device. The stress
current level and time instant, when the picture was taken, are indicated below

the picture (after [2]).

Lattice Temp

Lattice Temp

Linear Linear

P
(st o -

Lattice Temp Lattice Temp

Linear Linear

Fig. 3: Electro-thermal simulation of two neighbor VDMOS cells with drain contact on
the right side of buried layer, stressed at a similar current density as in the ex-
periments: lattice temperature, hole current density (gray arrows), electron cur-
rent density (black arrows) and isoline for electric field (thick gray line) after: a)
15 ns: right cell active, b) 35 ns: avalanche region reaches left side, c) 45 ns:
both cells triggered and d) 65 ns: left side active (after [1]).
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Electro-thermal simulations were performed to help interpreting these results. Figure 3
shows the simulated time evolution of temperature and current densities in two neigh-
bor in-cells for a stress current density of the same order as in the experiments. The
right cell triggers first. This is accompanied by a push-out of the maximal field down to
the n-epi/n*-buried layer junction. A hot spot forms at this place and extends with time.
After ca. 35 ns, the avalanching region reaches the left part of the structure. The gen-
erated holes first keep flowing to the right cell. At 45 ns however, avalanche multiplica-
tion beneath the left cell gets high enough to trigger it. After 65 ns, the left cell has
taken over the current. In order to trigger a further cell, the hot spot has first to walk
around its last triggered cell. At higher simulated currents, it is observed that the initial
cell stays active. In such case one expects the activated area to increase in time as the
region of maximal electric field moves through the device. A lower avalanche threshold
at this location explains hot spot persistence observed at the termination in the TIM
shots.

In conclusion, the mechanism proposed to explain hot spot dynamics in the investi-
gated quasi-vertical DMOS consists in a sequence of hot spots walking around a trig-
gered cell followed by a transfer to a neighbor cell. Under sufficiently high stress cur-
rent this process leads to a homogenization of the area active in snap-back and allows
the studied DMOS to reach an excellent ESD capability.
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Investigation of the Parasitic FET in Sub-
100 nm Trench-DRAM
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Miniaturization of DRAM trench cells quickly progresses towards design rules below
100 nm. This development faces the problem of an increased node resistance due to
the continuous shrinkage of the connecting path to the inner trench electrode.

As shown in Fig. 1 (a), a heavily n-doped region, the so-called buried strap, connects
the trench-electrode with the drain region of the switching transistor. To separate this
region from the n-doped well forming the counter electrode of the trench capacitor, a p-
doped well has to be inserted. As shown in Fig. 1 (b), this n-p-n sequence can be con-
sidered as the body of an n-channel FET. In this transistor structure the silicon-dioxide
collar acts as a gate dielectric and the inner trench performs like a gate electrode. This
FET facilitates a possible leakage path, which is capable of discharging the trench ca-
pacitor, leading to a malfunction of the DRAM cell. Thus, an accurate knowledge of the
electrical behavior of this FET is a necessary precondition for a proper design of the
trench, and is therefore a primary concern in any trench-cell based DRAM technology.
To optimize the performance of the trench cell, a characterization of this parasitic FET
is essential. Due to the fact, that its contacts are not directly accessible, standard elec-
trical methods fail to characterize the parasitic FET. This work proposes a new ap-
proach allowing extracting the most important parameters of this embedded parasitic
device.
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Fig. 1: n-SD...n-doped area of bypassed source and drain of the switching transistor;
p-W...p-doped well; n-W...buried n-doped well; p-S...p-doped substrate
a) Schematic DRAM-trench cell. b) Parasitic FET. c) Circuit diagram of test
structure.
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As shown in Fig. 1 (a), several leakage paths may modify the charge of the trench ca-
pacitor. The key element of our investigation is the parasitic FET as depicted in Fig. 1
(b). Thus, for the electrical characterization a DRAM test-structure is used where the
buried strap is directly accessible via a shorted switching transistor. Thereby, any sub-
threshold contribution of the switching transistor is excluded.

Setting the voltages for n-SD, p-W, and p-S equally to 0 V while ramping the voltage of
n-W to positive values allows to measure the current from n-SD to n-W which is a
branch of the leakage path through the oxidized silicon nitride (NO). By usage of the
previously described test structure the leakage path through the NO of the capacitor
can only be assessed in the polarity where the voltage of the n-W is higher than the
voltage of the n-SD. If the inverse polarity is biased, the parasitic FET would turn on
and the current through the FET would join the current through the NO. As the gate-
dielectric NO consists of oxidized silicon nitride, the branches of current describing the
leakage due to electrode polarity will not be symmetric. The measurable leakage cur-
rent allows approximating the branch with inverse polarity and allows identifying the
current through the NO.

Considering all separated leakage paths of the reverse-biased pn junction and taking
into account the different magnitudes of the approximated NO leakage the current path
through the parasitic FET can be obtained.

To measure the drain current of the parasitic FET in subthreshold or even in inversion
mode the potentials applied to the bypassed gate and drain (n-SD) are ramped to posi-
tive voltages exceeding the assumed threshold voltage, the source (n-W) is held at 0 V
while the bulk of the parasitic FET (p-W) is held at constant voltages equal or less 0 V
(see Fig. 1c).
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Fig. 2: Igt for five different source-substrate bias-voltages. Empty symbols show the
standard deviation of each measured value.

Figure 2 shows lgr for five different source-substrate bias-voltages. The splitting-up
shows the existence of a FET drain current due to the variation of the substrate reverse
bias. Additionally, the measured current through the NO is shown. The curves below
voltages of 2 V display a similar behavior about half an order of magnitude higher than
the measured current through the NO and do not split up with different source-
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substrate reverse bias. Consequently, the current below 2 V can be identified as the
leakage path through the NO under the condition that the voltage of n-SD is higher
than the voltage of n-W. Any potential current due to the parasitic FET in this regime is
smaller and may be neglected. At a voltage of 2.3 V the transistor current exceeds the
current through the NO. As a consequence the current curves coincide again at the
end of the scala as the transistor moves towards saturation.

The subthreshold current displays a roughly exponential behavior in dependence on
the gate voltage for the long channel approximation. The dimensions of the parasitic
FET fulfill the conditions for a long channel FET following an empirical relationship
found by Brews et al. [1]. As the substhreshold current of a FET is roughly independent
of the source-to-drain voltage it may be extrapolated to the region where the current
through the NO exceeds the FET current. This approximation allows estimating the
leakage current of the parasitic FET and facilitates optimizing the operational regime in
a trench DRAM-product (see Fig. 3).
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Fig. 3: Current through the parasitic FET.

As drain and gate are linked together the parasitic FET is always operating in satura-
tion. Using the square-law model in saturation the measured data can be also fitted for
the FET in inversion mode (see Fig. 3).

While the presented measurement methods were developed using a standard trench-
DRAM this approach was already applied on new concepts of trench-DRAM with bur-
ied collar [2] at Infineon Technologies Dresden.
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Focused ion beam chemical vapor deposition of tungsten is widely used for circuit re-
pair and prototyping. An extension of this direct write approach from the interconnect
metallization level to the device level in CMOS technology requires the demonstration
of ohmic low resistance contacts to both types of highly doped source and drain re-
gions. We investigated the metal-silicon contacts of 50 keV Ga* FIB deposited tungsten
by a cross-bridge Kelvin resistor approach to extract the contact resistances and we
found nonrectifying contacts to both p*- and n*-silicon. For p*-silicon a resistivity of
5.33x10° Qcm?, whereas for n*-silicon a higher value of 9.96x10° Qcm? is found.
Thermal treatment at 450°C for 15 minutes deteriorates the contact properties of p*-
silicon. In contrast, the annealing process reduced the resistivity of the tungsten to n*-
silicon contacts by factor of 100 to a value of 1.07x10™* Qcm?.

The experimental setup to characterize the contacts relies on Kelvin type four point
cross-bridge structures providing terminals that allow a separate measurement of the
forced electrical current through the contact region and the resulting voltage drop at the
contact. As shown in Fig. 1, the metal tracks are connected to the doped silicon region
via the contact zone consisting of a metal filled contact hole embedded in the dielectric
layer separating the two conducting layers.

Fig. 1: Cross-bridge Kelvin resistor

The filling of the contact hole is made by FIB-CVD of tungsten. The striking advantage
of the four-point measurement is that the detection of the voltage drop AV =V -V,
can be measured directly at the contact region. The contact resistance R¢ of an ohmic

metal-semiconductor contact investigated by means of the described Kelvin structure is
then

Ro=leTlo AV (1)
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Figure 2 shows a cross sectional FIB secondary electron microscope (FIB-SEM) image
of the contact region of one Kelvin structure.
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Fig. 2: FIB-SEM image of a FIB cross section through a contact region.

On the left side of the image, the SiO, interlayer is visible as a dark region forming a
tapered sidewall to the contact hole. The FIB tungsten filling appears bright and com-
pact and is covered with the aluminum metallization. The relationship between the con-

tact resistance Rc measured on the structure and the actual contact resistivity pc is
determined by

po=R.A, 2)
where A is the area of the metal-semiconductor contact region.

To determine the contact resistance of the FIB-CVD tungsten-silicon contact the volt-
age-current characteristics of the Kelvin structures were measured. The resulting 4V
versus / plots showed linearity (i. e. ohmic characteristics) and allowed the extraction of
Rc referring to (1). The measured contact resistance data are summarized in Table 1.

Table 1: Resistivity data for FIB-CVD-tungsten-silicon contacts

substrate annealing process contact resistivity  standard deviation

p'-Si none 5.33x10® Qcm?  2.5%
p*-Si 15 min at 450°C 1.48 x10° Qecm®  28.2%
n*-Si none 9.96 x10° Qcm® 4.4%
n*-Si 15 min at 450°C 1.07 x10™* Qem? 7.1%

The lowest contact resistivity of 5.33x107° Qcm? is obtained when tungsten is deposited
on the p*-silicon substrate and the sample is not subjected to any thermal treating after
deposition.

As a conclusion, we found that FIB-CVD tungsten to silicon contacts are not simply
metal-semiconductor interfaces, but exhibit an architecture characterized by an inter-
medial layer of tungsten-silicide, which is a key issue to the understanding of the elec-
trical and the thermal behavior of these contacts.



Active Field Effect Transistor Fabricated by
FIB-Implantation

H. Wanzenboeck and E. Bertagnolli
Institute of Solid State Electronics, TU Vienna, Austria

Focused ion beam technology has successfully proven its potential for fabrication
and modification of interconnect layers. The major benefit of this approach is the fact
that a photomask is redundant for microstructure generation. In this work, a focused
gallium ion beam has been utilized to generate an active device. The incorporation of
the ions in the substrate can be utilized for a local implantation. With this approach a
field effect transistor was fabricated by implantation of Ga forming the source and
drain regions. The p-channel transistor was proven to operate both in the ohmic as
well as in saturation mode. This device demonstrates the versatile potential of fo-
cused ion beam processing for prototype generation.

Introduction

A FIB operated with gallium ions also allows implantation of Ga into silicon for fabrica-
tion of active devices. The high energetic ions of the FIB may also be used for implan-
tation to obtain p-doped regions. By Ga-doping p/n-junctions in n-Si have been proc-
essed [1] — [3]. This work demonstrates the wide capabilities of direct-write deposition
of materials for microelectronic prototype devices. The deposition of metallic as well as
dielectric structures is shown. Using the focused ion beam the feasibility of prototyping
doped regions was demonstrated by building a field effect transistor.

Experimental

High energetic 50 keV Ga'-ions were extracted from a liquid metal ion source with an
ion current tunable between 4 pA and 2 nA and could be focused down to a 10 nm ef-
fective beam diameter. A deflection system for scanning operation provided control of
the focused beam for a local deposition. Semiconductor materials such as Si (100),
GaAs as well as commercial microchips could be used as substrates. For fabrication of
the transistor prototypes the ion beam was exclusively scanned over the source and
drain regions to obtain an ultrashallow Ga implantation. The implantation dose was
6,5x10*"* ions/cm? at 50 keV followed by thermal activation of the doped region at
650 °C. A 200 nm thick silicon nitride acted as gate dielectric. Metallization was per-
formed using standard lithographic techniques. The prototype transistor had a gate
length of 32 um with a channel width of 100 um. All electrical measurements of the
transistor were performed with a semiconductor analyzer controlling voltage and cur-
rent of gate, drain, source and bulk.

Results

The schematic setup of the FIB-fabricated prototype field effect transistor is shown in
the left image of Fig. 1 (a). By gallium implantation into n-doped Si ultrashallow p-
doped source/drain regions with a thickness below 100 nm were fabricated. For the
first time the fabrication of ultrathin active devices by FIB-implantation could be demon-
strated.
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Fig. 1: Schematic illustration (a) and optical image (b) of the FET obtained by direct-
write implantation of Ga.

The source and drain metal contacts to the two doped regions as well as the thin gate
structure in the image center separating the doped regions are visible in the top view
image of the transistor (Fig. 1 (b)). The current-voltage curves of source/bulk respec-
tively drain/bulk measurements displayed the typical diode characteristics. The dielec-
tric layer had negligible leakage currents in the nA range up to a —20 V gate voltage.
The measurement of the output characteristics (Fig. 2) was measured for a drain volt-
age down to —20 V and for a gate voltage down to — 15 V. The ohmic region and the
current source region can be clearly distinguished in Fig. 2. A very high threshold volt-
age around — 7 V was observed. It is assumed that the 200 nm thick silicon nitride de-
posited by plasma enhanced CVD contains trapped charges that significantly diminish
the effective field in the channel region.
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Fig. 2: Output characteristics of the FIB-processed prototype transistor

The mask-less fabrication of the p-MIS transistor providing with the full functionality as
amplifier or as a switch by direct-write implantation complements the application range
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of direct-write deposition. Direct-write deposition and direct-write implantation allow to
assess front-end and backend prototyping of silicon-based microelectronic devices.

Conclusion

Direct-write processing with a focused particle beam has been proven a powerful tech-
nique for prototype development. Using a focused beam controlled by a scan genera-
tor, arbitrary areas may be doped with gallium. This laterally confined doping supple-
ments the potential of the FIB for direct-write deposition. The fabrication of a field effect
prototype with ultrashallow source/drain regions shows the versatility of maskless di-
rect-write technologies. This renders direct-write processing the long sought maskless
method for rapid prototype development also of active microelectronic devices.
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Simulations of lon Beam Induced Damage in
Silicon: Coupled Kinetic Monte Carlo and
Molecular Dynamics Simulations

G. Otto and G. Hobler
Institute of Solid State Electronics, TU Vienna, Austria

Introduction

Damage formation during ion implantation is a complex process that cannot accurately
be modeled by binary collision simulations alone. Molecular Dynamics (MD) simula-
tions are an accurate method to simulate ion implantations at low temperatures. How-
ever, because lattice vibrations have to be resolved by the MD time steps, MD cannot
simulate thermally activated processes at time scales that occur in industrial process-
ing steps. On the contrary, kinetic Monte Carlo simulations (kMC) consider only events
that change the structure of the crystal. Due to this fact, it is possible to treat thermal
processes with KMC. Nevertheless, KMC cannot handle ballistic processes because the
binding and formation energies of complex defect clusters are often unknown. How-
ever, both ballistic and thermally activated processes need to be taken into account in
order to predict the amount and types of defects depending on the implant parameters,
such as ion species, energy and temperature. To combine the advantages of both
simulation methods we have introduced and tested a coupling scheme of MD and kMC.
Doing this, one has to be careful not to lose too much information of the coordinates
and of the kind of defects when transforming them from one scheme to the other. Oth-
erwise, complex defects cannot be restored in MD any more once they have been
transformed.

Scheme of Coupling

We couple binary collision (BC)/MD and kKLMC simulations. The BC calculations are
used to generate the initial recoils for the MD simulations. Details of the binary collision
program IMSIL can be found in [1] and the description of the MD scheme is given in [2],
[3]. As input for the lattice kinetic Monte Carlo (kLMC) simulation, physical quantities
like formation and binding energies of point or extended defects are required, which we
take from ab-initio simulations [4] — [8]. The crucial point in coupling MD and kMC simu-
lations is to minimize the loss of information about the defects by caused by their trans-
formation them from MD to kMC and vice versa. We achieve this using the following
scheme. First, we identify the defects generated in MD. The atom positions are ana-
lyzed with respect to spheres centered on ideal lattice sites with radii equal to half the
nearest neighbor distance in the ideal lattice. If a sphere contains no atom, the lattice
position is labeled as a nearest-neighbor-sphere (NN) vacancy. If an atom is outside all
of the spheres, its position is labeled as NN interstitial. When transforming the kLMC
defects to the MD scheme one obtains only nearest neighbor (NN) defect immediately,
but not atoms that are shifted less than half the nearest neighbor distance from their
lattice sites. However, such defects are generated if the MD cell including the NN de-
fects is relaxed. We tested the stability of defects and almost the whole damage (96%
1 2.2%) is reproduced.
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Results

To demonstrate the coupling we examine the differences in the damage generation for
the implantation of heavy and light ions at room temperature. As heavy ion, we have
chosen arsenic and as light ion, boron. We have performed a BC simulation of a 1 keV
As ion and put the generated recoils into a MD simulation. After 5 ps the MD simulation
is stopped and the identified NN defects are transformed to the kLMC model. The
kKLMC simulation is performed until all single vacancies have disappeared leaving only
two main clusters, which are transformed back to MD and relaxed for 5 ps. In the next
step, another As cascade which overlaps partly with the first cascade is simulated. The
cluster generated by the first cascade has shrunk in the final defect configuration due
to a recrystallization initiated by the recoils of the second cascade. As a second exam-
ple, we have implanted 1 keV boron ions into silicon. We produced a predamaged crys-
tal by a coupled BC/KLMC simulation. We implanted a dose of 5x10'/cm? which
caused about 4% of the lattice atoms to be displaced. The damage was transformed to
MD and relaxed. Another boron cascade has then been simulated with MD in the pre-
damaged crystal, and the additional damage has then been compared with the damage
produced by a boron cascade generated by the same primary recoils in an undisturbed
crystal. In the undisturbed cascade, the boron implantation generated 20 NN defects, in
the predamaged cascade 12 additional defects, indicating a sublinear increase in dam-
age concentration.

Conclusion

A scheme of coupling kLMC with MD has been introduced, which allows an almost
complete reconstruction of MD clusters once they have been transfomed to kLMC.
With this coupling, both the quenching of collision cascades and the thermally activated
processes can now be considered in one simulation.
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Advanced Nanoscale Material Processing
with Focused lon Beams —
Metallic Nano Dots Realized by a
Subtractive Self Organisation Process

A. Lugstein, B. Basnar, M. Weil, J. Smoliner and E. Bertagnolli
Institute of Solid State Electronics, TU Vienna, Austria

Nanoscale structuring opportunities are prerequisites for any nanoscale engineering. In
particular, resist-less focused ion beam techniques are most suited for the combination
of top-down structuring with selective bottom-up self-assembling techniques. To keep
up with the trend of structures to shrink in dimensions, the response of ion induced
material modifications will have to be controlled on a nanometer scale. A prerequisite
thereof is a deep understanding of the ion beam interaction with the processed sub-
strate material.

We demonstrate surface modifications caused by focused ion beam irradiation, ad-
dressing the primary mechanisms leading to material swelling, amorphization and pref-
erential etching. In detail, we have studied the impact of shrinking feature sizes on the
sputter efficiency of focused ion beams for Si, GaAs and InAs. Milling of nano dots ex-
hibits fundamental features for FIB patterning. Based on our experimental results, a
sputter yield promoting self-focusing effect combined with a sputter rate increase at
oblique angles, an opposing dose deficiency effect and material re-deposition for mill-
ing aspect ratios >1 are identified to be responsible for the complex sputter response of
Si and GaAs. In addition, for GaAs the observed preferential etching of arsenic results
in precipitates of mobile Ga-rich residues influencing the fundamental characteristics of
FIB patterning, like sputter yield, crater bottom flatness, and ripple formation.

Fig. 1: Topographic AFM image of a Ga dot generated by FIB milling on GaAs.
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Due to the high-energy injection during FIB milling and the low melting point of Ga the
precipitations behave like a liquid under milling conditions. The lowest energy configu-
ration corresponds to equilibrium determined by the minimization of the total interfacial
free energy and results in spherical calotte shaped droplets (Fig. 1). Nanometer sized
metallic dots can be formed in a size and position controlled fashion by combining a
focused ion beam induced self-organized formation technique and a subsequent rapid
thermal annealing (Fig. 2). Since GaAs quantum dot formation from Ga droplets has
been reported, our technique is considered a candidate for the fabrication of highly
ordered GaAs quantum dot array structures.

_.
15um
= -:':*1
FIB milled Ga-dots

Fig. 2: The FIB-SEM image shows an array of freestanding Ga dots achieved by a
two-step process. In the first step, we generated an array consisting of 34x34
nominally 75 nm deep holes with a spacing of 300 nm between them. Subse-
quently, milling of a box on the prepatterned array of holes leads to the ar-
rangement of a regular pattern of freestanding Ga dots.

The optical microscopy and AFM analysis reveals the decomposition of the FIB modi-
fied GaAs surface layer when the temperature increases above 200 °C, whereby the
dots formed during FIB exposure act as catalytic sites for thermal driven decomposition
(Fig. 3). The chemical and morphological evolution of the GaAs surface due to FIB ex-
posure and subsequent annealing has also a strong impact on the electrical properties
of the GaAs surface which has been investigated by conventional 4 point van der Pauw
measurement.

Further, we have shown that FIB bombardment of InAs produces indium crystallites,
and the size of the crystallites increases with ion dose and ranges from 80 nm to
1.5 um (Fig. 4). The influence of the ion dose, the beam energy, the sample tempera-
ture and the dose rate on the surface evolution has been investigated for further III/V
compound semiconductors by atomic force microscopy, scanning electron microscopy,
auger electron spectroscopy and X-ray diffraction measurements.

In summary, the surface topography resulting from FIB bombardment is being investi-
gated for possible use in nano-technology applications. This technique, based on a
subtractive self-organization process, may lead to a new fabrication process for three-
dimensional metallic nanostructures.
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Fig. 3: The Optical microscope image shows the effect of the annealing on the surface
evolution of the ion bombarded GaAs. After annealing the dots previously ob-
served are still present, but quite different to the former now surrounded by mi-
cellar-like features incorporating straight lines (jets). These jets follow the [011]
and [0-11] directions equivalent to the cleaving planes of the (100) GaAs sam-
ple. AFM investigations reveal that these micelle-like features are depressions
of about 4 nm and the height of the jets piles up to more than 50 nm. We as-
sume that annealing of the samples leads to a further destabilization of the
heavily irradiated GaAs surface whereby the existing dots serve as anchor
points.

[pm]

Fig. 4: Topographic AFM image of the InAs surface after FIB exposure at 50 kV ac-
celeration voltage and of an ion dose of 5x10'° ions/cm?. The image shows a

nearby perfect crystallite with obvious facets in close contact with the sub-
strate.






Quantitative Scanning Capacitance
Spectroscopy

W. Brezna, M. Schramboeck, A. Lugstein, S. Harasek, H. Enichlmair,
E. Bertagnolli, E. Gornik and J. Smoliner
Institute of Solid State Electronics, TU Vienna, Austria

In this work, we introduce a setup for quantitative scanning capacitance spectroscopy
on nanoscopic scales. The setup consists of a commercially available atomic force
microscope (AFM) for tip positioning. An ultrahigh precision capacitance bridge meas-
ures the tip-sample capacitance in the aF regime under well controlled, small signal
conditions. This is a big advantage over commercial scanning capacitance micro-
scopes (SCM) which work in the large signal regime and provide a signal that is the
first derivative of the capacitance (dC/dV). To guarantee a constant tip-sample contact
area we used highly doped, conductive diamond tips because of their high resistance
against abrasion. As samples, we used low p-doped Si wafers covered with two types
of dielectrics: industry quality SiO, and metal-organic chemical vapor deposition grown
Zr02.

To test the reliability of our results, both macroscopic measurements on large area 100
% 100 yum? MOS capacitors with Al top electrode, and AFM based nanoscopic investi-
gations were carried out on identical pieces of samples. In Fig. 1 (a), a comparison
between the C(V) data of a reference MOS capacitor, and a nanoscopically measured
C(V) curve is shown. An interface charge density Q; of about 5x10"" cm™ can be calcu-
lated from the slope of the macroscopic reference curve. The smaller slope of the
nanoscopic curve is due to the very small area of the AFM tip and a correlated high
influence of electrostatic edge effects in the area of the tip. Figure 1 (a) can be used to
calculate the work function Wy, of diamond tips: Wi, = AW + Wy, = 5.5 eV, where AW =
e x AU is proportional to the voltage difference AU in Fig. 1 (a) and Wx =4.2 eV is the
known work function of the Al top electrode. Wy, = 5.5 eV is in agreement with the
value of 5.165 eV found in literature for highly p-doped, deposited diamond.

The setup is also capable of measuring details of the interface trap energy distribution.
This is shown by a comparison of macroscopic and nanoscopic capacitance measure-
ments on a ZrO, covered Si sample in Fig. 1 (b). Interface traps lead to a decrease of
the slope of the C(V) curve. If most of the interface, traps are activated within a small
energy interval, the transition between accumulation and depletion in the C(V) curve
contains regions of reduced slope or kinks. Both the macroscopic reference curve as
well as the nanoscopic C(V) curve in Fig. 1 (b) exhibit a pronounced kink, which dem-
onstrates that both curves have a comparable energy resolution. Such measurements
are currently not available with standard commercial SCM equipment because of the
large modulation voltages. This is demonstrated in Fig. 1 (c) where the nanoscopic
dC/dV curve shows more features then the standard SCM curve. The nanoscopic C(V)
curve was numerically differentiated to obtain the dC/dV curve in Fig. 1 (c).
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Fig. 1: (a) Comparison of a macroscopic and a nanoscopic C(V) curve on a SiO, cov-

ered sample.
(b) Comparison of the energy resolution of macroscopic and nanoscopic C(V)

curves on a ZrO, covered sample.
(c) Comparison of a (derivated) nanoscopic capacitance curve and data ob-

tained by standard SCM equipment.



X-Ray Investigation of Interface Broadening
by Rapid Thermal Processing

T. Roch, W. Schrenk, S. Anders, C. Pflligl and G. Strasser
Institute of Solid State Electronics, TU Vienna, Austria

Quantum cascade lasers (QCLs) [1] — [3] can be tuned by post-growth rapid thermal
processing. Interdiffusion at the barrier-well interfaces in the temperature range be-
tween 850 and 875 °C shifts the energy levels and thus the gain and emission wave-
length of the structure in the range from 10.3 to 11.9 um [4]. The diffusion has been
investigated quantitatively by high-resolution x-ray diffraction measurements. Rocking
curves (w — 20) measured on a thermally processed set of samples confirm Al-Ga in-
termixing at the interfaces.

Because of the complexity of QCL structures, the x-ray measurements were done on a
periodic superlattice structure. The structure period of 35 nm GaAs (nsi = 5 x 10" cm™)
and 5 nm Alp4GageAs (ns = 3 x 10" cm?) is repeated 60 times and buried under
300 nm GaAs (ngi = 1 x 10" cm™). Prior to the RTP, all samples were covered with
200 nm SiO to prevent outdiffusion of As. Four different pieces were then heat-treated
for 60 s at 850, 875, 900 and 950 °C in forming gas atmosphere. After heating the sam-
ples to 200 °C, the temperature was ramped to 650 °C with 37.5 °C/s and then to the
target temperature with 20 °C/s.

X-ray diffraction w — 20 spectra were measured using a high-resolution double crystal
diffractometer. CuKa1 radiation was used and a 0.2° receiving slit in front of detector
served to increase the signal-to-background ratio. The data were recorded around the
GaAs (002) substrate reflection where we can achieve suitable contrast due to larger
difference between the scattering factors of Al and Ga.
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Fig. 1: X-ray diffraction w — 28 scans around the GaAs(002) reflection. The measured
curves are shifted in y-direction for clarity. Due to a slight period inhomogeneity
over the wafer, the satellites do not appear at the exactly the same angular po-
sitions.
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Figure 1 shows series of measured data curves for as-grown and heat treated periodic
superlattice structures. The main substrate peak at zero arcsec is accompanied by
several of superlattice peaks at constant angular separation, which represent the recip-
rocal space picture of the superlattice in the growth direction. Higher order satellites, at
larger angular distance from the substrate peak, provide information about the finer
details of the interfaces. By increasing the order, the satellite heights decrease due to
their broadening. Therefore, we have used integrated intensities of satellites for the
analysis of the data. The measured data were fitted with a computer calculation using
dynamical x-ray diffraction theory with the layer thicknesses and Al content as fit pa-
rameters (Fig. 2a). The envelope of the calculated pattern matches very well with the
envelope curve of the integrated satellite intensities. The modulation of the envelope
curves shows a systematic decrease with the RTP temperature. This effect corre-
sponds to an increase of Al-Ga interdiffusion at the AlAs/GaAs and GaAs/AlAs inter-
faces. The Al concentration gradients at the interfaces were included into fitting model
by simple linear gradients. Results of fitting of the envelope curves of the measured
data are shown in Fig. 2 (b). The increase of the interface width (compared to the as-
grown sample), Aw, is plotted vs. temperature. Already at 850 °C and 875 °C, the inter-
face width has increased by about 1 nm (3.6 monolayers) and 2.5 nm (8.9 monolay-
ers), respectively.
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Fig. 2: (a) X-ray w — 20 spectrum of as-grown sample. The integers indicate the order
of the superlattice satellites. Dots are the integrated satellites intensities;
dashed curve is the calculation.

(b) Change of the AlAs/GaAs interface width Aw due to RTP.

Si as a dopant as well as a constituent of the SiO layer that was applied for RTP is
known to increase the Al-Ga interdiffusion.[5] — [7] Therefore, the interdiffusion width of
the investigated superlattice is presumably somewhat higher than it would be for a
sample without any Si. In the QCLs, on the other hand, the active region is separated
by a 3.2 um thick layer from the highly doped (ng; = 4 x 10'® cm™) cap layer. Thus, the
interdiffusion in QCLs should not be enhanced by Si. Therefore, the values obtained by
x-ray diffraction measurements for the reference sample represent an upper limit for
the interdiffusion.
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Cell Growth on Prestructured
Microelectronic Materials
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! Institute of Solid State Electronics, TU Vienna, Austria
2 University of Vienna, Institute of Pharmaceutical Technology and
Biopharmaceutics

Bioelectronic transducers offer powerful new analytical tools with major applications
in medicine, pharmaceutical research, environmental diagnostics and the food and
processing industries. The interface between inorganic materials and living cells is
crucial for the operation of biosensors. The viability and the adhesion of colon carci-
noma cells (Caco-2) was tested on an assortment of commonly used metals, dielec-
trics and semiconductor materials. Growth inhibiting materials such as copper and
blank gallium arsenide have been idientified as well as highly biocompatible materials
such as silicon, silicon nitride, chromium and gold. In addition, the growth on the
metal-dielectric boundary was performed and neither the sub-200 nm height step nor
the change of the material showed to affect the cell growth. Several materials have
been successfully tested to facilitate the growth of cell structures. The results allow a
versatile application for microelectrode arrays.

Keywords: direct write deposition, focused ion beam, FIB, 3-dimensional, chemical
composition

Introduction

Methods for the investigation of living cells have historically been of significant impor-
tance for research in neuroscience and cell biology. For cell-based biosensors, the
signal is originating from the presence or the metabolism of the living cell. Classical
measurement techniques utilize the patch-clamp method where the single cell is con-
tacted with a micropipet containing the electrode. For the high-throughput testing of
drugs, electrical methods are most promising, as the characterization of a large amount
of cells may be performed simultaneously [1]. During the last decade, the research on
cell-based biosensors has experienced increased scientific activity [2], [3]. While a va-
riety of different measurement techniques exist, microelectrode arrays [4] provide a
simple interface for monitoring the electrical activity and impedance characteristics of
populations of cultured cells over extended periods. Wide ranging applications of this
emerging technology can be expected not only to the detection of chemical and bio-
logical warfare agents, but also to the testing of new pharmaceuticals and the monitor-
ing of medical parameters [9]. Various metals, dielectrics and semiconductor materials
have been tested as substrates for culturing cells. Also a composite substrate consist-
ing of two materials — a dielectric and a metal simultaneously present on the surface
— has been investigated. This work clarifies the suitability of microelectronic materials
for sensors monitoring the activity of living cells.

Experimental

For this study, sample chips of 5x5 mm size were fabricated out of different materials.
The pure semiconductor materials tested during this study were silicon (Si), Germa-
nium (Ge) and gallium arsenide (GaAs). As insulating materials dielectrics such as sili-
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con oxide (SiO,), silicon nitride (SisN4) and polymers such as polymethylmetacrylate
(PMMA) or the photosensitive resist recipes maN410 and maP were used. The metals
Al, Ti, Au, Cr, Pt, W and Cu were separately deposited as a thin film on silicon wafers.
Standard glass slides of sodium potassium silicates were processed as reference ma-
terial.

The prepatterned surfaces were fabricated by sequentially depositing a continuous Au
layer and a silicon nitride layer on top of a Si-wafer. A silicon nitride grating with a pe-
riodicity in the 50-um range was fabricated by local etching. The resulting patterned
surface displayed lines of Au and Si3N, in a regular arrangement.

Human colon carcinoma cells (Caco-2) were selected as an exemplary cell culture. The
Caco-2 cells were obtained from the American Type culture Collection (Rockville, MD,
USA). The cells were cultured in RPMI-1640 cell culture medium supplemented with
10% fetal calf serum, 4 mM glutamine and 150 pug/ml gentamycin. The cell cultures
were grown in microtiter plates at 37 °C in a humidified 5% CO,/ 95% air atmosphere
for a period of 10 to 14 days. The progress of the cell growth was repeatedly controlled
by visual inspection. For inspection, the substrates with a Caco-2 tissue attached to the
surface were placed under a microscope to evaluate the viability on the substrate.

Results

The first efforts were directed at clarifying the biocompatibility of semiconductor materi-
als themselves. Caco-2 cells were cultivated on top of a microelectronic substrate. A
dense coverage with cells on the surface was obtained with silicon and germanium,
while only few cells were found on the gallium arsenide surface. Dielectric interfaces to
cells are relevant for capacitive biosensors. Homogeneous cell coverage was achieved
with silicon nitride, deposited by plasma enhanced chemical vapor deposition, and sili-
con oxide generated by thermal oxidation of silicon. With thermal silicon oxide, the cells
appear rather round-shaped suggesting a not so good adhesion. The polymer poly-
methylmetacrylate is not considered an ideal growth substrate for biological materials.
For biosensors interacting with the cells over electrodes, the interface to the cell is a
conductive material.

A homogeneous surface coverage of Caco-2 cells was found on chromium and gold
surfaces. With tungsten and titanium, a low cell coverage around 50% was obtained.
On aluminum, cells also appear to be healthy and the shape suggests a sufficient at-
tachment to the surface. However, experimental results concluded that copper intoxi-
cates the cells and is a totally unsuitable material.

Microelectronic biosensors are constructed as integrated circuits acting as signal
transducers for biological systems. Such microelectronic systems usually consist of
several material layers and may have metallic surface areas such as microelectrodes
next to dielectric areas acting as passivation for the circuitry. A prestructured sample
with gold and silicon nitride structures coexisting on the surface was fabricated
(Fig. 1 (a)). The Caco-2 cells cultured on this composite surface displayed a dense
tissue with the cells grown together so continuously that the entire surface was covered
(Fig. 1 (b)). The shape of the cells suggests a good adhesion on the entire surface. It is
concluded that both materials together establish a biocompatible surface.

A close examination of the sharp boundary between the gold structure and the silicon
nitride area has been performed (Fig. 1 (c)). The cells have grown over this rim totally
unaffected. Even the 200 nm height difference at the interface between the gold layer
and the silicon nitride layer left the growth totally unaffected. The cell growth showed
no orientation to the border between these materials. It can be assumed that the cell
activity remains totally unchanged on microelectrode circuits utilizing gold and silicon
nitride.
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Fig. 1: Optical images (500x magnified) of a prestructured microelectronic sample with
(a) the original surface with gold and silicon nitride structures, (b) a Caco-2 cell
layer grown over the surface, (c) another sample spot with cells growing over
the edge between the different materials.

This result opens the path for the application of this material system for the develop-
ment of cell-based biosensors to assess the vital parameters of these cells.

Conclusion

In this study, the biocompatibility of materials frequently used in microelectronics was
determined by an examination of Caco-2 cells cultivated on various surfaces. The fea-
sibility to grow cells on prestructured surfaces with conductive and insulating materials
has been demonstrated. It has been demonstrated that the cell growth remains unaf-
fected by structuring of the surface. On prestructured composite surfaces with a metal
and dielectric present in direct vicinity, cell growth was observed over the interface be-
tween those materials.

This initial study has provided reliable experimental data on the biocompatibility of mi-
croelectronic materials and shines an optimistic light on the future development of mi-
croelectronic biosensing devices.
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Recent Structures for Plasma Instability
Search
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Due to the experimental limitations, the high current density domain (where instability
can occur at high frequencies) was not accessed in previous experiments. A new set of
structures, the sample g595 as a modified version of g494, was designed to bring the
instability phenomenon within the range of experimental observation. The dimensions
of the parabolic and the pocket regions were increased to bring down the intersubband
energies, thus ensuring that instability will occur at lower frequencies, possibly in the
detection region of the InSb setup, i.e. below 25 meV. Half of the digital grown para-
bolic injector region which lies next to the active region was replaced by an 10 nm wide
layer with constant Al-content (x = 0.0462) and the width of the active region was in-
creased form 15.5 nm to 18.5 nm.

Simultaneously, the thickness of the entry barrier was increased from 1.2 nm to 1.8 nm
and the RTD barriers were increased from 2.4 nm to 2.8 nm and thus the extraction
rate of the RTF slightly reduced. This was aimed at reducing the current flow while
keeping a high density of carriers inside the active region. This would allow instabilities
to occur at lower current densities, thus avoiding heating.

Figure 1 shows the conduction band and the energy levels of the eigenstates in the
injector region and the active region of G595. At the bias given in Fig. 1 the second
level of the pre well locks to the RTD level.
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Fig. 1: Conduction band of G595 including squared electronic wave functions for V =
450mV bias enabling resonant tunneling out of the middle level of the pre well.
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Figure 2 shows the differential conductivity versus the bias voltage. At low bias volt-
ages up to V = 400mV (4V;) one finds low differential conductivity with pronounced
oscillations. These oscillations indicate the quantization of the parabolic injection re-
gion. At higher voltages (4V;) the differential conductivity raises. This indicates the
locking between the second level of the active region and the RTD level.
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Fig. 2: Differential conductivity vs. bias voltage of G595 (periodic breakdown is from
digitized measurement).
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Fig. 3: Emission of g595 under normal operating bias direction.

The emission spectra of g595 were recorded by the InSb setup. Figure 3 shows the
emission obtained when the electrons enter the structure through the single barrier on
the left. The three curves (from bottom to top) represent biases and currents (-2.28 V,
-0.132 A), (-2.48 V, —-0.160 A), (—-2.94 V, -0.237 A), respectively. The emission in-
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creases with the magnitude of the current. The approximate total area of the emission
strips is 4x10° cm?. There are two noteworthy features. There is a strong peak at
90 cm™ (about 11 meV, or 2.75 THz), whose strength increases with current. There is
also a second feature at 140 cm™, clearly visible in the upper two curves. Based on the
transport model and response calculations we interpret the peak around 11 meV to be
due to the oscillation frequency of the electrons in the parabolic section of our active
region (the Kohn resonance). The second peak can be ascribed to an intersubband
transition in the pocket region. The second feature has a half width of about 1.25 meV.
This is much smaller than the line width of radiation from the earlier structure g301.
That sample had internal doping in the active region, causing scattering and a resulting
half width of 2.5meV. A reduction of line width by eliminating internal doping therefore
has clearly been demonstrated by Fig. 3. The instrumental broadening contributes
about 0.5 meV to the line width. Thus, the collisional (including interface scattering)
effects only amount to 0.75 meV in g595.

Achieving plasma instability growth of 1 meV, or more, should therefore suffice to have
a positive net growth rate in such structures.






Electrostatic Discharge Effects in
AlGaN/GaN High-Electron-Mobility
Transistors
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P. Javorka and P. Kordos
Institute of Thin Films and Interfaces, Research Centre Juelich, Germany

Devices may face electrostatic discharge events during manufacturing, handling, or
device operation. Typical current pulses are in the ampere range with durations be-
tween nanoseconds and microseconds. These transient conditions may facilitate high-
current pulses before thermal runaway terminates device functionality. The importance
of failure mechanism study in llI-nitride transistors is given by their usage as power
devices in many defense and commercial applications where harsh environment condi-
tions are expected.

100 ns long rectangular current pulses using a transmission line pulser (TLP) were
used for stressing of the HEMT drain contact. The pulsed /-V characteristics were ex-
tracted using a digital oscilloscope. We used backside interferometric mapping tech-
nique to localize current path (dissipated power) in HEMTs during the TLP stress. The
mapping was performed using an infrared laser beam scanning the device from the
backside (3 ns time, 1.5 pm space resolution).
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Fig. 1: Typical drain-source high current pulsed /-V curve of AIGaN/GaN HEMT. The
inset illustrates the band diagram and assumed process of the hole accumula-
tion and electron injection into the GaN buffer; after [1].

The measured drain-source high-current pulsed /-V characteristics exhibit S-shape with
three regions [1] (see Fig. 1): A low-current/ high-impedance region A, a NDC region B,
and a high-current/ low-voltage region C. The triggering voltage Vgp of the source-drain
breakdown is 62 — 98 V for all measured devices and the holding voltage Vy ~20 V.
When a critical current stress level of 1.65 A is reached, the device catastrophically
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degrades (see arrow in Fig. 1). The device’s DC transfer characteristics taken prior and
after current stresses (below the catastrophic degradation level) are presented in
Fig. 2. The pulsed operation of the HEMT in regions B and C causes a shift of the
threshold voltage upwards, from the nominal value of Vr = —-0.9 V to the value of V;=
~-0.4 V (Fig. 2). Simultaneously the value of the Schottky contact built-in voltage was
found to be unchanged. These together with the fact that the VT shift has been ob-
served to be reversible let us assume that the electron trapping at the buffer side of the

buffer-channel interface occurs after the HEMT is triggered.
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Fig. 2: Transconductance and drain current transfer characteristics of AlIGaN/GaN
HEMT (at drain voltage 8 V) before and after selected stress pulses; after [1].
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Fig. 3: Measured distribution of phase shift at t = 100 ns in AIGaN/GaN HEMT along

the source and drain at /gess =
—25 to y = 25 um; after [1].

0.26 A. The HEMT active region spans from y =

Figure 3 shows the phase shift (i.e. drain current) distribution as a function of position
along the device width. The device was scanned along the drain and source contacts

with steps of 7 uym at /syess =

0.26 A (region C). A phase peak is found at the right edge
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of the HEMT channel, indicating the current filamentation. This shows that the transi-
tion into the low-voltage/high-current region is followed by the current filament forma-
tion. Such a behavior is typical for current-controlled systems with NDC.

If we accept theoretical model of GaAs FETs [2] our observation of NDC and filamenta-
tion in the AlIGaN/GaN HEMT may be linked to the avalanche-injection processes in the
buffer layer (see inset of Fig. 1). The measured V7 shift, explained by the electron trap-
ping in the buffer, supports this model. The decisive role of the buffer layer in the
breakdown mechanism was also predicted by the theoretical model [2] showing that no
NDC can be expected if the buffer layer is omitted. However, llI-nitrides represent an
unconventional material system, and other physical mechanisms cannot be ruled out
completely.
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Wien, Stadionallee 2, 1020 Vienna, Austria

We report on the development of a reactive ion etching (RIE) process using the new
inductively coupled plasma reactive ion etcher Plasmalab 100, which was installed at
the cleanroom area of the Microstructure Center recently. Periodic structures with as-
pect ratios up to 15 and periods from 12 um to 28 ym were produced. The patterned
areas in these samples were 22 x 22 mm?.

Using the black silicon method (BSM) described in [1] we developed a process with
etch rates of approximately 1 ym/min and good profile control for aspect ratios up to
15. Photoresist Shipley 5214 was chosen as mask material with a layer thickness of 1
— 1.5 um. To go beyond aspect ratios of 15, SiO, would have to be used, since thicker
layers of photoresist tend to crack under cryogenic conditions (—=110°C in this process).
On the other hand, layers thinner than 1 ym showed premature erosion in this process

[2].
The design of our samples made it necessary to use carrier wafers. It turned out that

GaAs wafers influenced the etching process, so Si wafers were used instead. Sufficient
thermal contact between sample and carrier was ensured by bonding with photoresist.
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Fig. 1: trench 8um, ridge 20um, depth 40pum
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Figure 1 shows one of the regular structures with a trench width of 8 ym and a period
of 28 uym. Note the excellent trench profile. Figure 2 shows one of the high aspect ratio
samples. The smallest feature in this sample is 4 ym, giving an aspect ratio of 10.
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Fig. 2: trench 8um, ridge 4um, depth 40um

These samples will provide unique test procedures in neutron scattering. For details,
see [3].

References

[11 H.Jansen, M. de Boer, H. Wensink, B. Kloeck, M. Elwenspoek, Microelectronics
Journal 32 (2001) 769

[2] M.J. Walker, Oxford Instruments Plasma Technology, “Comparison of Bosch and
cryogenic processes for patterning high aspect ratio features in silicon”, 2001

[3] E. Jericha, M. Baron, M. Hainbuchner, R. Loidl, M. Villa, H. Rauch, J. Appl. Cryst.
36 (2003) 778



Microelectronics
Technology —
Cleanroom Linz

The Society for Microelectronics — Annual Report 2003






Micro- and Nanostructure Research:
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G. Bauer, H. Heinrich and G. Brunthaler
Institut fiir Halbleiter- und Festkorperphysik
Johannes Kepler Universitat Linz, A-4040 Linz, Austria

The micro- and nanostructure research in the cleanrooms of the “Institut fiir Halble-
iter-und Festkorperphysik” is supported by the Society for Microelectronics (GMe). In
2003, emphasis was put on the research and development of optoelectronics, nano-
structures and devices for spintronics. For optoelectronics, Si/SiGe cascade injectors
for voltage tunable two-band detection, lead salt structures with continuous-wave
photoluminescence and Erbium doped SOI waveguides for the mid-infrared were de-
veloped. Further a CD lab was founded which is dedicated to the simulation and fab-
rication of photonic crystals for various optical applications. Nanostructures were
produced by the top-down approach with electron beam lithography in Si and AIGaAs
structures and by the bottom-up approach of self organized growth inside PbSe su-
perlattices. The morphology of the structures was investigated by numerous tech-
niques like transmission electron microscopy, x-ray diffraction of atomic force micros-
copy. The basic spin relaxation properties of Si-based materials were investigated as
a prerequisite for spintronic applications.

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

The activities of the year 2003 in the cleanrooms in Linz are described in a short over-
view here. The basic equipment which is available in these clean rooms allows for MBE
growth of SiGe, II-VI and IV-VI heterostructures, for the deposition of ferromagnetic
layers like Fe on II-VI compounds, as well as GaN deposition by MOCVD with in-situ
control. For deposition of dielectric layers like SiO, and TiO, for the visible and MgF
and Si for the infrared spectral range a new deposition system from Leybold Optics
was installed. Apart from in-situ and ex-situ structural characterization, lateral pattern-
ing is made possible through equipment like optical, holographic and electron beam
lithography. In 2003 also a new “LEO Supra 35” electron beam lithography system was
installed, which allows the preparation of lateral structures down to about 20 nm. Proc-
essing includes also facilities for the deposition on insulating as well as contact layers,
in particular a plasma deposition system for silicon nitrides. A transmission electron
microscope is intensively used for the characterization of thin SiGeC layers. Research
and development of a new Christian-Doppler Laboratory on photonic crystals is also
conducted in the same cleanrooms.

The emphasis of the research work in and around the cleanrooms was put mainly on
optoelectronics, nanostructures and devices for spintronics as described in the follow-

ing.
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Optoelectronics

Optoelectronic devices are used today for communication, as light sources and for de-
tectors. In the Si/SiGe cascade injectors a resonator enhanced, voltage tunable two-
band detector was realized. This device not only allows the detection of mid-infrared
radiation, but also the distinction between different wavelengths from (from 5.2 ym to
3.2 um), in order to identify e.g. different air pollution gasses. The tunability of the
photoresponse is a consequence of an electric field induced transfer of holes from the
deepest to the shallowest quantum well of the injector sequence. Depending on the
bias voltage, dark current limited peak detectivities in excess of D* = 1x10° cmHz>*W"
were obtained at a temperature of 77 K.

Lead salt structures for continuous-wave photoluminescence are also suited for emis-
sion in the mid-infrared. The PbSe/PbEuSe and PbTe/PbEuTe multiquantum well
structures as well as the PbSe and PbTe bulklike structures were excited by a semi-
conductor laser diode. All the samples were grown by molecular-beam epitaxy on
BaF,(111) substrates under the same growth conditions. Both for the Te-based sys-
tems and for the Se-based systems, it turns out that bulk-like structures show photolu-
minescence up to higher temperatures than multi-quantumwell structures. In particular,
emission spectra from PbTe/PbEuTe multiquantum wells were obtained up to tempera-
tures of 200 K and from PbSe/PbEuSe multiquantum well structures up to 60 °C
whereas for bulklike PbSe photoluminescence at temperatures as high as 190 °C is
demonstrated.

Among the various attempts to obtain light emission from Si, optical doping with rare
earth elements like Er has been particularly fruitful at first glance as this approach is
compatible with standard Si technology. Light emitting diodes emitting at a wavelength
of 1.54 um at room temperature have been fabricated. The low efficiency, however,
and the slow response of such diodes limit their use to a few special applications. The
main hope, namely application in optical communication systems, appears unrealistic
unless laser action can be achieved. In order to come closer to that goal, the recently
found increased solubility of Erbium in silicon in the presence of hydrogen was investi-
gated by producing Erbium-doped waveguides in Silicon-on-insulator layers by photo-
lithography. Applying the variable stripe length method a net gain of 32 cm™ at 10 K
was estimated.

In 2003 the Christian Doppler Laboratory for Surface Science Methods was established
at the University Linz in cooperation with Photeon Technologies located in Bregenz,
Austria. The main goal is to bridge the gap between basic research and applied re-
search on the topic of photonic devices. Although it is planned that also prototypes of
such devices are fabricated in the cleanroom, in the first year the main emphasis was
laid on novel design schemes and on establishing process steps as e-beam or UV li-
thography, etching, RIE etching, mask preparation and characterization methods like
AFM etc.

Nanostructures and Characterization

Nanostructures are the natural consequence of the ongoing miniaturization in micro-
electronics. As the devices become increasingly smaller, new effects like quantum ef-
fects appear. The investigation and understanding of such quantization effects is im-
portant in order to continue the functionality of devices but also to use them for com-
pletely new types.

Lateral quantum dots have been fabricated on strained Si/SiGe substrates with a mo-
bility of about 200,000 cm?/V's using a split gates geometry, where the gates consist of
Pd. The gate structures where realized by e-beam lithography. By applying negative
voltages to the gates the underlying 2DEG can be depleted. Similar samples showed
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fractional quantum Hall effect up to filling factors of 1/3. The e-beam lithography was
performed with a JEOL 6400. In the 4" quarter of 2003, a LEO Supra 35 FESEM (field
emission scanning electron microscope) with a Schottky field emitter (SFE) has been
purchased and the fabrication of quantum dots will be continued with the new equip-
ment.

Lateral quantum dots were also fabricated from two-dimensional GaAs/AlGaAs het-
erostructures by electron beam lithography. In a new design, the split gate geometry,
which defines the dot electrostatically by metal gates, has been modified. The devices
were electrically characterized in a 3He cryostat at 300 mK. Due to improvements in
device design and measurement conditions, the number of electrons in the dot can
now be controlled over a wider range. Additionally, reproducible conductance fluctua-
tions overlaid on the Coulomb oscillations were observed and will be investigated in
more detail.

Anomalous x-ray diffraction is used to investigate self-organized three dimensional
PbSe quantum dot lattices formed by multilayer heteroepitaxial growth. Using a short-
range dot ordering model in combination with a finite domain size, the ordering pa-
rameters are determined from the x-ray spectra. It is shown that the variance of the
nearest-neighbor distances is significantly smaller and the laterally ordered domain
size larger for the case of three dimensional trigonal PbSe dot lattices with fcc-stacking
as compared to those with three dimensional hexagonal dot arrangement.

Transmission electron microscopy (TEM) is a powerful tool for detailed analysis of both
crystalline and amorphous structures ranging from the micro to the nanometer scale.
TEM is capable to display not only the real but also the reciprocal space of a sample;
i.e. the diffraction pattern. The analytical capabilities of the JEOL FasTEM 2011 with
CCD-camera and EDS X-ray detector were used to investigate e.g. the element spe-
cific composition of a hetero-bipolar-transistor, to determine the dislocation density at a
Si-Ge interface, for the investigation of facets on a prestructured and annealed Si sur-
face, the analysis of size and shape of SiC precipitations, and the alignment of self-
arranged Ge dots.

The combination of lithography and self-assembly techniques results in long-range two-
dimensionally ordered Ge islands. Island lattices with perpendicular but also with
obliquely oriented unit vectors were realized. Quantitative analysis of the island topog-
raphies demonstrates that the size dispersion of these islands is much smaller than
that found on flat substrates. Furthermore, island formation on the patterned substrates
is observed already for a smaller amount of Ge deposition than on unpatterned ones.

Strain relaxation of heteroepitaxial PbTe layers on PbSe (001) by misfit dislocation
formation is shown to take place near equilibrium without kinetic barriers. The compari-
son of the experimental data with different strain relaxation models shows that mutual
dislocation interactions are of crucial importance for the strain relaxation process. This
results in a faster relaxation than predicted by the Frank and van der Merwe model for
non-interacting dislocation arrays.

X-ray diffraction is used for the in situ characterization of the growth of cubic GaN by
metalorganic chemical vapor deposition. The installed setup permits the simultaneous
measurement of a wide angular range and requires neither goniometer nor exact sam-
ple positioning. Time-resolved measurements during growth give access to film thick-
ness and growth rate as well as information on the chemical composition of ternary
compounds. Additionally, the relaxation of the crystal lattice during heteroepitaxial
growth of GaN on AlGaN can be measured directly.
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Spintronics

The SiGe material system is a promising candidate for solid-state spintronics applica-
tion due to its very long relaxation lifetimes and compatibility to standard Si device
processing technology. In contrast to predictions of the classical model of D’yakonov-
Perel, a strong anisotropy of spin relaxation and a decrease of the spin relaxation rate
with increasing electron mobility were found. For high electron mobility, the cyclotron
motion causes an additional modulation of spin-orbit coupling leading to an effective
suppression of the spin relaxation rate.

The possibilities of g-factor tuning of conduction electrons in SiGe heterostructures as
proposed for spin transistors were investigated. The g-factor dependence on the Ge
content in SiGe quantum wells was investigated, showing promising results. Devices
for demonstrating a high enough shift of the electron g-factor to bring electrons in and
out of resonance with an external microwave field — thus allowing spin manipulation —
are being developed.

In order to understand the electron-electron interaction in Si-based structures, also the
metal-insulator phase transition was investigated. In silicon-on-insulator metal oxide
semiconductor structures with a peak mobility of 25,000 cm?V's a strong drop of the
resistivity towards low temperature has been observed. This metallic effect can be ex-
plained by a linear-in-T term, which can be interpreted with both, the ballistic interaction
corrections and the temperature dependent screening of impurity scattering.
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Si/SiGe Cascade Injector QWIPs for
Resonator Enhanced, Voltage Tuneable
Two-Band Detection

T. Fromherz, P. Rauter, M. Grydlik and G. Bauer
Institut for Semiconductor and Solid State Physics, University of Linz
AltenbergerstraBe 69, A-4040 Linz, Austria

Photocurrent spectroscopy has been performed on doped Si/SiGe valence band
cascade injector structures in the mid-infrared spectral region. A large tunability of
the photoresponse peak wavelength (from 5.2 ym to 3.2 ym) by an externally applied
electric field is observed. The tunability of the photoresponse is a consequence of an
electric field induced transfer of holes from the deepest to the shallowest quantum
well of the injector sequence. Depending9 on the bias voltage, dark current limited
peak detectivities in excess of D* =1 x 10° cm Hz%® W' were obtained at a tempera-
ture of 77 K.

Introduction

Infrared detection employing optical transitions in quantum wells has attracted a lot of
research interest in the past several years. Due to the design freedom a variety of de-
tector figures like for example the spectral region of sensitivity, the response time, the
detector noise etc. can be adjusted over a large parameter range [1], [2] and optimized
detector performance can be achieved for several areas of applications. In this work,
we demonstrate that for quantum well infrared photo-detectors (QWIPs) in addition a
large wavelength tunability can be achieved by employing the injector concept origi-
nally developed for quantum cascade electroluminescence and laser structures. In
these structures, the large tunability results from the charge transfer from a deep to
shallower wells. The charge transfer becomes possible by the alignment of the ground-
states of adjacent quantum wells in an externally applied electric field.

Experimental

Photocurrent spectroscopy in the mid-infrared (MIR) spectral region has been per-
formed on p-type Si/SiGe quantum cascade injector structures. The samples were
grown by molecular beam epitaxy (MBE) at a low nominal growth temperature (350 °C)
pseudomorphicaly on a Si substrate. The active region of the samples contains 5 SiGe
valence band quantum wells (widths: 39, 26, 24, 23, and 35 A; Ge content x: 0.42,
0.42, 0.40, 0.37, and 0.28, respectively) separated by Si barriers (thickness: 30, 25, 25,
and 25 A). These wells will be denoted w1, w2, w3, w4 and w5 in the following. The set
of quantum wells w1 — w5 and barriers is p-type doped (2.5 x10"" cm™) and repeated
10 times with an undoped 500 A Si barrier between the subsequent quantum well sets.
The 10 periods were sandwiched between 300 nm (100 nm) p-type (2 x10'® cm™) bot-
tom (top) contact layers.

For an externally applied bias of 1 V, the valence band edges and the wavefunctions
as contour plots centred at the corresponding eigenenergies of a period of a typical
sample are shown in Fig. 1 (a) for 1 V externally applied bias. The details of the calcu-
lations are given in Ref. [3]. For the photocurrent measurements, the samples were
processed into 300 x 300 ym? mesas and contacted by Al:Si metallization.
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Fig. 1: (a) Contour plot of the wavefunctions and band edge profiles for the HH
(dashed), LH (full) and SO (dashed dotted) valence bands for an externally ap-
plied bias of —1V. (b) For the same situation as in (a), contour plot of excited
state wavefunctions integrated over the in-plane dispersion and weighted by
their contribution to the absorption of normal incident radiation.

Figure 2 shows photocurrent spectra measured at T = 77 K for various bias voltages.
The spectra were measured for MIR radiation propagating perpendicular to the sample
surface. Since the quantum wells are formed in the valence band of the SiGe quantum
wells, intersubband transitions are allowed for this polarization. The bias voltages indi-
cated in the plot were applied to the top contact with respect to the bottom contact. A
huge tuneability of the responsivity is observed for our samples: Depending on the bias
voltage, the photoresponse of the cascade samples can be shifted between two MIR
detection bands with maxima at 240 meV (5.2 um) and 370 meV (3.4 um). Both detec-
tion bands are slightly asymmetric showing a high-energy tail, the full widths at half
maximum (FWHM) are 140 meV and 110 meV for the low- and high-energy band, re-
spectively. For detection in the low-energy band, the ground states of the five coupled
quantum wells are tuned into resonance by the applied negative bias voltage and a
hole transfer from w1 to w5 occurs. For this bias, the photocurrent spectra are deter-
mined by bound to continuum transitions of the shallowest quantum well. For positive
bias, most of the holes populate the ground state of w1 and consequently, photocurrent
spectra due to bound to continuum transitions of the deepest quantum well with peaks
around 370 meV are observed. At —1 V bias, a reversal of the sign of the photocurrent
is observed for energies above and below 340 meV. From the simulations shown in
Fig. 1 (b) it becomes clear that the sign reversal is due to resonances of the wavefunc-
tions above the barriers: The final states of the transitions at higher energies are local-
ized above the thick barriers separating the quantum well sequences. Due to the dop-
ing profile and the charge redistribution in the ground states, the thick barriers are vir-
tually field free at this bias, and therefore, the direction of the photocurrent is deter-
mined by the center of gravity of the final state wavefunction, since on average, a tran-
sition from the ground state to this state implies a shift of the hole in the direction oppo-
site to the applied electric field.
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Fig. 2: Photocurrent spectra of Si/SiGe quantum cascade injector structures meas-
ured at the bias voltages indicated in the plot. At —1V, a different sign of the
photocurrent is observed for MIR radiation with energy below and above 340
meV.

The final states of the transitions at around 270 meV are localized in the region above
w2 in which a strong electrical field is present that determines the direction of the
photocurrent.

Depending on the applied bias, in both detection bands, the detectivity D* of the
QWIPs is approx. 1.5 x10° cmHz%%/W. In order to enhance the detectivity and eliminate
the spectral overlap of the high and low energy detection bands, the QWIP structures
will be integrated in a vertical cavity. QWIP samples grown on SOI substrates show
similar spectral response as shown in Fig. 2. With these samples, an integration of the
QWIP structure in a resonator appears to be feasible by etching from the wafer back-
side to the buried oxide layer and by subsequent mirror deposition. Since the photore-
sponse of the QWIPs can be tuned for example from an energy to twice that energy
(for example, 200 meV to 400 meV as shown in Fig. 2), both detection bands can be
tuned into resonance with the cavity

Conclusions

In conclusion, we have demonstrated a QWIP based on a doped cascade injector
structure that can be tuned over a large spectral region. The tunability of the device
allows detection in two broad bands in the MIR that can be selected by the applied bias
voltage. Up to now detectivities approximately 1 order of magnitude smaller than those
of standard normal incidence QWIPs [4] compatible with standard Si technology could
be demonstrated. However, the additional feature of the large tunability broadens the
window of possible application significantly and makes these structures interesting for
applications where high detectivity is not an absolute demand.
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Midinfrared Continuous-Wave
Photoluminescence of Lead Salt Structures
up to Temperatures of 190 °C

M. Boberl, W. Heiss, T. Schwarzl, K. Wiesauer and G. Springholz
Institut fiir Halbleiter- und Festkorperphysik, Johannes Kepler Universitat,
A-4040 Linz, Austria

Continuous-wave photoluminescence in the midinfrared for PbSe/PbEuSe and
PbTe/PbEuTe multiquantum well structures as well as for PbSe and PbTe bulklike
structures, excited by a semiconductor laser diode, is investigated. All samples are
grown by molecular-beam epitaxy on BaF2(111) substrates under the same growth
conditions. Both for the Te-based systems and for the Se-based systems, it turns out
that bulklike structures show photoluminescence up to higher temperatures than mul-
tiguantum well structures. In particular, emission spectra from PbTe/PbEuTe multi-
quantum wells are obtained up to temperatures of 200 K and from PbSe/PbEuSe
multiquantum well structures up to 60 °C whereas for bulklike PbSe photolumines-
cence at temperatures as high as 190 °C is demonstrated.

Introduction

Lead salt materials are of high interest for midinfrared optical coherent emitters and
detectors applied for molecular spectroscopy. The IV-VI narrow gap semiconductors
have a multi-valley band structure with band extrema at the L point of the Brillouin
zone. Due to the favorable mirrorlike band structure, the nonradiative Auger recombi-
nation rate is reduced by one or two orders of magnitude below that of narrow gap IlI-V
and II-VI materials [1], [2]. Therefore, the highest continuous-wave (cw) operation tem-
peratures (223 K) [3] of midinfrared diode lasers are achieved by lead salt devices. In
spite of the fact that the use of quantum wells (QWSs) as laser active media usually al-
lows one to reduce threshold currents [4], it is remarkable that the highest cw operation
temperature for lead-salt diode lasers was achieved so far by separate confinement
buried heterostructure devices with bulklike active regions [3]. Recently, a comparative
study of optically pumped vertical-cavity surface-emitting PbTe lasers (VCSELs) con-
taining active regions of different dimensionality also showed no advantageous opera-
tion of QW devices over that containing a bulklike active region [5]. To rule out that the
superior emission of bulklike lead-salt materials is caused by the high excitation re-
quired for laser emission, we study in this work the spontaneous emission of lead-salt
structures under moderate optical excitation using a cw InGaAs pump laser diode. The
results of these photoluminescence (PL) experiments performed for PbTe/Pbq Eu,Te
and PbSe/Pb, Eu,Se multiple QWs (MQWSs) as well as for thick bulklike PbSe and
PbTe epilayers confirm the higher operation temperature achieved for bulklike sam-
ples, in contrast to observations in other semiconductor material systems [6]. In particu-
lar, for PbSe, strong luminescence is demonstrated even far above room temperature,
namely, up to 190 °C.

Experimental

The PbSe and PbTe epilayers, as well as the PbSe/PbEuSe and PbTe/PbEuTe MQW
structures, were grown by molecular-beam epitaxy (MBE) on (111)-oriented BaF, sub-
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strates. The 50 period PbTe/PbEuTe MQW structures have QW thicknesses between
54 A and 120 A and PbggEug 1Te barrier layer thicknesses between 240 A and 300 A,
and were grown on a 1.5-2 um thick buffer layer of PbggoEuo.1Te. For the three investi-
gated samples, S1, S2, and S3, the QW thickness is 53, 80, and 120 A, respectively.
The 30 period PbSe/PbEuSe MQW sample has a well layer thickness of 100 A and a
Pbg.esEUo.07Se barrier thickness of 400 A and was grown on a 3 um thick buffer layer of
PbogsEugo7Se. The bulklike PbSe and PbTe samples have a layer thickness of 3 ym
and were fabricated with and without excess group-VI flux during MBE growth. For the
PL investigations, the samples were mounted in a He flow cryostat for measurements
below room temperature or on a heating element for above room-temperature meas-
urements. In both cases, the temperature was measured close to the sample with ei-
ther a Si diode or a thermocouple within an accuracy of 5 K. PL experiments were per-
formed using a 970 nm InGaAs pump laser diode with an output power of about
150 mW. The laser was focused on the sample to a spot size of about 1 mm? under an
angle of about 45°. The luminescence from the sample was analyzed using a grating
monochromator and recorded by an InSb detector.

Results

In detail, the highest cw emission temperature from the PbTe/PbEuTe MQW structures
is about 200 K. In contrast, for bulk-like PbTe epilayers, cw PL emission is obtained
even above room temperature, as is seen in Fig. 1 (a).
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Fig. 1: (a) Temperature dependent cw PL spectra of a bulklike PbTe epilayer on
BaF,(111). The inset shows the integrated room temperature PL intensity emit-
ted from Pb,EuTe epilayers as a function of the Eu-content x. (b) PL spectra
of various temperatures of the PbSe epilayer. The dashed line at 25 °C shows
the PL spectrum measured in an evacuated sample chamber.

Even at 80 °C, strong PL emission between 300 meV and 400 meV is observed, indi-
cating a higher PL efficiency for bulk-like PbTe as compared to the QWs. This surpris-
ing observation is attributed to the increased nonradiative carrier recombination in the
QWs due to intermixing of Eu at the heterointerfaces, as evidenced by x-ray and sec-
ondary ion mass spectroscopy experiments [7]. This interpretation is further supported
by the observation of a very rapid drop in the PL efficiency of bulk-like Pbi EusTe epi-
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layers with increasing Eu content demonstrated in the inset of Fig. 1 (a), with an inten-
sity decrease by a factor of 100 already for Eu concentrations as low as 1.5 %. We
attribute this to the intermixing between the localized Eu 4f states and the valence
band, leading to reduced interband matrix elements. The 4f levels are located close to
the valence-band maximum and for Eu contents above 7 % the Eu 4f level energies
are even above the PbTe-like valence-band maximum [8].
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Fig. 2: Temperature dependent PL spectra of a PbSe/Pbg g3Eug07Se MQW structure
with a well width of 100 A.

For comparison, we have also investigated the cw PL emission behavior of the
PbSe/PbEuSe material system. Figure 2 shows the observed cw-emission spectra of a
30 period PbSe/PbEuSe MQW structure with 10 nm well width below and above room
temperature (Figs. 2 (a) and 2 (b), respectively). The dip in the low-temperature spectra
of Fig. 2 (a) at A= 4.23 ym is due to the strong absorption of atmospheric CO, in the
open path of the PL setup. With respect to the bulk PbSe band gap, the QW emission
is blueshifted by about 50 meV due to the quantum size effect. In contrast to the PbTe
MQWs, cw emission from the PbSe MQW sample is obtained even up to 60 °C (see
Fig. 2 (b)), which is comparable with the reported value of PbSe/PbSrSe MQWs [9].
For pure PbSe bulk-like reference layers, the corresponding above room-temperature
cw-emission spectra are shown in Fig. 1 (b). Clearly, a strong band-gap cw emission is
found even at temperatures up to 190 °C. This is again higher than that obtained for
the PbSe/PbEuSe MQWs, which we also attribute to increased nonradiative interface
recombination. Even more interesting, however, is the fact that the PbSe cw emission
is also much stronger than that observed for the PbTe epilayers (Fig. 1 (a)) persisting
also to much higher temperatures. Since the PbSe emission spectra are strongly dis-
torted by the strong absorption band of CO, in the optical path of the measurement
setup, we have also measured the PL emission in an evacuated sample chamber. As
is indicated by the dashed line in Fig. 1 (b), the PL emission obtained such is even
stronger (increased by about a factor of 2) and shows a much more Gaussian-type line
shape. It is centered at about 282 meV (4.3 um), corresponding to the PbSe band gap
at 30 °C as determined from FTIR transmission measurements on this sample.

For a direct comparison of the PbTe and PbSe emission, the measured room-
temperature PbSe PL spectrum is plotted as a dotted line on top of the PbTe data in
Fig. 1 (a) on the same intensity scale. Clearly, the PbSe emission is by about a factor
of 20 stronger than the PbTe emission. We can exclude that this marked difference is
due to differences in sample quality. This leads to the important conclusion that the
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higher PL efficiency of PbSe is really an intrinsic effect. It can be explained by the
higher band edge density of states of PbSe as compared to PbTe, but also by the sig-
nificantly lower nonradiative Auger recombination rate of PbSe as previously reported
by Klann et al. [2]. The latter is closely related to the factor of 5 smaller effective mass
anisotropy of the conduction and valence bands of PbSe as compared to PbTe.

Conclusion

To conclude, our systematic PL investigations have clearly demonstrated above room-
temperature cw emission in the midinfrared spectral region from various lead salt struc-
tures. The comparison of MQW and bulk-like samples revealed a significantly higher
cw-emission efficiency of the bulk-like samples. In particular, for PbSe epilayers, strong
PL emission was demonstrated up to a temperature as high as 190 °C, whereas the
highest emission temperature of MQWs was only about 60 °C. This explains the fact
that until now no superior performance of lead-salt QW lasers could be achieved as
compared to their bulk-like counterpart (see, e.g., Ref. 5). On the other hand, the high
spontaneous cw-emission temperatures observed, in particular, for the PbSe system
clearly demonstrates that there are still great potentials for significant improvements of
lead salt midinfrared lasers.
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Erbium Doped Waveguides in SOl Layers
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Waveguides were made in Silicon-on-insulator layers by photolithography. In order to
test quality and gain we made use of the recently found increased solubility of Erbium
in silicon in the presence of hydrogen. Applying the variable stripe length method we
estimate a net gain of 32 cm™ at 10 K.

Introduction

Among the various attempts to obtain light emission from Si, optical doping with rare
earth elements like Er has been particularly fruitful at first glance as this approach is
compatible with standard Si technology. Light emitting diodes emitting at a wavelength
of 1.54 ym at room temperature have been successfully made. The low efficiency,
however, and the slow response of such diodes limit their use to a few special applica-
tions. The main hope, namely application in optical communication systems, appears
unrealistic unless laser action can be achieved.

The main problem with a possible Si:Er laser is the low gain which is a consequence of
the rather low concentration of optically active Er and the small excitation cross section.
Therefore any such concept requires low loss cavities. We tried to build waveguide
structures involving a SiGe layer as active medium where the cladding of the active
layer by Si (lower refractive index) was used to form a waveguide. It turned out how-
ever, that in SiGe structures the quenching of the Er luminescence sets in already at
still lower temperatures and therefore the acceptable Ge content was lowered which
reduces, however, the index contrast and thus the quality of the resonator.

¢
/*— Pads for fontacts

Fig. 1: Waveguide structure formed from SOI material; the dimensions are not to
scale. The structure can be used for PL and EL measurements. For EL, electric
contacts are put on top of the waveguide and on the pads on either side.

Therefore we recently turned to Si-on-insulator as waveguide material; thin Si-wafers
bonded to an oxidized layer as available from SOITEC. In order to test waveguide
structures made from this material, we first optimized photo-luminescence in that mate-
rial and built waveguide structures containing Er in a p-n avalanche diode. Normally,

The Society for Microelectronics — Annual Report 2003 157



158 G. Kocher-Oberlehner et al.

diodes designed for room temperature operation make use of SiO,;s.Er precipitates
since only these allow to avoid excessive thermal quenching. We prepared different
samples, however, in which Er is incorporated as isolated cubic center at high concen-
trations for testing purposes. The isolated cubic center exhibits very high quantum effi-
ciency (up to 12% were reported in the literature) at temperatures up to 80 K. The rea-
soning behind using such centers was that they should permit to study waveguides and
laser cavities, to optimize those and transfer the information gained to devices making
use of the SiO,_s:Er precipitates in the future.
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Fig. 2: Simulation of mode propagation in TE polarization in the waveguide structure
shown in Fig. 1. Here “z” designates the vertical direction of the waveguide
(x-axis: propagation direction).

In order to increase the concentration of optically active isolated Er we made use of a
feature discovered in the course of this work. In order to lower the relatively high tem-
perature necessary for the formation of SiO,.s:Er precipitates, we added hydrogen to
our samples. Hydrogenation in Si is known to increase the diffusion of oxygen. We thus
anticipated formation of precipitates already at lower temperatures. We found the op-
posite result: After annealing samples containing Er, O and H, erbium was found to
produce the sharp spectra of the isolated interstitial Er-center at the Td site. Appar-
ently, H mobilizes the O to an extent that it is driven out of the sample at temperatures
well below 900 °C already. At this temperature, the Er is still immobile and thus neither
oxide- nor Er-precipitates are formed. Consequently, the concentration of the optically
active cubic Er centers can be increased by an order of magnitude. This type of center
is the most promising candidate for gain: its concentration is high, it has high quantum
efficiency and the linewidth of its 5 luminescence lines is less than 1 nm in contrast to
that of the precipitates which is at least 20 times higher.

Experimental

Waveguides were made according to the scheme of Fig. 1, including a horizontal p-n
junction and a top contact and two side contacts. The Er implantation profile was de-
signed to include the full Si-layer thickness of 340 nm. In order to achieve recrystalliza-
tion it was necessary to mask the side parts of the sample during implantation. Later
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on, these side parts are used for contacts for electroluminescent devices. After recrys-
tallization, these waveguides produce photoluminescence at temperatures up to 150 K.
The simulated mode distribution is shown in Fig. 2.
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Fig. 3: Determination of the net gain of an optically pumped (A = 514 nm) Si:Er
waveguide. In this sample, Er is incorporated as cubic interstitials making use
of the hydrogen co-doping method. Black curve: experimental, red curve:
model. As a result a net gain of 35 cm™ is estimated.

In order to measure the gain a defined part of the sample is optically pumped (*Variable
strip length”- VSL method). In VSL, the laser light used for excitation is focused into a
rectangular shape, usually by a cylindrical lens. The elongated spot of the beam starts
at the facet of the sample. The illumination of the sample is regulated by a moveable
shield, which can provide controlled coverage of the specimen. The detection optics
collects light emitted from the facet of the sample perpendicular to the incident laser
beam. If population inversion is achieved, the illuminated (excited) stripe of the
waveguide acts as a single-pass amplifier for PL photons travelling inside the stripe.
The net gain is defined as a relative change of detected intensity d7 along the stripe.
When the stripe length x is increased by a length dx, the detected intensity d/ changes
as well. The increment of this change in intensity di is a sum of a gain amplification of
the incoming light and of the spontaneous emission /(1) from a part dx of the
waveguide. Solving this differential equation for the total length of the waveguide /, we
get the “classical’ VSL equation:

1,,(6,2) =IG“”(—(j)){exp[G(/1)-€]—l} (1)

where the net optical gain G(4) is given by
G(A)=g(A)-a (2)

with « representing the losses and g(4) as a gain coefficient or negative absorption
coefficient. The results are supposed to clarify the origin of losses occurring in the
waveguide and achievable gain under optimum conditions before an attempt is made
using the precipitate centers. Results are given in Fig. 3.
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The simple model yields a net gain of about 32 cm™, a value that appears very promis-
ing. A more detailed modeling is developed at present which should allow understand-
ing also the deviations from the standard model seen at illumination lengths exceeding
0.8 mm. Such structures will allow us to test and to optimize waveguide and laser
structures at low temperatures.

Conclusion

Waveguides were made in Silicon-on-insulator layers by photolithography. In order to
test the quality and gain we made use of the recently found increased solubility of in-
terstitial ("cubic”) Erbium in silicon in the presence of hydrogen. The concentration of
the optically active cubic Er centers can be increased by an order of magnitude. This
type of center is the most promising candidate for gain: its concentration is high, it has
high quantum efficiency and the linewidth of its 5 luminescence lines is less than 1 nm
in contrast to that of the precipitates which is at least 20 times higher. VSLM was ap-
plied on these structures, leading to an estimated net gain of 32 cm-1 at 10 K.
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Simulation and Fabrication of Photonic
Crystals
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Beginning 2003 the Christian Doppler Laboratory for Surface Science Methods was
established at University Linz. The main goal is to bridge the gap between basic re-
search and applied research on the topic of photonic devices. Although it is ultimately
planned that also prototypes of these devices are fabricated in the cleanroom, in the
first year the main emphasis was laid on novel designs. In this report these novel de-
signs are described which will be fabricated in this year and in the future years ex-
perimentally with e-beam lithography resp. nanoimprint lithography.

Introduction

On 1st of January 2003 the Christian Doppler Laboratory for Surface Science Methods
(CDLOOM) has been established at the Institute for Semiconductor and Solid State
Physics at University Linz. The cooperating industry partner of CDLOOM is Photeon
Technologies GmbH, Bregenz, Austria. The main work packages of the CDLOOM are
twofold, namely two industrial topics: (1) Simulation of devices based on photonic crys-
tals (PhC), (2) Prototype fabrication and parameter measurements.

CDLOOM has been established as interdepartmental group reporting to the depart-
ment of semiconductor physics (Prof. Bauer) as well as to the department of solid state
physics (Prof. Heinrich), because CDLOOM is using mainly the spatial and organiza-
tional infrastructure of the solid state physics department and the technical infrastruc-
ture of the semiconductor physics department, especially the clean room. Although it is
ultimately planned that also prototypes of these devices are fabricated in the clean-
room, in the first year the main emphasis was laid on novel designs. Furthermore, due
to the fact that almost all coworkers have not been at the physics department, within
the first year the e-beam or UV lithography, etching, RIE etching, mask preparation,
etc. characterization by AFM etc. had to be learned.

Theory

In 2003 the group worked in cooperation with Photeon on the following devices:

Efficient Fiber-High Index Waveguide Coupling by 1D Photonic Crystals

We investigated different technologies to couple light from a silica fiber into a high in-
dex waveguide. Finally we came up with a design, which is displayed in Fig. 1, where
an omnidirectional Bragg reflector is used to squeeze the light together (Fig. 2 reduc-
tion of mode diameter), so that it can be coupled well into an high index waveguide,
e.g. a Si waveguide on SOl material.
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Wavelength Demultiplexers Employing the Superprism Effect

Photonic crystals show a very strong dispersion, which can modify the group velocity
as well as the propagation direction strongly. The propagation direction can be calcu-
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lated by calculating o/ 0ok w(k)and due to the strong dispersion also small wavelength

changes can modify the propagation direction enormously. In Fig. 3 2D simulations are
shown for holes in Si with a period of 0.58 and neighboring of the free space wave-
length, where this phenomenon is displayed. Although the simulation shows that angu-
lar deviations up to 90° can be achieved by varying the wavelength less than 1%, the
high intensity of backscattered light as well as well as the scattering losses in forward
direction exclude device applications.

Nonperiodic and Curvilinear photonic crystals

What we call photonic nonperiodic and curvilinear photonic crystals in this report does
not need to possess crystal symmetries nor the rotational and inflational properties of
quasicrystals. We apply transformations as e.g. stretching (along one or both dimen-
sions) or shearing (changing the angle between the basis vectors) on the well known
quadratic and hexagonal structures. This operations allow to construct rod / hole as-
semblies, which show on a short range scale a periodic order, however on a scale of
the order of 10 lattice constants the (Bravais) lattice type is changed (Fig. 4). Although
such a non-periodic system would in principle have no complete band gap (for all direc-
tions), for given stretching and shearing parameters not exceeding certain values, each
lattice will form, infinitely repeated, a photonic band gap. In the example below (Fig. 4
(a)) we display the case of 2D silicon rods (refractive index n = 3.4), surrounded by air
and positioned on circles with radii of 1 — 6 periods (a) with a radial and tangential dis-
tance of a. In the 3rd circle the rods are carved out, leaving a waveguide. Nevertheless,
such a structure guides light extremely well, as can be seen in Fig. 4 (b) where for a
wavelength of a/A= 0.4, the power transmission is plotted as a function of time. Re-
cently there have been many efforts to design waveguide bends with high transmission
for a broader bandwidth by adding additional holes and moving existing ones in 90 and
60° bends.
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Fig. 4: (a) Nonperiodic (curvilinear) PhC; (b) Loss less propagation in the displayed
curvilinear defect.

In our ring structure, which obviously allows coupling light out in any angle, such a pro-
cedure is not necessary. The question arises, why a non-periodic structure can localize
light so well. The main underlying physics is the localization criterion applied for peri-
odic systems. If the light frequency wy is within a forbidden bandgap with band edge
we, the penetration depth Aenveiope Of the field into the photonic crystal can be calculated

in a good parabolic approximation as /knvelope: Ja (@, — @) with the inverse effective
photonic mass a = 62(0/‘61(2 where k_ is the wavevector at the Brillouin zone boundary.

For our almost hexagonal / almost quadratic rod structures even for the worst case
(quadratic - M direction) the field penetration depth is less than 0.75a. This finding
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opens up the possibility to design new devices as e.g. circular resonators, whispering
gallery mode devices and point defect structures in PhQCs.

Conclusion

The above examples, as well as conventional waveguides, are currently fabricated in
the cleanroom on Silicon on Insulator (SOI) materials, which have a slab thickness of
300 nm. The following processing steps are used: resist spinning, e-beam lithography
(Jeol and since recently Zeiss LEO), RIE etching, atomic force microscopy, partially
metallization and dielectric coating. Furthermore, in October last year an industrial PhD
thesis from an employee of EVG Scharding started, where nanoimprint technologies for
the fabrication of 3D photonic crystals are evaluated.

Acknowledgements
Christian Doppler Gesellschaft

References

[11 B. Lehner, K. Hingerl, “The Finite Difference Time Domain Method as a Numerical
Tool for Studying the Polarization Optical Response of Rough Surfaces” Thin
Solid Films, in press.

[2] Javad Zarbakhsh, Frank Hagmann, Sergei F. Mingaleev, Kurt Busch, Kurt
Hingerl, “Arbitrary angle waveguiding applications of 2D curvilinear-lattice
photonic crystals”, submitted to Appl. Phys. Lett.

[3] (together with Photeon) K. Hingerl, L. Mao, V. Rinnerbauer, J. Schermer, V. Holy,
“Reflection and Transmission of Finite 2D Photonic Crystals” European
Conference on Optical Communication, Ravenna, 2003.

[4] (Patent) J. Zarbakhsh, K. Hingerl, “Anordnung von dielektrischen Strukturen
innerhalb eines Mediums”, Pat. No. 17243.0-P832-54, filed by PHOTEON
Technologies GmbH (2003).



Electron Beam Lithography of Silicon-Based
SET Structures

T. Berer', F. Schiffler', M. Miihlberger’, K. Lai* and D.C. Tsui’

"Institute for Semiconductor Physics, Univ. Linz, Austria
2Department of Electrical Engeneering, Univ. Princeton, USA

Lateral quantum dots have been fabricated on strained Si/SiGe substrates with a
mobility of about 200,000 cm?/Vs using a split gates geometry, where the gates con-
sist of Pd. The gate structures where realized by e-beam lithography. By applying
negative voltages to the gates the underlying 2DEG can be depleted. Similar sam-
ples showed fractional quantum Hall effect up to filling factors of 1/3. Furthermore the
v=1/3, 4/7 and 4/9 are observed for the first time in the Si/SiGe system. e-beam li-
thography was performed with an JEOL 6400. In the 4" quarter of 2003 a LEO Supra
35 FESEM (field emission scanning electron microscope) with a Schottky field emitter
(SFE) has been purchased.

Introduction

Lateral quantum dot structures have been of strong interest in the recent years. How-
ever, most of this work was done on lllI-V-compounds (mostly in AlGaAs). Only few
papers of silicon based SET (single electron transistor) structures were released so far.
Therefore our goal is to realize a SET on a SiGe heterostructure. The main differences
between SiGe and AlGaAs are the twofold valley degeneracy and the low Fermi level
relative to the ground state, which can lead to pinch-off of devices already at small po-
tential fluctuations.

Experimental

The quantum dot structures are prepared on ion etched Hall bars with alloyed AuSb
contacts on Sb modulation-doped SiGe heterostructures with a mobility of about
200,000 cm?/Vs. Similar samples show fractional QHE down to filling factors of 1/3 at
high magnetic fields and 30 mK [1]. Around v = 1/2 the two flux composite fermion (CF)
series of the fractional quantum Hall effect (FQHE) at v = 2/3, 3/5, 4/7, and at 4/9, 2/5,
1/3 are observed (Fig. 1). The v = 1/3, 4/7 and 4/9 states are seen for the first time in
the Si/SiGe system. This result demonstrates the CF model also applies in the Si/SiGe
system. As a remarkable detail of the CF series, the 3/5 state is weaker than the
nearby 4/7 state and the 3/7 state is missing. This resembles the observation in the
integer quantum Hall regime where v = 3 is weaker than the v = 4 state.

The SET gates itself consist of Pd which has, besides Pt, the highest Schottky barrier
on n-type silicon. By applying negative voltages to the gates the underlying 2DEG can
be depleted and a zero-dimensional constriction is formed — the quantum dot. At low
temperatures electrical measurements will show quantization effects caused by local-
ization of electrons.
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Fig. 1: Diagonal resistivity px and Hall resistivity p,, of the 2DEG measured in Van de
Pauw geometry at T = 30 mK [1]. The 2DEG has a carrier density of n =
2.7x10" cm? and a mobility u = 250,000cm?/Vs. Major fractional quantum Hall
states are marked by arrows.

Fig. 2: (a) Electron microscope image of Pd-Schottky gates. (b) The inner part of the
gates has a pitch of 175 nm. By depleting the underlying electron gas a lateral
quantum dot can be formed

Measurements at 300 mK showed that the electron gas can be depleted by applying
negative gate voltages and the conductivity decreases below e*h. Further improve-
ments are, however, required to observe quantization and Coulomb blockade effects.

E-beam lithography was performed with a Raith Elphy Plus e-beam lithography system
attached to a JEOL 6400 SEM with a thermionic LaBs cathode. In the 4™ quarter of
2003 a LEO Supra 35 FESEM (field emission scanning electron microscope) with a
Schottky field emitter (SFE) has been purchased. In comparison to thermionic emission
the SFE has much higher beam brightness and much lower energy spread.
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Fig. 3: Measurement of a SET structure at 300mK. The 2DEG gets depleted by an
applied negative gate voltage and conductivity decreases below e?h. However
no quantization steps are observed.

Two unique features of the column design enhance the resolution limit of the micro-
scope: the beam booster and the cross-over-free column. The beam booster always
maintains a high energy throughout the column, regardless of the electron energy se-
lected by the operator. After passing the scanning system the beam is decelerated to
the chosen energy. Because of the high beam energy throughout the column the beam
is well protected against stray magnetic fields, even when operated at low voltages.
Also the column has been designed to eliminate cross-overs in the beam path. Cross-
overs lead to Coulomb interactions between beam electrons and hence reduce bright-
ness and resolution.

The combination of cross-over-free beam path and high beam energy leads to high
resolution, even at low operating voltages. This is extremely important, as with low
beam energy the charging of non-conducting materials (e.g. PMMA e-beam photo re-
sist — see Fig. 4) can be minimized.

Fig. 4: (a) Electron microscope image of an exposed and developed photo resist
(100nm thick PMMA) at 0.25kV acceleration voltage, preventing charging ef-
fects. (b) Detail of the SET structure. The areas of removed resist have a width
of about 120nm, the PMMA stripe between two fingers is about 25nm thick.
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Another interesting feature of the microscope is the in-lens detector. Besides the usual
backscatter detector (for backscattered electrons (BE)) and the Everhart-Thornley de-
tector (for mostly secondary electrons (SE)), an in-lens detector is located above the
objective lens. Low-energy secondary electrons are intercepted by the weak electrical
field at the sample surface and accelerated to a high energy by the field of the electro-
static lens. The electrons are then focused on the in-lens detector. With the in-lens de-
tector one gets only information of the SE and not a mixture of SE and BE (due to gen-
eration of secondary electron at the chamber walls by impact of backscattered elec-
trons) as with the Everhart-Thornley detector.

Conclusion

Lateral quantum dots were fabricated on strained Si/SiGe substrates with a mobility of
about 200,000 cm?/Vs using a split gates geometry. The gate structures where realized
by e-beam lithography. First measurements at 300 mK showed that the electron gas
can be depleted by applying negative gate voltages and the conductivity decreases
below e*h. However further improvements are required to observe quantization and
Coulomb blockade effects.

Similar samples showed fractional quantum Hall effect up to filling factors of 1/3. The
v=1/3, 4/7 and 4/9 are observed for the first time in the Si/SiGe system. This result
demonstrates the CF model also applies in the Si/SiGe system.

The e-beam lithography was performed with a JEOL 6400 up to now. A new LEO Su-
pra 35 FESEM has been purchased and brought to operation conditions.
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Step-Bunching in Si with Faceted Siy55Geg.45
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We report on the influence of layer miscut on the step-bunching properties of the
Si(001) surface. It is shown that for growth on substrates with a miscut of 4° along
[110] the purely kinetic step-bunching instability is shifted to lower temperatures
around 425 °C. Our epitaxial layers exhibit ripples with periods of ~90 nm and a
height-modulation of more than 4 nm. Highly strained Siy s55Geg 45 epilayers deposited
on top of such rippled buffers decompose into faceted islands and additionally show
preferential nucleation on the flanks of the step bunches in a narrow temperature
range. Our experiments bridge the regimes of purely kinetic step-bunching and of
strain-driven Stranski-Krastanov growth.

Introduction

The slightly miscut Si(001) surface is intrinsically unstable against kinetic-step-
bunching. By using Si substrates with 4° miscut (along [110]) the period of the evolving
ripple structure can be decreased to typically 90nm. p-modulation-doped layers on
such substrates are expected to show pronounced interface roughness scattering in
addition to alloy scattering. A variation of the interface roughness parameters should
allow for a discrimination between these two mechanisms.

Experiments

We have reported, that the step-bunching instability is mainly influenced by the growth
temperature [1], [2]. Concomitant with the decreasing period also the substrate tem-
perature, where pronounced ripples are found, shifts to lower values. At Si growth rates
of 0.2 A/s a ripple pattern with few defects develops within a small temperature window
around 425 °C. At slightly lower temperatures many defects are incorporated and the
ripples decompose into islands, which are aligned in chains (Fig. 1, 400 °C).

1480miscut.018

X

4 [110]

2um

Fig. 1: AFM-images showing the substrate temperature dependence of step-bunching.
The series of 500 A thick Si-buffers grown on 4° [110] miscut samples (at
0.2 A/s Si) proves that only within a small temperature range around 425 °C a
pronounced ripple-structure is found.
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For marginally higher temperatures the ripple structure fades away (Fig. 1, 450 °C).

Not only the influence of temperature was investigated, also a series of different Si-
buffer layers was grown (Fig. 2). In the early stage of step-bunching (Fig. 2, 250 A)
there are many uncorrelated localized step-bunches. With increasing layer-thickness
(500 A) the individual bunch-segments merge and form well pronounced elongated
ripples (500 A), which finally span several micrometer (1000 A). The low growth tem-
perature of 425 °C influences growth as the number of accumulated defects is also
increased with layer thickness. This shows up as holes and constricted bunches
(Fig. 2, 3000 A).
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Fig. 2: AFM-images showing the layer thickness-dependence of step-bunching. The
series of 250A, 500A, 1000A and 3000A thick Si-buffers grown on 4° [110]
miscut samples (@ 0.2 A/s Si) indicate that the ripple structure gets even more
pronounced with increasing layer thickness. An increase in the period and the
structure height of the step-bunches is clearly visible.

Further experiments were conducted with 1000 A thick Si-buffers (@ 425°C, 0.2 A/s
Si), which show typical dimensions of 100 nm for the ripple period and 4 nm for the
ripple height (miscut 4° [110]). Figure 3 shows the comparison and evaluation of AFM-
data for a pure, 1000A thick Si-buffer, and a Si-buffer covered with 50A Sis5Gegs at
425 °C and 550 °C, respectively. In the case where the substrate-temperature was
increased to 550 °C for the Sips55Geg45 top-layer, the highly strained epilayer relieves
stress forming {105}-faceted islands, which are known from the hut-clusters of relaxed
SiGe-films. On our miscut-samples the islands are bound by two {105}- and the (001)-
facet on top, while the underlying ripple pattern is widely conserved. Even at the low
temperature of 425 °C the Sigs5Geq45 film does not replicate the underlying ripples of
the Si-buffer in a conform manner. The stress in the top-layer leads to the formation of
ridges at the ripple-flanks, perpendicular to the main structure. This marks the transition
from conformal Si/SiGe epilayer growth [3] to strain-driven 3D-growth and is illustrated
with 3D-AFM data in Fig. 3 (c). FFT evaluations reveal a period of approximately
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100 nm for the step-bunches on the Si-buffer. The Siys5Geg 45 islands decorate the ki-
netic step-bunches, but have a somewhat smaller spacing of ~70 A along the ripples

(Fig. 3 (b)).
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Fig. 3: AFM-data for the pure 1000 A Si-buffer, the Si-buffer covered with 50 A
Sips55Ge0.45 (all 4° [110] miscut) at 425 °C and 550 °C, respectively. Conven-
tional 2D-AFM images (a) are completed with corresponding FFTs (b), 3D-AFM
representations (c) and surface-orientation histograms (d) to illustrate the tran-
sition from pure step-bunching to {105}-faceted islands.

The individual facets of the islands are determined from a surface-orientation-histo-
gram, which is derived from tilt-corrected AFM-data (Fig. 3 (d)).

In Fig. 4 a schematic drawing illustrates the faceted layer morphology next to distorted
3D-AFM data of the 50 A Siy 75Geq.25 425 °C sample used for the surface normal vector
analysis. The formerly straight steps with the flat terraces oriented in (001) direction
and the flanks with angles of typical ~8° for Si-homoepitaxy are now confined by zigzag
edges. As the slope of the ripples matches the angle of the intersection edge of two
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adjacent {105}-facets, these flanks form perfect nucleation sites for the highly strained
SiGe-layers to relief strain. Therefore at medium temperatures ridges organize perpen-
dicular to the step-bunching pattern (Fig. 4). For growth at 550 °C relaxed islands and
asymmetric hut-clusters align in chains along the bunches and result in an ordered
decoration of the step-bunching pattern.

[110] X [100]

[010]

Fig. 4: Schematic drawing and 3D-AFM data for a 1000 A Si-buffer covered with 50 A
Sip75Geg25 at 425 °C. The distorted AFM-data representation (scan-size
500 nm) shows that the ripples with the (001)-oriented terraces exhibit a zigzag
at the edges. The smooth flanks with typically ~8° with respect to [001] for ho-
moepitaxy are energetically favourable nucleation sites for the strained SiGe-
epilayer leading to a {105}-faceted ridge structure, which is perpendicular to the
step-bunches.

By optimizing the growth parameters improvements in size-uniformity and ordering are
expected [4].

Conclusion

Step-bunching is a purely kinetic growth instability which occurs during homoepitaxy on
Si(001). For a miscut of 4° [110] the period of the ripple-pattern can be reduced to
90nm still exhibiting a height modulation of ~4 nm. Highly strained Sig 55Geg 45 epilayers
grown on top of such rippled Si-buffers reveal additional features by decomposing into
faceted islands and decorating the underlying ripple-pattern in an organized manner.
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We have improved the design of our lateral quantum dots, which are fabricated from
a two-dimensional GaAs/AlGaAs heterostructure by electron beam lithography. Our
split gate geometry, which defines the dot electrostatically by metal gates, has been
modified. The devices were characterized electrically in a *He cryostat at 300 mK.
Due to improvements in device design and measurement conditions we can now
control the number of electrons in the dot over a wider range. Additionally we have
observed reproducible conductance fluctuations overlaid on the Coulomb oscillations.

Introduction

In several recent proposals [1], [2] lateral quantum dots were discussed as a promising
option to realize the quantum entanglement necessary for doing quantum computation.
We have fabricated quantum point contacts and single lateral quantum dots in the two
dimensional electron gas (2DEG) of a GaAs/AlGaAs heterostructure, which are basic
elements for more sophisticated devices. Already one year ago we have presented first
working devices of this type, but the fabrication process was not very reliable then and
measurement results were not reproducible from one device to the next. In the mean-
time we have improved both the fabrication process and the electrical measurements.
In our present devices we have thus greater control over the number of electrons in the
quantum dot. Now we can think of combining two or more lateral dots, which will allow
us to investigate effects, in coupled dot systems.

Experimental

Our samples are based on a MBE grown GaAs/Aly3Gag7As heterostructure with a
2DEG situated approximately 100 nm below the sample surface. They have a carrier
concentration of about 2x10"" cm™ and a mobility of up to 1.4x10° cm?/Vs. Ohmic con-
tacts were made from an Au/Ni/Ge alloy and Hall bar mesas were wet-etched with
H,S04:H,0,:H,0 (1:6:150). The quantum dot structure was defined by e-beam lithog-
raphy and subsequent deposition of Cr/Au metal electrodes (i.e. the split gates) on top
of the hall bar mesa. Figure 1 shows all important parts of the sample in different mag-
nifications. By applying a negative voltage to the split gates the underlying 2DEG can
be completely depleted. Our new dot design consists of four gate fingers, which define
a quantum dot. The two outer gates in connection with the bottom gate define the tun-
nel barriers, which separate the quantum dot area from the surrounding 2DEG. The top
center gate (the plunger gate) can be used to change the electrostatic potential of the
dot. In comparison to our previous design the tunnel junctions are further away from
the plunger gate, and are thus not so easily influenced by the plunger gate voltage,
which has been one of the major problems with the former design. A SEM image of the
new split gate geometry is shown in Fig. 1 (b), the old geometry is shown for compari-
son in the inset. The quantum dot area defined by the metal gates is approximately
circle shaped with a diameter of roughly 400 nm in the investigated sample.
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Fig. 1: (a) shows an SEM image of a part of the hall bar containing the split-gate struc-
ture. The inset shows the entire structure including the ohmic contacts.
(b) SEM image showing enlarged view of the center region marked in
Fig. 1 (a). The inset shows the old gate geometry for comparison.

Electrical measurements were carried out in a *He cryostat at a temperature of 300 mK
using a low frequency lock-in technique (f = 10 Hz). To avoid heating of the electrons it
is important to keep the excitation voltage lower than the thermal energy, which corre-
sponds to 25 yV at 300 mK, thus excitation voltages of 10 uV or below have been
used. In order to define the quantum dot in the 2DEG, negative voltages have to be
applied to the split-gates. By sweeping the plunger gate voltage the number of elec-
trons in the dot is changed. Such a measurement is shown in Fig. 2 (a), where the
conductance through the dot is plotted versus the plunger gate voltage. From the pe-
riod of the conductance peaks a gate capacitance of Cs = 8.9x10® F can be calcu-
lated. Because the plunger gate voltage also has an influence on the tunnel barriers,
the peak conductance decreases towards more negative voltages, until it is finally to-
tally pinched off at about Vg =-0.2 V.
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Fig. 2: (a) Coulomb oscillations observed in the conductance G versus plunger gate
voltage V. The spacing of the peaks gives an estimate of the gate capacitance
C,=8.9aF.

(b) Fit of Coulomb peak lineshape at two different temperatures.
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When compared to measurements in our first samples, where only very few for two
temperatures are shown in Fig. 2 (b), while at the higher temperature (1.2 K) the fitted
temperature is in good agreement with the measured temperature value, at a meas-
ured temperature of 0.3 K the fit indicates that the electron gas is heated up to 0.6 K.
Therefore we have to further improve our measurement equipment by installation of
additional filters, which eliminate any disturbing signals.

Closely looking at the data shown in Fig. 2 (a), one can see that there is a fluctuation
superimposed upon the Coulomb oscillations (Fig. 3 (a)). So far we observed these
fluctuations in two samples, where the fluctuations have been bigger for the larger dot
with a diameter of 900 nm. Figure 3 (b) shows a measurement in the larger dot where
the gate voltage was swept up and down (curves are offset for clarity), from which it is
obvious that the fluctuation is not some random noise but a reproducible effect. The
origin of these fluctuations is not yet clear to us. Oscillations could be seen, the im-
provement is clearly visible. One of our goals is now to design the gate geometry in a
way that transport is possible until only one electron remains in the dot.

The Coulomb peaks have a thermally broadened lineshape and can thus be used to
determine the temperature of the electron gas, which may be heated up with respect to
the crystal lattice by stray pick-up of RF signals. A fit of the lineshape

T 015 0145 -014 0435 043 0125 042 0098 0096 0094 0052 009 0088 -0086 0084 0082 -008

Vg V] Vg V]

Fig. 3: Conductance fluctuations superimposed on Coulomb oscillations for two dots:
(a) 400 nm dot; (b) 900 nm dot: the fluctuations are reproducible on a very
small voltage scale.

In addition to changing the plunger gate voltage, we may apply a large DC source drain
bias, superimposed by a small AC signal, which is detected by lock-in amplifiers. By
doing so we measure the differential conductance dependent on both Vs and Vsp. With
such a measurement the basic properties of the quantum dot are obtained, including
total and source capacitance as well as an estimate of the actual size of the quantum
dot. Figure 4 shows a grayscale plot of such a measurement. The horizontal axis cor-
responds to the plunger gate voltage Vg, the vertical axis to the source-drain voltage
Vsp. The dark (bright) areas correspond to low (high) G. In the dark parallelogram-
shaped regions marked by lines the number of electrons is fixed and no transport is
possible due to Coulomb blockade.
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Fig. 4: Differential conductance G versus source-drain voltage Vsp and plunger gate
voltage V. The dark (bright) areas correspond to low (high) G. Coulomb
blockaded regions are enclosed by the lines.

From the conductance peak spacing AV at zero source drain voltage the capacitance
Cs of the plunger gate can be calculated to be 8.9 aF. From the slopes of the peak
lines we obtained the total and the source capacitance to be C = 103.8 aF and Cs =
27.2 aF. Via the known relation for the charging energy Ec = €%/C we related the gate
voltage scale to an energy scale. From the capacitance of a 2D disk C = 4¢gyed (for
GaAs ¢ = 12.9) we estimated the diameter of the electron island to be about 225 nm.
Considering that the depletion region will extend around the contours of the split-gates
(by a length comparable to the depth of the 2DEG, which is ~100 nm), this is in good
agreement with the structural diameter of 400 nm.

Conclusion

We have refined the processing our split-gate quantum dot devices and our results
confirm that their electrical properties have improved. Further measurements will be
performed on these structures to investigate the origin of the observed conductance
fluctuations. Because the optimized fabrication process now gives very reproducible
results and a good yield, as a next step we will integrate two or more dots into a quan-
tum dot circuit, which may be combined with quantum point contacts for charge readout
[3]. A dilution refrigerator, which is currently being installed in our lab, will allow us to
reach lower temperature and increase the resolution in upcoming measurements.
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Anomalous x-ray diffraction is used to investigate self-organized three dimensional
PbSe quantum dot lattices formed by multilayer heteroepitaxial growth. Using a
short-range dot ordering model in combination with a finite domain size, the ordering
parameters are determined from the x-ray spectra. It is shown that the variance of
the nearest-neighbor distances is significantly smaller and the laterally ordered do-
main size larger for the case of three dimensional trigonal PbSe dot lattices with fcc-
stacking as compared to those with three dimensional hexagonal dot arrangement.

Introduction

High-resolution x-ray diffraction is a powerful tool for investigation of vertical and lateral
correlations in three dimensional self-assembled quantum dots structures [1] — [3] ob-
tained by multilayer heteroepitaxial growth. These correlations are caused by the elas-
tic dot interactions [4], [5]. This not only results in a significant narrowing of the size
distribution [6], but also provides an effective means for tuning the size and spacing of
the dots by changes in the superlattice period [1], [7]. For different material systems,
different ordered dot arrangements have been observed [1] — [5], which is due to the
strong dependence of the dot interactions on the growth orientation as well as on the
anisotropy of the elastic material properties [7]. The PbSe/ Pb, Eu,Te system is unique
in this respect because different interlayer correlations can be achieved in the super-
lattices by changes in the spacer thickness [8], dot size, or growth temperature [9].

In the present work, we employ anomalous x-ray diffraction with synchrotron radiation
to drastically enhance the chemical contrast in multilayers by tuning the wavelength
close to an inner shell absorption resonance [3]. This technique is applied to determine
the ordering parameters of differently stacked self-assembled PbSe quantum dot lat-
tices fabricated by molecular beam epitaxy based on the combination of a short-range
order model with a finite domain size. As a result, it is shown that the lateral ordering is
significantly better for fcc-stacked PbSe dot superlattices with 3D trigonal dot structure
as compared to those with 3D hexagonal dot arrangement. This is due to the more
efficient ordering mechanism based on the elastic interlayer dot interactions.

Experimental and Results

The samples were grown by molecular beam epitaxy onto on (111) BaF, substrates.
Each superlattice stack (SL) consists of 50 to 60 periods of 5 monolayers (ML) PbSe
alternating with Pb4 Eu,Te spacer layers with xg, = 8%. Due to the corresponding
-5.4% lattice mismatch, strain-induced coherent islands are formed in each PbSe layer
when its thickness exceeds 1.5 ML. For the investigation of the ordering process as a
function of the PbEuTe spacer layer thickness, a series of samples was prepared with
spacer thicknesses d, varying from 80 to 500 A. After growth, the final PbSe dot layer
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was characterized by atomic force microscopy (AFM). To analyze the lateral and verti-
cal dot correlations anomalous coplanar high-resolution x-ray diffraction is used at a
very low energy of 2400eV, where the x-ray wavelength is tuned to the Pb M-shell to
suppress the scattering of the (111) reflection of the matrix material. These measure-
ments were performed with an in-vacuum diffractometer at the ID 1 beamline of the
European synchrotron radiation facility in Grenoble and high resolution reciprocal
space maps (RSMs) were recorded for all samples around the (111) Bragg reflection.

Here, we focus on four different superlattice samples with a spacer thickness of 104,
164, 214, and 454 A for sample A to D, respectively. The (111) anomalous reciprocal
space maps are shown in Fig. 1 (a) — (d) with the primary beam along the [101] azi-
muthal direction. Clearly, for all samples a large number of satellite peaks is observed
both in the g, direction along the surface normal, as well as in the direction g parallel to
the surface. This clearly reflects the excellent order of the dots both vertically and later-
ally. However, whereas for samples A to C with thin spacer layers the lateral satellites
are all aligned parallel to the gy direction, the satellites for sample D are aligned in a
direction inclined by 38° to the surface (dashed lines in Fig. 1). This indicates that in the
latter case, the dots form a 3D trigonal dot lattice with fcc-like ABCABC stacking [1],
whereas the dots for the other sample are aligned on top of each other in the vertical
growth direction, corresponding to an overall 3D hexagonal dot arrangement [8].
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Fig. 1: (111) Reciprocal space maps (a) — (d) and atomic force microscopy images
(e)-(g) of PbSe dot superlattice samples A - D with different PbEuTe spacer
layers ds = 104, 164, 214, 454 A, respectively. The satellite arrangement indi-
cates a 3D hexagonal dot lattice for (a) — (c) and 3D trigonal dot lattice for (d).
The dashed lines mark the positions of the line scans along the g, and the q,
direction used for the analysis of the order parameters.

To determine the quality of the dot ordering, diffraction line scans representing cross-
sections of the reciprocal space maps in various q directions parallel (gy) or perpen-
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dicular (q,) to the surface were recorded as indicated by the dashed lines in Fig. 1. Fig-
ure 2 shows the g,-line scans along the lateral superlattice satellite peaks for the sam-
ples B and D. For comparison, in Fig. 2 (a) a line scan of sample B is included re-
corded at a 1.5 A wavelength at the ROBL beamline. The improved contrast of the lat-
eral dot satellite peaks for the longer wavelength is clearly visible in Fig. 2 (a) and (b).
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Fig. 2: Left hand side: Cross-sectional line scans of the XRD maps along the g, direc-
tion for the vertically aligned dot sample B recorded with an x-ray wavelength of
1.5 A (a) and 5.1 A (b). The same is plotted in (c) for the ABCABC stacked sam-
ple D. The measured data (circles) are fitted with Gaussians with adjustable
width (solid line). Right hand side: measured (symbols) and calculated (solid
lines) FWHM Agq, values of the peaks plotted over q,. From the fits (solid lines), a
variance o; and a domain size M of o; = +15% and M = 2 is obtained for sample
A, o =+10% and M =~ 2 for B, and o; = +5 % and M =~ 5 for sample C.

From the spacing of these lateral satellite peaks, the lateral in-plane dot distances L
within the layers can be determined. For the vertically aligned samples A to C, respec-
tive L values of 780, 850 and 950 A are obtained, as compared to L = 670 A for the fcc-
stacked superlattice of sample D, in good agreement to the results obtained by AFM.

For the quantitative analysis of the order parameters, the full width at half maximum
(FWHM) of the satellite peaks in gy and q, direction were determined as a function of
the scattering vector g. This was achieved by fitting the cross-sectional line scans with
Gaussians with adjustable width (solid lines in Fig. 2). To account for the broadening
due the finite instrumental resolution, these values were corrected with the measured
FWHMs of the PbSe-buffer peaks. The corrected FWHM, plotted on the right hand side
of Fig. 2 as a function of g, then represents the peak broadening caused by deviations
of the ordered dot arrangement from an ideal perfect 3D lattice. Clearly for all samples
the Ag, half widths increase with increasing g, scattering vector.

To analyze this behavior, we have adopted a model of short range ordering in the dot
samples caused by the interlayer dot interactions during growth [2]. As the nature of
the ordering is different perpendicular and parallel to the growth direction, we distin-
guish between the lateral correlations of the in-plane lateral dot positions (LL-
correlation), the vertical correlations of the lateral dot positions (VL-correlation) and the
vertical correlations of the vertical dot positions (VV-correlation). Assuming a short
range order (SRO) model [2] for each correlation type, we can derive the lateral (Aqy)
and vertical (Ag;) FWHM of the intensity satellite maxima as a function of the g, posi-
tion parallel to sample surface and the g, position normal to the surface relative to the
central 0" order peak within the reciprocal scattering plane as:
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where D and L are the average vertical, respectively, lateral separation of the dots. In
this expression, op characterizes the degree of VV-correlations, op. the degree of VL-
correlations and o the degree of LL-correlations in the samples in terms of the disper-
sion of the nearest neighbor dot-dot separations and M characterizes the finite domain
size. For Aq, we do not find a dependence of the values on q,. Therefore, the VV-
correlation along the superlattice growth axis is nearly perfect and is limited only by the
stability of the epitaxial growth process. From the mean Aq, values we derive a VL-
correlation of the dot positions of about 25 times Ds, for the three vertically aligned
samples, whereas for the sample with fcc-stacking we obtain a VL-correlation of only 7
times the SL period. This proves that the vertical ordering of the dots is more efficient in
the 3D hexagonal samples, which is due to the fact that the strength of the elastic in-
teractions in these samples is much stronger due to the smaller spacer thickness.

As is indicated by the solid lines in on the right hand side of Fig. 2, the g, dependence
of the Aq, FWHM shows approximately a parabolic behavior. From the fits of the data
using Eq. (1) we obtain o; values of 117, 86 and 36 A for the samples A, B and D, re-
spectively. Thus, the relative variance of the nearest neighbor lateral dot distance for
the 3D hexagonal samples A and B is £15 % and +10 %, respectively. In contrast, for
the 3D trigonal sample D with L = 670 A we obtain a variance of only +5 %, indicating
the lateral ordering is substantially better than for the 3D hexagonal dot samples. This
agrees with the observation that the width of the lateral satellites of the trigonal dot
sample is much smaller as compared to that of the 3D hexagonal dot samples (see Fig.
2). The same general trend applies also for the domain size values M, for which a
value of M ~ 2 is obtained for the vertically aligned samples A and B, whereas a much
larger value of M =~ 5 is obtained for sample D with fcc- stacking.

Conclusions

In conclusion, anomalous high resolution x-ray diffraction is a powerful technique for
investigation of the ordering parameters of 3D quantum dot multilayers and superlat-
tices. Exploiting the advantages of anomalous diffraction we were able to enhance the
scattering contrast between the PbSe dots and the matrix material to record a large
number of satellite peaks for detailed analysis. We have obtained information not only
on the different kinds of 3D ordering mechanisms; we can also determine the quality of
the lateral and vertical correlation of the dot positions. This work was supported by the
FWF, GME and the Academy of Science (APART) of Austria.
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Transmission Electron Microscopy of
Nanostructures

W. Schwinger, G. Hesser, H. Lichtenberger and F. Schaffler
Institute of Semiconductor Physics, University Linz,
Altenbergerstr. 69, 4020 Linz

Transmission electron microscopy (TEM) is a powerful tool for detailed analysis of
both crystalline and amorphous structures ranging from the micro to the nanometer
scale. TEM is capable to display not only the real but also the reciprocal space of a
sample; i.e. the diffraction pattern. In this report we will show — using selected exam-
ples — the analytical capabilities of the JEOL FasTEM 2011 with CCD-camera and
EDS X-ray detector like the element specific composition of a hetero-bipolar-transis-
tor, the determination of the dislocation density at a Si-Ge interface, the investigation
of facets on a prestructured and annealed Si surface, the analysis of size and shape
of SiC precipitations and the alignment of self-arranged Ge dots.

Introduction

Transmission electron microscopy is a powerful tool for detailed analysis of both crys-
talline and amorphous structures ranging from the micro to the nanometer scale. The
JEOL 2011 FasTEM can be used for the investigation of interfaces, grain boundaries,
nanocrystals, and hetero- and monocrystalline structures as well as for polymeric and
organic samples.

TEM is capable to display not only the real but also the reciprocal space of a sample;
i.e. the diffraction pattern. The recently installed CCD-camera and the EDS microprobe
for qualitative and quantitative element-specific X-ray analysis are an excellent up-
grade. The combination of all three devices TEM, CCD, and EDS results in a faster and
more comprehensive analysis of samples.

B
4+—— spectrum 1. conductor path = Al
spectrum 1
spectrum 3: metallic contact
spectrum 3
W
C

W y Cu W W
I - 1 T 1 - L v T
0 4 6 8 10 12

keV

Fig. 1: (a) Cross section image of a transistor produced at austriamicrosystems at
medium magnification (sample: 110X). (b) X-ray-spectra reveal the element-
specific composition of the sample.
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Experimental

Figure 1 (a) shows, at medium magnification, a cross section of a hetero-bipolar-
transistor fabricated at austriamicrosystems. Using the EDS microprobe one can
evaluate the local composition of the sample (Fig. 1 (b)). The conductor path is made
of aluminum; the contacts consist mainly of tungsten and are isolated by SiO,. The
brightness contrast in the TEM-image is due to the different atomic numbers of the
elements resulting in different scattering cross section.

When growing heterostructures or other layer sequences the quality of the interface
between two layers is of particular interest. With TEM it is possible to investigate inter-
faces in detail and to determine whether the overgrowth is mono-crystalline, poly-
crystalline, amorphous, or disordered. The formation of dislocations is also of particular
interest. Tilting the sample increases the contrast of these dislocations. The tilt direc-
tion is related to the burgers-vector characterizing the dislocations. One can thus not
only determine the density of dislocations at an interface but also the type of disloca-
tions.

Fig. 2: (a) Dislocation at a Si-Ge interface (sample: 158X). Tilting the sample increases
the dislocation contrast. (b) Diffraction image reveals that both the Si- and Ge-
layer are mono-crystalline with the same crystal orientation. A split of the dif-
fraction spots is due to the lattice mismatch of about 4% between Si and Ge
having the larger lattice constant.

To get atomic resolution the sample has to be aligned along a main crystal axis. When
tilting a sample atomic resolution is lost. Figure 2 (a) shows dislocations at an interface
between pure Ge deposited on pure Si. Building a multi-image-collage one can thereby
determine the defect density and defect depth at the Si-Ge-interface.

The diffraction images of that interface (Fig. 2 (b)) shows that both the Si- and the Ge-
layer are mono-crystalline with the same crystal orientation. Since the lattice constant
of Ge is about 4% larger than the one of Si, diffraction spots split, with the Ge-spot ly-
ing closer to the central (000)-spot (reciprocal space!). This can be especially seen at
the higher order spots like the {022} and the {311}. The nonindexed spots result from
rescattered spots and thus do not correspond to certain lattice planes and are therefore
called forbidden spots.

Two main preparation techniques for solid TEM-sample are common: cross-sectional
and plan-view showing either a view along the surface or perpendicular to the surface.
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A cross-sectional view not only reveals the surface structures but also the layer se-
quence, which is not detectable with e.g. AFM.

Fig. 3: (a) Cross-section of an originally rectangular Si-wire after annealing and cover-
ing with titanium (sample: 082X). Transient-enhanced Si diffusion leads to the
formation of stable facets, which can be seen in high-resolution images like (b)
with atomic resolution; [1] for more details.

Figure 3 (a) shows a cross-section through a capped wire structure. Originally rectan-
gular Si-wires changed their shape during vacuum annealing and formed facets before
covered with titanium. The high-resolution image Fig. 3 (b) shows not only these small
facets in detail but also the structure of the deposited titanium. See [1] for more details.
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Fig.4: A: High-resolution image showing a cross-section of a SiC-precipitate, which
disrupted further overgrowth (sample: 47X). B: High-resolution image showing
a buried SiC precipitate (sample: 47X).

Annealing a submonolayer of Fullerene-molecules deposited on Si(100) and buried
with Si leads to the formation of SiC precipitates. High resolution TEM-images reveal
Moiré-fringes resulting from the overlap of crystalline Si and SiC as shown in Figs. 4 (a)
and 4 (b). Knowing the lattice constant of Si and measuring the period of the Moiré-
pattern one can calculate the lattice constant of SiC and thus can determine whether
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the precipitates are relaxed or strained. One can also see that large precipitates disrupt
further overgrowth leading to a funnel-shaped surface (Fig. 5 (a)) whereas small pre-
cipitates are covered by crystalline Si (Fig. 4 (b)).

Figure 5 shows the arrangement of Ge-dot in 3layer-sequence. TEM images show the
perfect self-arrangement of the dots. In Fig. 5 (a) in addition to the layers structure also
the tension contrast can be seen. Figure 5 (b) displays mainly mass contrast between
Si and Ge due to their different atomic mass.

Fig. 5: (a) 3-layer-sequence of self-arranged Ge-dots on Si. Bows between the layers
indicate tension; (b) Detail of (a) focused on mass-contrast; [2] for details
(131X).

Conclusion

These examples show that TEM is a powerful tool for the detailed analysis with atomic
resolution of crystalline mono- and hetero-structures revealing details of the sample
composition since in addition to an image of the sample in real space also the recipro-
cal space of the sample, i.e. the diffraction pattern — which gives information of the
crystal growth in more detail — can be displayed. The additional EDS X-ray detection
system is a perfect upgrade allowing a qualitative and quantitative element specific
analysis of the sample composition. The modern CCD-camera allows electronic image
processing giving instant results.
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Site-Controlled and Size-Homogeneous Ge
Islands on Prepatterned Si

Z. Zhong, A. Halilovic, F. Schaffler and G. Bauer
Institut fiir Halbleiter-und Festkorperphysik, Universitat Linz, A-4040 Linz

We report on a combination of lithography and self-assembly techniques which re-
sults in long-range two-dimensionally ordered Ge islands. Island lattices with perpen-
dicular but also with obliquely oriented unit vectors were realized. Quantitative analy-
sis of the island topographies demonstrates that the size dispersion of these islands
is much smaller than that found on flat substrates. Furthermore, island formation on
the patterned substrates is observed already for a smaller amount of Ge deposition
than on unpatterned ones.

Introduction

Semiconductor islands have attracted a lot of interest because of their physical proper-
ties and their potential for devices. A simple route to obtain such islands is to exploit
the so-called Stranski-Krastanow (SK) growth mode. Beyond a critical thickness of a
wetting layer, three-dimensional (3D) islands form spontaneously to reduce the misfit
strain. In general, these defect-free islands nucleate at random positions and exhibit
rather large size dispersions. In the Ge/Si system for growth temperatures around
600°C, typically a bimodal distribution is found, consisting of pyramid- and dome-
shaped islands. However, islands with a narrow size distribution and a site-control are
demanded both for fundamental investigations and for applications. Recently, major
progress was reported by combining lithography and self-assembly techniques for the
positioning of islands. So far two-dimensionally long-range ordered islands were re-
ported for a square lattice, either by using oxide masks or by growing directly on pre-
patterned substrates, which was demonstrated by our group [1], [2]. However, this is
not entirely sufficient to demonstrate the intentional site-control of the islands. Further-
more, no quantitative analysis of the size homogeneity of the islands on patterned sub-
strates has been done so far. In this letter, Ge islands grown on prepatterned Si (001)
substrates in a parallelogram lattice, as well as in a square lattice, are shown. A de-
tailed analysis of their surface morphology demonstrates that a breakthrough was
achieved as far as the intentional site-control and the size homogeneity of the islands
are concerned [3].

Experimental

Sample Preparation

The Si (001) templates were fabricated by holographic lithography via double exposure
and reactive ion etching (RIE), which result in 2D periodic pits on the surface. In these
2D lattices of the pits, the length and the orientations of the unit vectors can be inten-
tionally changed. After an ex-situ chemical cleaning and an in-situ thermal desorption
of the patterned and flat substrates, a 130 nm Si buffer layer was grown at a rate of
0.5 A/s ramping the temperature from 500 °C to 650 °C. Subsequently 4 — 10 monolay-
ers (MLs) Ge were deposited at a rate of 0.05 A/s at 700 °C with 7 s growth interruption
after each monolayer. For comparison, islands on patterned and flat substrates were
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strates were grown simultaneously. In the following, the samples with n MLs Ge depo-
sition on prepatterned and flat substrates are named as Pn and Fn, respectively. Their
surface morphologies were investigated in air with a Park Scientific atomic-force micro-
scope (AFM) using the contact mode with an ultra-sharp tip. The AFM images with 512
X 512 points are analyzed in detail.

Fig. 1: 3D topography of the islands in (a) sample P10 (period: 370 x 370 nm, along
<110> directions), (b) sample P6 (period: 400 x 400 nm, along [110] and [100]
directions). The Fourier transforms (FT) of the topographies are also shown at
the left in (a) and right in (b), their sizes are 0.034 nm™, after Ref. [3].

Measurements

The 3D topographies and their 2D Fourier transforms (FT) of samples P10 and P6 are
shown in Figs.1 (a) and (b), respectively. Evidently, the islands on these patterned
substrates are perfectly two-dimensionally arranged. In the FT images, a number of
narrow satellite peaks in 2D plane are clearly visible. Higher-order satellite peaks are
damped, primarily due to the envelope function that is determined mainly by the size
and the shape of the islands. These FT images explicitly demonstrate the 2D long-
range ordering (LRO) of the islands, in a square lattice along two <110> directions in
Fig. 1 (a), and in a parallelogram lattice along [110] and [100] directions in Fig. 1 (b). It
also implies that the regular arrangement of the islands can be intentionally determined
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on the prepatterned substrates. For comparison, the 3D topographies of the islands
grown on flat substrates (samples F10 and F6) were investigated as well, for which the
islands are randomly distributed. Another important result of the islands grown on pat-
terned substrates is that they are mono-modal. From the aspect ratios and the mor-
phologies of the island, it can be seen that only dome-shaped islands grow in these
samples. Our surface orientation analyses of the islands in samples P6 and P10 show
that the dominant facets of these islands are {15 3 23} and {1 1 3}, like for the growth
on unpatterned substrates. On the other hand, in sample F10, some superdome-
shaped islands (4.5% out of 16/um?) appear.

The 2D periodic pits after Si buffer layer growth look like inverted truncated-pyramids,
in general with sidewall slopes in the range of about 4.5° ~ 15° and depths smaller than
20 nm. The sidewalls of the pits are composed of steps. In analogy to the growth of Ge
on stripe-patterned substrates, Ge (or Ge-Si) ad-dimers on the terraces between the
pits readily migrate to the edges and tend to diffuse to the sidewalls. Those at the
sidewalls prefer to migrate downwards. As a result, Ge atoms tend to accumulate at
the bottom, i.e. at the intersections of the sidewalls, facilitating there the nucleation of
Ge-rich islands. Given the small pit bottom area, only one island per pit can be grown.
This qualitative model for the growth process is confirmed by the island (<H> = 95 A)
formation in sample P4 with only 4 MLs Ge depositions, as shown in Fig. 1 (b). In sam-
ple F4 grown on a flat substrate, however, no islands are observed. The islands in
sample P4 are all lens-shaped without particular facets. During growth, the Si-Ge in-
termixing impact on the size and/or shape of the islands, but it essentially does not
affect the positioning of the islands. The photoluminescence data of capped islands on
patterned and on flat substrates16 indicate that the amount of SiGe intermixing is simi-
lar. From preliminary x-ray data we obtained for the growth temperature of 700°C an
average Ge content of about 45% for the dome-shaped islands on both patterned and
flat substrates.

The excellent size homogeneity of the islands in samples P, (n > 6) is mainly attributed
to the periodic structure on patterned substrates. The surface on patterned substrates
is composed of ‘unit cells’. Based on the above discussion, it is reasonable to assume
that only Ge atoms deposited within these unit cells can take part in the islanding in the
corresponding pits. Consequently, the number of Ge atoms that can contribute to each
island is about the same. In addition, the island average size in samples P4y, Ps and
Pe(A1) is larger than that in the corresponding samples F4o and Fg, respectively, There-
fore, with same amount of Ge deposition, larger islands are formed in samples P, than
in samples F, (n > 6). To some extent we can adjust the size of the coherent islands to
the desired value with excellent homogeneity, only via changing the amount of the de-
posited Ge.

Conclusion

In summary, we realized both two-dimensional long-range ordering and size homoge-
neity of Ge-rich islands via depositing Ge on the prepatterned Si (001) substrates. The
main features of the island growth on the patterned substrates are explained qualita-
tively. Our results demonstrate that the regular island arrangement and their homoge-
neous size can be adjusted within certain limits to the desired ones by combining the
lithographic and the self-assembly techniques. These achievements on the site-control
and the homogeneity of the islands will stimulate both fundamental investigations and
device applications.
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Strain Relaxation and Misfit Dislocation
Interactions in PbTe on PbSe (001)
Heteroepitaxy

K. Wiesauer and G. Springholz
Institut fiir Halbleiterphysik, Universitat Linz, A-4040 Linz, Austria

Strain relaxation of heteroepitaxial PbTe layers on PbSe (001) by misfit dislocation
formation is shown to take place near equilibrium without kinetic barriers. The com-
parison of the experimental data with different strain relaxation models shows that
mutual dislocation interactions are of crucial importance for the strain relaxation pro-
cess. This results in a faster relaxation than predicted by the Frank and van der
Merwe model for non-interacting dislocation arrays.

Introduction

Strain relaxation is a key issue in lattice-mismatched heteroepitaxy [1], [2]. It occurs via
formation of coherent three-dimensional (3D) islands in the Stranski-Krastanow growth
mode or by the formation of interfacial misfit dislocations. The latter is usually de-
scribed by the Matthews-Blakeslee [3] or Frank-van der Merwe [4] strain relaxation
models, which yield the critical layer thickness as well as average dislocation densities
in thermodynamic equilibrium. For the case of semiconductors, however, many ex-
perimental works have demonstrated that the actual course of strain relaxation is
strongly affected by the dislocation kinetics [1], [2], which are determined by various
processes such as nucleation, multiplication, thermally activated glide as well as block-
ing of dislocations. These processes impose kinetic barriers for misfit dislocation forma-
tion and therefore strongly retard the relaxation process. In the present work, we actu-
ally demonstrate the opposite behavior for PbTe on PbSe (001) heteroepitaxy with a
lattice-mismatch of 5.2%. We not only find that a near-equilibrium strain state is formed
in the layers but even more that the actual course of strain relaxation is significantly
faster than predicted by the Mathews-Blakeslee (MB) or Frank-van der Merwe (FdM)
models. This remarkable fact is shown to be due to the strong influence of mutual dis-
location interactions on the energetics of the dislocation network. Comparing our re-
sults with recent models that have incorporated these dislocation interactions [5], we
still find a significant deviation of our experimental data from the model calculations.
Our result can be explained quite well under the assumption that the dislocation self-
energy is essentially independent of the layer thickness.

Experimental and Results

The PbTe/PbSe samples were grown by molecular beam epitaxy. First, several ym
thick PbSe buffer layers were deposited onto (001) oriented PbSe substrates at a tem-
perature of 380°C. Then, PbTe layers were grown on top with thicknesses ranging from
1 to 50 monolayers (ML), where 1 ML corresponds to a layer thickness of 3.23 A. In
situ reflection high-energy electron diffraction (RHEED) was employed to monitor the
growth process and determine the strain-state of the layers as a function of layer thick-
ness. Complementary investigations were carried out using ultra-high vacuum STM as
described in Ref. [6]. Here we focus on the question of how strain relaxation is influ-
enced by the growth conditions, which were varied over a wide range of substrate tem-
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peratures of 70 to 360°C and growth rates of 0.12 to 1.13 ML/sec. Complementary
post-growth annealing studies were carried out for layers for which the growth was in-
terrupted at layer thicknesses between 1 and 10 ML.

Figure 1 (a) shows the RHEED patterns recorded at a PbTe layer thickness of 14 ML.
The elongated shape of the diffraction streaks indicates that a 2D surface is retained
during PbTe growth in spite of the rather large lattice-mismatch. This is in agreement
with our previous scanning tunneling microscopy studies [6]. Due to the small scatter-
ing angles, the lateral spacing of the diffraction streaks directly corresponds to the re-
ciprocal space lattice vector, which is inversely proportional to the in-plane surface lat-
tice constant. To determine the course of strain relaxation, intensity line profiles were
recorded across the diffractions streaks as indicated by the white line in Fig. 1 (a) and
shown in Fig. 1 (b). The evolution of these profiles as a function of layer thickness is
displayed in the grey scale image of Fig. 1 (c). At a PbTe layer thickness of 1 ML,
clearly the streaks start to shift inwardly, signifying the onset of strain relaxation. Using
the initial PbSe surface with its bulk lattice parameter of ap s, = 6.124 A as a reference,
the relative change of the streak spacing directly yields the relaxed strain g, of the
layer as a function of layer thickness h.
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Fig. 1: Left hand side: (a) RHEED pattern of 14 ML PbTe on PbSe (001) recorded
along the [100] azimuth. (b) Intensity profile across the (-1-1) and (22) streaks
as indicated by the white line in (a). (c) Grey-scale image of the intensity pro-
files as function of the PbTe layer thickness. Right hand side: Strain relaxation
curves of PbTe/PbSe (001) as a function of the epilayer thickness measured at
different deposition temperatures (d) and during post-growth annealing (e) at
360°C after interruption of the growth at 1, 1.5, 2, 3, 4 and 6 ML.

The resulting relaxation curves for PbTe epilayers deposited at different growth tem-
peratures of 70, 200 and 360 °C are shown in Fig. 1 (d). In all cases, the onset of strain
relaxation occurs at a critical thickness of 1 ML, and no retardation of strain relaxation
occurs as the temperature decreases. Furthermore, when interrupting the growth at
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PbTe thicknesses of 1, 1.5, 2, 3, 4 and 6 ML (see Fig. 1 (e)), no further post-growth
relaxation was observed during subsequent sample annealing. Identical results were
obtained when the growth rate was varied between 0.12 to 1.13 ML/sec. This clearly
demonstrates that strain relaxation in the PbTe/PbSe (001) heteroepitaxial system is
not influenced by dislocation kinetics but takes place at near-equilibrium conditions.

To gain more insight on the strain relaxation process, the course of strain relaxation
was modeled using the FdM approach in which the total energy of the layer/substrate
system is minimized with respect to the dislocation density [4]. This facilitates the intro-
duction of dislocation interactions [5]. Even more, the nearly perfect square network of
pure edge misfit dislocations formed in the PbTe layers [6] represents a nearly ideal
realization of the dislocation configuration envisioned by the original FAM model. This is
illustrated by the STM image of a 9 ML PbTe layer displayed as insert in Fig. 2, in
which the dark lines represent the grid of subsurface edge dislocations with a Burgers
vector of b = /4[110]ag. Neglecting surface and interface energies, the total energy den-
sity eyt Of a 2D epilayer on a non-compliant substrate is given by the sum of the coher-
ency energy e.., due to the biaxial strain in the layer and the self-energy eyp of the mis-
fit dislocation network. For relaxed layers, the initial misfit strain g, is reduced by —(oup
by.eage) by misfit dislocations, where b ¢q4e is the edge component of the Burgers vector
within the interface plane (here equal to b) and pup is the 1D dislocation line density.
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Fig. 2: Comparison of PbTe/PbSe (001) relaxation curves measured by RHEED
(solid) and STM (dots) with the FdAM model for non-interacting dislocations
(dash-dotted), the model of Jain et al. for interacting dislocation arrays
(dashed), and the model of constant dislocation energy for & = 0.05 (dotted).
Insert: STM image of a 9 ML PbTe layer on PbSe (001), where the dark lines
indicate the quasi-periodic subsurface network of edge dislocations.

Thus, the coherency energy can be written as ec,n= B h (€0 — pup b”,edge)2 where the
elastic energy factor B = 2u(1 + v)/(1 - v) contains the shear modulus # and Poisson
ratio v of the epilayer. The self-energy of the dislocation network ey is calculated by
summation of the self-energies Esyp of each misfit dislocation as eyp = 2 pup Eswmb,
where the factor of two accounts for the fact that two orthogonal misfit dislocation ar-
rays are required to relax the biaxial lattice-mismatch.
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In the original FAM model, the self-energy of each isolated single misfit dislocation is
given by the logarithmic expression Egyp = Kb? (4n)" In(ha/b) where K =u/(1-v) is the
dislocation energy coefficient, here for pure edge dislocations, and the parameter o
accounts for the energy at the dislocation core, which is usually chosen as 4 for semi-
conductors. Minimizing the total energy e with respect to the dislocation density oup
yields the critical thickness h; as well as the equilibrium relaxed strain &, as a function
of layer thickness as:

Kb? FdM

In(hea/b) &g (h):-aOP—hC '“(h“/b)} (1)

° 4nBegb) edge h In(hso./b)

Figure 2 shows the comparison of the calculated strain relaxation g, with the data ob-
tained by RHEED and STM. For the latter, pyp was directly determined from the aver-
age dislocation spacing [6] observed in the STM images as indicated in the insert of
Fig. 2. Whereas both experimental results fall onto the same line, the calculated g (h)
is considerably lower, i.e., the experimentally observed strain relaxation is much faster
than predicted by the FdM model. This is in spite of the fact that the calculated critical
thickness of h, = 1ML is in excellent agreement with the experimental value.

To resolve the disagreement, the expression for the dislocation self-energy has to be
modified in order to include the mutual dislocation interactions that become important
when the dislocation spacing is comparable to the layer thickness. Here we follow the
calculation of Jain et al. [5], who have derived the self-energy of a periodic array of
interacting dislocations. The minimization of the total energy as a function of dislocation
density can then be done only numerically. To obtain the same critical thickness as in
the FAM model and the experiments, a slightly larger core parameter « has to be used.
The result of this model is plotted as dashed line in Fig. 2. In this case, a very fast initial
strain relaxation is predicted, similar as observed in the experiments. However, the
model yields an almost complete strain relaxation already at 5 ML layer thickness,
where the experimental values are still considerably lower. This indicates that the Jain
model overestimates the effect of dislocation interactions.

To resolve this problem, we propose a new model that assumes a constant dislocation
self-energy of Esup = Kb? /41 independent of the layer thickness. In this case, straight-
forward explicit expressions for h; and &, are obtained, with

he= K b® (47 B bjjegge €)' and g = o [(1-3) - he/ h] (2)

where ¢ is a small correction parameter to account for a possible residual strain at
large layer thicknesses. As is demonstrated by the dotted line in Fig. 2 with this new
functional dependence the experimental data can be exactly reproduced.

Conclusions

In conclusion, dislocation interactions are of great importance for the strain relaxation
process in heteroepitaxial layers. For PbTe on PbSe (001) system we therefore find a
significantly faster strain relaxation as compared to the FdM model for non-interacting
dislocations. This can be explained only by the effect of the dislocation interactions on
the formation energies of the dislocations. Using a model in which the dislocation self-
energies are assumed to be constant as a function of layer thickness, an excellent
agreement with the experimental data is obtained. This work was supported by the
FWF and the Academy of Sciences of Austria.
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In situ Characterization of MOCVD Growth
by High Resolution X-Ray Diffraction
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Institut fiir Halbleiter- und Festkorperphysik, Johannes Kepler Universitat,
Altenbergerstr. 69, A-4040 Linz

X-ray diffraction is used for the in situ characterization of the growth of cubic GaN by
metalorganic chemical vapor deposition. Our setup permits the simultaneous meas-
urement of a wide angular range and requires neither goniometer nor exact sample
positioning. Time-resolved measurements during growth give access to film thickness
and growth rate as well as information on the chemical composition of ternary com-
pounds. Additionally, the relaxation of the crystal lattice during heteroepitaxial growth
of GaN on AlGaN can be measured directly.

Introduction

In situ monitoring and process control is an increasingly important point for the epitaxial
growth of semiconductor layers. In high vacuum environments, reflection high energy
electron diffraction (RHEED) is well established and provides real time information
about growth rate and surface reconstruction. Metalorganic chemical vapor deposition
(MOCVD), the favorite growth technique for industrial production of compound semi-
conductors, operates near atmospheric pressure and has to rely on techniques which
are not sensitive to the presence of a gas atmosphere in the reactor. Optical methods
such as spectroscopic ellipsometry (SE) [1], [2], reflectance difference spectroscopy
(RDS) [3], [4] or laser reflectometry have been developed for that purpose. Most of the
information needed for growth control can however only be accessed through models
and careful calibration of the device and none of these methods gives direct access to
structural parameters of the sample.

Our intent was to show that X-ray diffraction (XRD), a powerful tool for ex situ charac-
terization, can also be used for real time measurements during MOCVD growth. It pro-
vides detailed information on the crystallographic structure of the growing layers. Up to
now, synchrotron radiation was necessary to perform measurements with both time
and angular resolution [5] — [8]. Our setup has the advantage that neither a goniometer
nor exact sample positioning are required and it is compact enough to be attached to
an industrial size MOCVD reactor. We have applied this method to monitor the growth
of cubic GaN yielding information on growth rate, ternary compound composition, strain
relaxation and thermal expansion.

Experimental

Our MOCVD system is an AIXTRON AIX 200 RF-S horizontal flow reactor designed for
nitride compound semiconductor growth. Trimethylgallium (TMGa) and Ammonia (NH3)
are used as Ga and N precursors, respectively, and N, and H, as carrier gases. The
sample is mounted on a graphite susceptor which is inductively heated by a radio-
frequency (RF) generator. Beryllium windows were mounted to the top and lateral reac-
tor viewports to allow the passage of the incident and diffracted X-ray beam, respec-
tively. The X-ray system consists of a standard Cu X-ray (Acu.= 1.5418 A) source and
a position sensitive detector which permits the simultaneous acquisition of an angular
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range of about 2°. The main difference to conventional systems lies in the fact that nei-
ther a goniometer nor exact sample positioning are required. The diffraction angle will
be called A¢ to reflect the fact that relative measurements were performed. The angular
resolution of this system is mainly dependent on the distance between sample and
detector and can be adjusted to the desired accuracy and angular range.

All overgrowth experiments were performed on cubic GaN (001) templates which were
grown on GaAs (001) substrates by molecular beam epitaxy (MBE) [9]. The size of
these samples was about 1 cm? and the thickness of the MBE GaN layer around 400 nm.
Prior to introduction into the MOCVD reactor, all samples were cleaned in a sequence
of Acetone, Ethanol and Methanol to remove organic surface contaminations. Sample
heating and cooling was done in N, atmosphere to ensure inert conditions. An addi-
tional surface cleaning step had to be performed in the reactor before growth initiation
to remove native oxide layers. Pre-running H, gas for 30 s at growth temperature
etched the topmost layer of the template and created a bare GaN surface. The growth
process was performed under H, ambient with a constant NH; flux of 5.56x10° mol/min
at temperatures ranging between 700 °C and 800 °C. The TMGa flux was varied be-
tween 8.837x10°® mol/min and 7.953x10° mol/min to test the dependence of the growth
rate and to determine a stable growth regime. Similar parameters were used for the
growth of a GaN layer on an AlIGaN/GaN template containing 14% Al.

Results and Discussion

Time-resolved measurements yielded diffraction spectra in an angular range of about
2° with a temporal resolution of 2 s. Figure 1 (a) shows typical spectra of the GaN (224)
diffraction peak as acquired during the growth of c-GaN on an MBE template. The
spectrum at t = 0 s represents the XRD signal of the MBE template at growth tempera-
ture. Due to the lattice mismatch of about 20% between GaAs and GaN, the substrate
peak is out of range of our setup. This data was used to determine the thickness of the
growing layer as the intensity of the diffraction peak is linearly dependent on its thick-
ness for thin epitaxial films. The solid lines in the figure are fits using a pseudo-Voigt
function which gave the peak intensity, position and full width at half maximum (FWHM)
of the curve. The intensity from the MBE layer alone was taken as a reference for
thickness calculations. Deviations from the linear behavior were found for thicknesses
above 1.5 ym, when the intensity began to saturate due to the fact that the path length
of the X-rays in the sample approached the extinction length. Layer thicknesses were
cross-calibrated with optical methods to verify the values found by XRD.
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Fig. 1: (a) In situ XRD spectra from the GaN (224) reflection acquired during the
MOCVD growth of c-GaN on c-GaN. Numbers on the right side give the time
after growth initiation. The integration time was 30 s each. (b) Thickness of the
MOCVD layer as a function of time for different TMGa fluxes.
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The thickness data was used to calculate the growth rate of the MOCVD film, as shown
in Fig. 1 (b), where the layer thickness is plotted against the growth time for different
fluxes of TMGa. The slope of the curves is equivalent to the growth rate.

During heating and cooling of the sample in the reactor, a shift of the GaN peak was
measured due to thermal expansion. A calculation of the thermal expansion coefficient
yielded a value of 5.0x10° K™, which is consistent with previously reported results [10],
[11].

A frequent application of ex situ X-ray diffraction is the determination of ternary com-
pound compositions and strain in epitaxial layers [12]. In situ measurement of these
parameters is highly desirable to ensure proper device operation. To demonstrate this
feature, we used an MBE-grown AlGaN/GaN template with initial thicknesses of
250 nm GaN and 440 nm AlGaN and deposited a c-GaN layer on the AlGaN film. /In
situ XRD spectra are shown in Fig. 2 (a), and two peaks could clearly be distinguished.
During growth, the intensity of the AlGaN peak remained constant, while the GaN peak
continued to increase. The spectrum could again be fitted with the sum of two pseudo-
Voigt functions to determine the exact size and position of both peaks. From their an-
gular separation, the AIN content was determined to be 14% using Vegard’s law.
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Fig. 2: (a) In situ XRD spectra acquired during the growth of GaN on an AlGaN/GaN
template. The solid lines represent fits using pseudo-Voigt functions. (b) Differ-
ence spectra obtained by subtracting the template signal from the current spec-
trum. The inset shows the change in the vertical lattice parameter as calculated
from the shift of the GaN peak.

To evaluate the strain in the GaN layer, difference spectra relative to the template sig-
nal were calculated as shown in Fig. 2 (b). In this case, only the peak of the MOCVD
layer is found. The angular shift of the peak position can be interpreted as a change in
the vertical lattice parameter of the growing layer. The equilibrium lattice constant of
Aly14GaggsN (4.50 A) is slightly smaller than that of GaN (4.52 A) yielding an initially
compressively strained epitaxial layer. This leads to an expansion in the vertical direc-
tion, which is monitored by our setup. The inset of Fig. 2 (b) shows the change in the
vertical lattice constant (Aa,) as a function of layer thickness. The data shown in this
figure can however only give qualitative information about the relaxation process, as
the peak represents a convolution of the whole MOCVD layer.

Conclusion

We have successfully demonstrated the application of high resolution X-ray diffraction
for the in situ monitoring of MOCVD growth. Measurements on cubic GaN yielded in-
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formation about the layer thickness and growth rate as well as on ternary compound
compositions and strain relaxation. We think that this method can provide the crystal
grower with valuable complementary information on the state of the crystal lattice,
which is not available with current optical methods. An application to other material
systems like hexagonal GaN, IlI-V compounds or SiGe could provide new insights on
growth processes and is currently under investigation.
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Spin Relaxation in Si Quantum Wells
Suppressed by an Applied Magnetic Field
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We investigate spin properties of the two-dimensional electron gas in Si quantum
wells defined by SiGe barriers. We find, in contrast to predictions of the classical
model of D’yakonov-Perel, a strong anisotropy of spin relaxation and a decrease of
the spin relaxation rate with increasing electron mobility. We show that for high elec-
tron mobility the cyclotron motion causes an additional modulation of spin-orbit cou-
pling which leads to an effective suppression of spin relaxation rate.

In spintronics, the aim is to make use of the spin degrees of freedom in addition to the
electronic ones. Therefore, spintronic devices based on spins of carriers in semicon-
ductors appear particularly promising. In such elements carriers can be easily moved
by applying external voltages, the well known tool of classical electronics. The utiliza-
tion of spin properties, however, usually is limited by the fast spin relaxation of conduc-
tion electrons. Therefore analysis of the spin relaxation mechanisms and the search for
a suitable material and optimum conditions are of primary interest in this field. In IlI-V
compounds the spin relaxation time is below one nanosecond [1]. Silicon based de-
vices, due to much weaker spin-orbit coupling, appear much more promising.

2D Si layers in Si/SiGe structures exhibit a spin relaxation time of the order of a few
microseconds by measurements of electron spin resonance (ESR) [2] — [5]. We also
proved that the Bychkov-Rashba (BR) spin-orbit coupling [6] is the main origin of spin
relaxation in one sided modulation doped quantum wells with high mobility [5]. We also
found an anisotropy of the line width which implies an anisotropy of the transverse spin
relaxation time of more than an order of magnitude whereas the usual theory can ex-
plain only a factor of two. In this work we show that motional narrowing due to the cy-
clotron motion is an important ingredient in the understanding of the transverse spin
relaxation time in high mobility systems and the same holds for the longitudinal one.

The effect of BR coupling on spin, o, of a conduction electron can be described by an
effective magnetic field, Bgg. This field is oriented in-plane and perpendicular to elec-
tron momentum, hk. The resulting zero field splitting is given by: Qgr = gusBsr'O.

The direction of the BR field depends on the direction of electron k-vector, and there-
fore the spread of k-vectors results in a spread of the BR field. Consequently, the ESR
resonance is shifted and broadened. Momentum scattering, described by a rate 1/14,
causes a modulation of the BR field in time which leads to the so called D’yakonov-
Perel (DP) spin relaxation [7]. Modulation of the BR field leads to motional narrowing of
the spread of BR field. The narrowed linewidth, i.e., the spin decoherence rate, 1/T,, is
thus expected to be proportional to 1. Also the longitudinal spin relaxation rate, 1/T;,
(the inverse spin lifetime, T,) is predicted to be proportional to 7. The DP model ex-
plains the ESR frequency shift and the linewidth well for an external magnetic field di-
rected in sample plane [5]. For an electron concentration of the order of a few times
10" cm™ the (unnarrowed) BR field is of the order of 100 G.
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The total line width caused by BR field, predicted by the classical DP mechanism, is
expected to be isotropic [8]. In spite of that, the observed linewidth is strongly anisot-
ropic. Sample data for the anisotropy of the ESR linewidth are given in Fig. 1. For per-
pendicular orientation of the magnetic field, 8 = 0°, the linewidth, Aw(0°), is by an order
of magnitude smaller as compared to in-plane orientation, Aw(90°). The anisotropy
ratio, Aw(90°)/ Aw(0°), increases with increasing electron mobility and reaches a value
of about 1.5 for 1, = 10" s™" and increases up to 10 for 1, =510 s™.
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Fig. 1: Dependence of the ESR linewidth of conduction electrons in a 2D Si/SiGe
structure on the direction of applied magnetic field. 6 = 0 stands for perpendicu-
lar direction to the layer. The solid line describing the linewidth corresponds to
Eq. (4), while the transverse and longitudinal components are marked by
dashed lines and described by Egs (3, 4)

To explain the observed peculiarities we consider the influence of the cyclotron motion
on the spin relaxation. In an external magnetic field, B, the curvature of the cyclotron
trajectory is equivalent to a change of the BR field. As a consequence, the BR field is
additionally modulated leading to a suppression of the spin relaxation. The cyclotron
frequency of 2D electrons, w,, scales with the perpendicular component of the applied
field, B-cosB. Therefore, the effective modulation frequency, and the resulting spin re-
laxation rate also depend on 6.

According to general rules, both components of spin relaxation are ruled by Fourier
components of the correlation function of the perturbing field [9]. Momentum scattering
and cyclotron motion lead to the following correlation function of the BR perturbation:

. T
Cle)={00(rh 0y (0) = Oy g e
Tk
(1)
The resulting expressions for the longitudinal and the transverse spin relaxation rates
take the form:
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i:QéR(1+cos2 6’) Tk —

n 1+ (o) - @, ) 7} (2)
12 sin®@ 7,

T, PR 1y T}

(3)
Here wy is the Larmor frequency and Q%R (1 + cos’ 9) is the variance of the perpendicu-

lar component of the BR field and Q3 sin’ @ its longitudinal component.

The total linewidth is:

1 1

Ao =—+—
2T, T,

(4)

The lines in Fig. 1 correspond to Egs. (2) — (4). The observed angular dependence is
well described. The characteristic maximum of the linewidth, which occurs at 8 = 80°,
corresponds to a resonance- like condition at @, = @., where the energy of the cyclo-
tron motion can be transferred to the spin system. Qgg is the only fitting parameter, but
the anisotropy ratio does not depend on Qgr. In that sense, the theoretical prediction of
the suppression of the spin relaxation, equivalent to the anisotropy ratio, is described
without any fitting parameter.

The present model implies also a strong dependence of the suppression of spin relaxa-
tion on the electron mobility. For low mobility, ®.7, <<1, Egs.(2) and (3) take the clas-

sical form. The DP relaxation rate is expected to be proportional to the momentum re-
laxation time. The spin relaxation rate thus should increase with increasing mobility.

Forw,z, >1, however, the opposite dependence is expected for the spin relaxation

rates according to Egs. (3) and (4): here the higher mobility leads to slower spin relaxa-
tion.
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The SiGe material system is a promising candidate for solid-state spintronics applica-
tion due to its very long relaxation lifetimes and compatibility to standard Si device
processing technology. We investigate the possibilities of g-factor tuning of conduc-
tion electrons in SiGe heterostructures as proposed for spin transistors. The g-factor
dependence on the Ge content in SiGe quantum wells was investigated, showing
promising results. Devices for demonstrating a high enough shift of the electron g-
factor to bring electrons in and out of resonance with an external microwave field -
thus allowing spin manipulation - are being developed.

Introduction

Recently, the new area of spintronics has attracted great attention in connection with
quantum computing. Vrijen et al. [4] proposed the use of Si/SiGe heterostructures as
spin transistors for a quantum computer, in which the spins of electrons in a quantum
well act as qubits. Our experimental results revealed long spin coherence times of sev-
eral ps [1], [2] in this material system. One of the key requirements for qubit operation
is the ability of tuning the electron g-factor, hence bringing electrons into and out of
resonance with an applied microwave frequency magnetic field.

Experimental

g-factor Dependence on the Ge Content in SiGe Quantum Wells

An important issue for the realization of spintronics in the SiGe material system is a
sufficiently strong dependence of the electronic g-factor on the Ge content in the SiGe
quantum wells. To investigate this, we have grown SiGe quantum wells with 3 different
Ge contents (0%, 4%, and 9.5%) on relaxed SiGe buffers with SiGe barriers (Ge con-
tent between 19 and 25%). The samples were modulation-doped with Sb after growth
of a spacer layer on top of the quantum well. Low-energy Rutherford backscattering
experiments [3] were performed to measure the exact Ge contents of the barriers and
wells as well the thicknesses thereof.

Electron spin resonance (ESR) [3] experiments reveal sharp resonances and g-factor
shifts that clearly separate the ESR resonances. The g-factor dependence (see Fig. 1)
is found to be linear in the investigated Ge content range.
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Fig. 1: Electron spin resonance lines for the three samples investigated for in-plane
magnetic field (left). The corresponding g-factors are shown on the right.

Self Consistent Simulations

Using data from [3], our simulations [5] show that it should be possible to reach a large
enough electron g-factor shift in a suitable Si/SiGe quantum well structure. This is
achieved by applying electrical fields on both top and bottom gates of the structure,
shifting the wave function to areas with different Ge content while keeping the carrier
density constant. Figure 2 shows the simulated electron wave function in the ground
state for two different gate voltage sets in the proposed structure. The estimated
change of the electron g-factor is sufficiently large to clearly separate the resonance
frequencies in an ESR experiment, thus allowing spin manipulation in a pulsed ESR
experiment.
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Fig. 2: Simulated electron wave function of the ground state in the region of the pro-
posed SiGe double quantum well structure for different top and bottom gate
voltages. The wave function can be shifted from the Si part to the SiGe part,
hence changing the g-factor of the electrons. The carrier density is constant
and only the ground levels of the quantum wells are populated.
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Device Processing

For the experimental demonstration, Si quantum wells and the simulated SiGe double
quantum well structure with SiGe barriers with Ge contents between 25 and 30% were
grown on graded SiGe buffers. The layers are low temperature modulation-doped with
Sb and have a thick, highly p-doped layer beneath the graded buffer, which acts as a
bottom gate. For the samples a special mask with a small Hall-bar structure for trans-
port measurements and larger areas for ESR measurements together with the contacts
for both top and bottom gate was designed. The ohmic contacts are implanted with As
and annealed. For the top gate a Pd Schottky gate and for the bottom contact annealed
Al contacts are used. So far, the samples have been characterized and the process
has been established. |-V curves of top and bottom gates on the processed samples
work as expected (see Fig. 3 (a)). Figure 3 (b) shows the variation of the carrier density
as a function of the top gate voltage.
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Fig. 3: |-V curves for the processed gates (left). Influence of top gate voltage on the
carrier concentration in a Si quantum well structure without bottom gate meas-
ured in-situ (right). The channel can be fully depleted.

Additionally, a Bruker X-band ESR machine was adapted to allow in-situ electrical
measurements. For this a special sample holder (see Fig. 4) and a computer-controlled
goniometer were designed and built.

Fig. 4: ESR sample holder with mounted sample (left). The part reaching into the cav-
ity is made of quartz with Au leads out of the cavity. On the sample (right) the
large top gate for the ESR structure can be seen.
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Conclusion

We investigated the dependence of the electron g-factor of conduction electrons on the
Ge content in SiGe quantum wells. The resonances found are very sharp and well
separated with respect to the Ge content. The promising results are used to develop
devices that will give us the possibility to change the g-factor of the electrons in the
quantum wells, thus allowing selective spin manipulation by pulsed Electron Spin
Resonance techniques.

Acknowledgements
This work is funded by FWF grants no. P16223 and P13497.

References

[11 Z. Wilamowski, N. Sandersfeld, W. Jantsch, D. Tébben, F. Schaffler: “Screening
Breakdown on the Route toward the Metal-Insulator Transition in Modulation
Doped Si/SiGe Quantum Wells”, PRL 87, 26401 (2001)

[2] A. Tyrishkin, S. Lyon, W. Jantsch, F. Schaffler: “Spin Manipulation of Free 2-
Dimensional Electrons in Si/SiGe Quantum Wells”, cond-mat/0304284 (2003)

[3] H. Malissa, W. Jantsch, M. Mihlberger, F. Schaffler: “Anisotropy of g-factor and
ESR linewidth in modulation doped SiGe quantum wells”, submitted to APL

[4] R. Vrijen, E. Yablonovich, K. Wang, H. Jiang, A. Balandin, V. Roychowdhury, T.
Mor, D. DiVincenzo: “Electron-spin-resonance transistors for quantum computers
in silicon-germanium heterostructures”, PRA 62, 12306 (2000)

[5] D. Pachinger: “High mobility Si/SiGe heterostructures for spintronic applications”,
Masters Thesis, University of Linz (2003)



Two-Dimensional Metallic State in
Silicon-on-Insulator Structures

G. Brunthaler', B. Lindner', G. Pillwein', M. Prunnila? and J. Ahopelto®

! Institute for Semiconductor Physics, University Linz, Austria
2VTT Centre for Microelectronics, Tietotie, Espoo, Finland

In silicon-on-insulator metal oxide semiconductor structures with a peak mobility of
25,000 cm?/Vs a strong drop of the resistivity towards low temperature has been ob-
served. This metallic effect can be fitted by a linear-in-T term, which can be inter-
preted with both, the ballistic interaction corrections and the temperature dependent
screening of impurity scattering. At low temperature and density in addition a strong
increase of the resistivity towards lower T was observed, which is attributed to the
contact regions of the sample.

Introduction

The metallic state (MS) in Si-metal oxide semiconductor (MOS) structures and other
two-dimensional (2D) electron structures was completely unexpected as the influence
of electron-electron interaction effects was probably strongly underestimated in the
past. In order to investigate the effects in a similar structure as Si-MOS, we performed
experimental work on the metallic state in high-mobility silicon-on-insulator (SOI) MOS
structures. By comparing the differences in the behavior of the two systems, one can
get information on the underlying physical mechanisms.

Experiment and Analysis

Recently, new SOI-MOS structures became available, which reach a maximum elec-
tron mobility of 25,000 cm?Vs at 0.3 K — a value comparable to many investigated
high-mobility Si-MOS structures in the literature.
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Fig. 1: Shubnikov-de Haas and Quantum Hall effect of high-mobility SOI-MOS struc-
ture at a temperature of 300 mK (inset shows etched Hall bar).
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Our SOI-MOS samples were fabricated on commercially available bonded SOI. After
the processing steps, the final SOI film thickness was just 40 nm with a gate oxide of
also 40 nm. The resistivity and Hall measurements on such samples were performed in
a *He-cryostat down to 0.3 K.

As can be seen in Fig. 2 (a), at high electron densities the typical resistivity drop in p(T)
towards low T is observed. However, at low densities p(T) shows a strong non-
monotonic behavior with a strong increase below 2 K towards lower T. The latter effect
can probably be described by contact resistivity effects, whereas the decreasing parts
towards lower T represent the interesting metallic behavior.

We further observed a non-monotonic behavior of p(n) in the ‘insulating’ part at low T,
which is shown in Fig. 2 (b). The observed fluctuations can be reproduced at 0.26 K by
sweeping the gate voltage V4 up and down. Only at an elevated T of e.g. 1.26 K, the
fluctuations become weak and finally disappear. Such fluctuations in p(n) might be due
to universal potential fluctuations (UFC), despite it is surprising that such fluctuations
exist over large distances of 800 um between the potential probes.

For the analysis of the metallic state, we concentrate on the p(T) dependence of that
part where the fluctuations are not important. This is for high electron densities or for
higher temperatures. In our analysis, the experimental data are compared with i) co-
herent interaction corrections in the ballistic regime and ii) temperature dependent
screening of impurity scattering.

[+ 260 mK, 5nA |
260 mK, 5nA | 4
----- 126K, 5 nA
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Fig. 2: (a) Longitudinal resistivity p(T) for SOl sample N1SB-E4-8. The electron den-
sity is in the range from 1.45 to 7.61x10"" cm™ from top to bottom traces.
(b) Resistivity p(n) at 260 mK from 1.5 to 4x10"" cm™ (small dot symbols) and
backward (full line) at 260 mK and at 1.26 K (dashed line).

The theory i) on ballistic interaction correction was recently introduced by Zala et al. [1]
and describes the electron-electron interaction corrections at intermediate temperature
where kgT > #/T. The corrections to the conductivity o are due to the charge channel
and due to the triplet channels with Fy° the characterizing Fermi liquid parameter. The
correction is in first order linear in T. The 2-fold valley degeneracy for 2D n-type Si en-
ters also into the analytic description.

According to recent works, there is some discrepancy whether Fy° in Si-MOS structures
is rather towards -0.6 or closer towards -0.25. This discrepancy seems to depend
largely on the detailed method of analysis. In the original work on the ballistic electron-
electron interaction [1], the correction is given in terms of Ac, whereas it was also ar-
gued that rather Ap should be fitted. In the analysis of experimental data, both ap-
proaches were used.
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In a linear approximation, the two corrections are related to each other as Ap = -py?Ac,
with pg = 1/6o. As long as Ac/cg << 1 the two approaches are equivalent, but as soon
as the deviation becomes large, there is a difference in fitting the data either with a
linear-in-T term in Ac or in Ap.

We have performed true multi-parameter least-square fits for both Ac and Ap in order
to determine Fo° and the conductivity co. The lower temperature boundary for the fit
was chosen so that only data with a monotonic increase in p(T) were taken into ac-
count, i.e. leaving out the region with the fluctuation as described above. As the upper
limit, ksT = Ef/4 was taken. The Fermi energy Er was calculated with mg* = 0.19 m,
and was thus not renormalized, whereas a renormalized mass of m* = (1 + 0.0585r; +
0.00522 rsz) x me* was used in order to calculate the momentum relaxation time t (rs =
1/(ag(p n)”) is the Wigner-Seitz or interaction parameter and ag the effective Bohr ra-
dius.) With these values, the conductivity corrections due to the charge channel and
the triplet channels could be calculated according to Zala et al. [1].

Figure 3 compares the fit for Ac and Ap, taking fully into account the two terms accord-
ing to Zala et al. [1]. We find that the fit in Ac gives a clearly better agreement with the
experimental data than the Ap fit. As the corrections in Ac (Ap) are not so small any
more, the prefactor of the corrections has to be different in order to fulfill the least-
square condition of the fitting procedure. Accordingly, the deduced Fo° values are dif-
ferent for the two different fits as shown in Fig. 4.
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Fig. 3: Fit of p(T) by Ac- (full line) and Ap- (dashed line) approximations as described
in the text.

For a comparison, we have also plotted the relation Fo® ~ -rg/[2(rs+V2)] (full line) accord-
ing to the description of Eq. 2.16c in Ref. [1]. As one can see, the theoretically ex-
pected value of F(° is closer to the Ap-fit than to the Ac-fit. But neither the observation
that the Ac-fit gives a better description of p(T) data nor the better consistency of Fy°
for the Ap-fit can give a clear criterion what type of fit should be performed. It would be
very helpful to have more rigorous theoretical arguments or to perform the theoretical
calculations to higher order in T.

It can be concluded that the ballistic interaction corrections are able to describe the
temperature dependence in r for SOI-MOS samples in the intermediate T-range. But
due to the uncertainty whether Ap or Ac should be fitted, there is also a relative large
uncertainty for a precise determination of the Fermi liquid parameter F,°.
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Fig. 4: The Fermi liquid parameter F,° as obtained from the Ac- (full line) and Ap-
(dashed line) fit. The theoretical estimate of Fy° (dotted line) is shown for com-
parison.

There is still the mechanism ii) of temperature dependent screening of impurity scatter-
ing under discussion. As this effect also leads to a linear-in-T term [2], the data can be
fitted similarly well as with the ballistic interaction corrections. The prefactor of the lin-
ear T term is not in direct agreement with the earlier calculation, but a local field correc-
tion G(2kr) which takes into account both, exchange and correlation effects seems to
be able to describe also the size of the slope [3].

Conclusion

Our experiments on silicon-on-insulator metal oxide semiconductor structures with a
peak mobility of 25,000 cm?Vs show a clear metallic effect, i.e. a strong drop of the
resistivity towards low temperature. This behavior can be described in principle with
both, ballistic interaction correction and temperature dependent screening of impurity
scattering as both theories give a leading linear-in-T term. A qualitative comparison of
the slope has still some uncertainties for both theories. Further measurements and
calculations should be performed in order to clarify the situation.
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In the following, a short overview over those activities of the Sensor Systems group
which received support from the GMe will be given. The Sensor System group uses
the facilities of the Center for Micro- and Nanostructures of the Vienna University of
Technology (formerly "Microstructure Center " — MISZ) but also operates its own
technology laboratories due to inherent incompatibilities of some processes and ma-
terials. The support received from the GMe allowed the purchase of a piece of
equipment (a spray coater), which has been installed on the premises of the Center
for Micro- and Nanostructures and consequently is also available to the other groups
working there.

Introduction

In 2003, a spray coater has been installed in the MISZ (EVG 101 Advanced Spray
Coater System, total costs € 50.000 of which € 20.000 was contributed by the GMe).
Together with wafer-to-wafer bonding equipment, a back side aligner, and micro-
machining equipment, it forms a processing line for integrated sensors and actuators.
Several different substrate materials can be applied in the coater, e.g. silicon, pyrex
glass or calcium fluoride wafers. The spray coater allows us to perform lithographic
processing of wafers which already contain mechanical structures such as channels,
cantilevers, or suspended membranes. These structures are the basis of integrated
sensors and actuators. Spin coating cannot be used in this case because the resist
would not form a uniform film over the irregular wafer surface.

After the installation, mid 2003, the equipment was tested together with EVG. Since the
summer of that year, several new devices have been designed and fabricated using
spray coating photolithography.

General

Spray processes are more complicated than spin-on processes. Many parameters like
wafer rotation, resist volume, spray arm speed distribution and nitrogen pressure have
to be evaluated to achieve homogenously distributed layers. The consumption of resist
is much lower than for spin coating (300 ul vs. 2 ml for 4 inch wafers).

Different spray coating processes were developed using the EVG 101 spray coater:

Deposition of positive resist "AZ 1512 HS"

For the fabrication of the particle shape sensor and the particle sorter device positive
resist has to be deposited on a topographic surface in order to pattern a metal layer on
top of a thick (60 yum) SU-8 layer which is exposed and softbaked. Due to the swelling
of the exposed areas the surface of the SU-8 shows height differences of 5 ym. Ho-
mogenous layers with a thickness of 1.5 ym could be deposited.

Yin 2003, "Institute of Industrial Electronics and Material Science", TU Wien
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Deposition of image reversal resist "Tl Spray"

In general, the viscosity of resists to be sprayed has to be lower than 20 cSt. The stan-
dard image reversal resist Tl 35 ES is not suitable for spray processes because of its
high viscosity. Dilution of this resist is not possible due to chemical problems.

"TI Spray" is an image reversal resist which can be deposited by spray coating. Addi-
tionally, it is possible to dilute the resist if necessary. A spray process for the deposition
of 4 ym thick layers was developed. This allows the patterning of metal layers up to a
thickness of 5 um by evaporation and lift-off.

The new processes have been applied in several projects:

e Micromixers containing stacked channels (in cooperation with the Institute of
Chemical Technologies and Analytics);

e Particle shape sensors containing optical detectors integrated in the channel (in
cooperation with the Dutch Technology Foundation and the Delft University of
Technology, NL);

e Particle sorters based on dielectrophoresis (in cooperation with the Delft University
of Technology, NL);

o Particle separators based on dielectrophoresis; and
o Electrowetting devices (EU project MicroPROTEIN).
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In this paper two integrated flow-cells are presented that can generate novel sheath
flows. The flow-cells allow for dynamic orthogonal control of the sample flow dimen-
sions. In addition to this, the sample flow can be freely positioned inside the channel.
The flow-cells are attractive, because they are very simple to fabricate and are com-
patible with the integration of sensors. Experiments have been carried out demon-
strating that the sample flow dimensions can be controlled over a wide range; also
the results show good agreement with finite element simulation results.

Introduction

The flow-cells presented here allow dynamic orthogonal control of the sample flow di-
mensions. Also the sample flow can be freely positioned inside the flow-channel so that
the sample flow touches or nearly touches one side of the channel; this assures a good
contact with any integrated sensor interface. Finally, another attractive feature of the
flow-cells presented here is that they are very simple to fabricate, consisting of a two
layer structure and requiring only two etch-steps to fabricate.

The flow-cells presented in this paper distinguish themselves from the flow-cells known
in the literature [1] — [9] by their versatility. Both layered sheath flows and coaxial
sheath flows can be realized within the same device. What is even more important, due
to a number of orthogonal control mechanisms both the dimensions and the position of
the sample flow can accurately be controlled. As a consequence the flow-cells can cre-
ate an optimal sample flow for each specific application. And because they can be fab-
ricated by adding a few post-processing steps to a standard IC-process, many known
sensors can be integrated into the device.

Some examples of applications are: an integrated Coulter counter [10], sensors for
particle shape analysis [11]and sensors for cell analysis and (bio)chemical analysis.

Flow-Cell 1: Control of Sample Flow Dimensions

Flow-cell 1 has been developed to allow dynamic control of the dimensions of the sam-
ple flow (see Fig. 1). In this flow-cell a non-coaxial sheath flow is formed by vertically
injecting a sample liquid into a channel through which sheath liquid is flowing. By hy-
drodynamic focusing a smooth flow of sample liquid is formed that still touches the bot-
tom of the channel. A focusing section brings the channel width down from 625 ym to a
width of 160 um. The application of such a focusing section allows the use of fairly
large inlets which are convenient in handling the liquid connections to the chip. The
less critical alignment of the inlets and the lower pressure drop over the wider sections
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are additional advantages. The non-coaxial type of sheath flow that is formed with this
flow-cell is suitable for sensors that require contact with the sample liquid such as im-
pedance sensors. The dimensions of the sample flow can dynamically be adapted by
two orthogonal control mechanisms.

Sheath Inlet
J{ N Harizontal i
I Control

= A | I HH'I [T

Fig. 1: Model of flow-cell 1, this flow-cell creates a non-coaxial sheath flow and allows
control of the sample flow dimensions; here the control ports are used to widen
the sample flow.

The vertical dimensions of the sample flow are controlled by the relative flow rate at
which the sample liquid is injected in relation to the flow rate of the sheath flow. At hig-
her relative flow rates of the sample liquid, it penetrates further into the sheath liquid
thereby increasing the sample flow height. Lowering the relative flow rate of the sample
liquid will result in a sample flow with less height.

The horizontal dimensions of the sample flow are controlled by two horizontal control
ports that are located on the sides of the flow-channel, downstream of the sample inlet
(see Fig. 1). By adding or removing sheath liquid through these control ports at an e-
qual rate the already present sheath flow is horizontally compressed or expanded
respectively which leads to a narrow or wider sample flow. Notice that the height of the
sample flow is not affected by this control mechanism.

Sheath Inlet
A Horizontal
Y ““«I;:\__\ Contral
& = Port
>
Sample ,::1'5”/7

e
Position ,/*
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— i el | ESII Tl T H

Fig. 2: Model of flow-cell 2, the additional vertical position inlet of this flow-cell also
allows positioning of the sample flow in the channel; here the control ports are
used to position the sample flow vertically in the centre of the channel with a
horizontal shift.
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Flow-Cell 2: Additional Control of Sample Flow Position

Flow-cell 2 looks quite similar to flow-cell 1, but there is one main difference. Flow-cell
2 has an additional inlet, located in between the focusing section and the sample inlet
(see Fig. 2). This additional inlet gives flow-cell 2 the added functionality to freely posi-
tion the sample flow anywhere inside the flow channel. Two control mechanisms are
required to achieve this.

The vertical position of the sample flow is controlled by the additional vertical control
inlet. When sheath liquid is added through this inlet the entire sheath flow in the chan-
nel is lifted up from the channel bottom. As a result a coaxial sheath flow is formed that
no longer has any contact with the channel bottom. The more liquid is added through
this inlet the higher the sample flow is positioned. This vertical position control inlet has
a narrow shape (625 ym x 350 ym) to create a flow profile through this inlet that is as
uniform as possible. This means that the shape of the sample flow is hardly influenced
by the vertical position control, except for some vertical compression.

The same horizontal control ports that are used to control the width of the sample flow
can also be used to control its position. In this type of operation the direction of flow
through both inlets is now opposite. By adding sheath liquid through one of the control
ports and removing it from the other inlet at the same flow rate the sample flow is shif-
ted in the horizontal plane. Apart from the additional inlet the configuration of the inlets
of flow-cell 2 is similar to that of flow-cell 1, therefore the sample dimension control
mechanisms described for that flow-cell work for flow-cell 2 as well. The coaxial flow
that can be achieved with this flow-cell is very suitable for sensors that do not require
any contact with the sample liquid and especially those sensors in which the interface
might get polluted such as optical sensors.

Fabrication of the Flow-Cells

Both types of flow-cells can be fabricated using the same, relatively simple process. In
a glass wafer by isotropic etching the channel is defined with a depth of 100 ym and a
minimum width of 160 um. In a silicon wafer by isotropic etching through-holes are de-
fined that form the liquid inlets of the device. The glass wafer and the silicon wafer are
then anodically bonded together to form the complete devices. A photograph of a flow-
cell chip is depicted in Fig. 3.

Fig. 3: The flow-cell chip with dimensions of 2 cm by 1.5 cm (the electrical contacts
are not used in the experiments).
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There are a number of reasons to make the devices like this. Firstly, the dimensions of
the sample inlet need to be accurate and etching of silicon can be easier controlled
than glass etching. Secondly, with the liquid inlets in the silicon part the glass side of
the device is still available for optical inspection during operation. Finally, since the
channel was etched in the glass wafer the surface of the silicon wafer is still smooth
and suitable for future integration of sensors to form a complete integrated analysis
system.

Experimental Verification

Sample Diffusion

First a reference experiment was carried out to determine the influence of diffusion and
to see how well it can be modeled. In this experiment the ratios of the flow rate of the
sample liquid, the flow rate through the control ports and the flow rate of the sheath-
liquid were kept constant at 1:5:10. During the experiment the total flow rate was varied
from 1 to 50 pl min™". The intensity of the dye was measured in the wider section fol-
lowing the narrow section (see Fig. 4), since in this location the visible area is not
blocked so much by the rounded corners of the isotropic etching of the channel.

r

TIHIT

Fig. 4: lllustrative results from the diffusion experiment.

There is a very good agreement between experimental and simulation results. This
means that the finite element model represents the real flow-cell very well and that this
model can be used for the further experiments. The influence of diffusion is realistically
taken into account in the experiments, and for a flow rate higher than 10 pl min™ the
influence of diffusion is small, so measurements can be carried out at this flow rate.

Vertical Control of Sample Flow Dimensions

In the first control experiment the vertical dimensions of the sample flow were con-
trolled. Since for this measurement the width control of the sample was not necessary,
a device without horizontal control ports was used similar to flow-cell 1. During the ex-
periment the flow rate of the sheath liquid was kept constant at 10 pl min~" and six dif-
ferent flow rates for the sample liquid were applied in a range from 0.05 to 2 pl min™,
which correspond to relative sample flow rates of 0.5% to 20% of the sheath flow rate.
Again the intensity of the dye was measured in the wide section of the channel, down-
stream of the narrow section. Some illustrative results are depicted in Fig. 5.
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Fig. 5: lllustrative results from the sample height control experiment.

In Fig. 5 it can be seen that the width of the sample is constant for relative flow rates of
the sample flow up to 10%; at the highest flow rate the sample flow becomes slightly
wider. The results show that the height of the sample can be controlled over a wide
range. For the relative flow rates used in the experiment the height of the sample flow
can be controlled from 3 to 60 ym in a channel with a depth of 100 pm.

Horizontal Control of Sample Flow Dimensions

In the second control experiment the horizontal dimensions of the sample flow were
controlled. During this experiment the sheath liquid and sample liquid flow rates were
kept constant at 10 ul min~"and 1 pl min™" respectively. The flow rate through each con-
trol port was varied from —3 to +25 pl min™". The dye was measured at the same loca-
tion as in the previous experiments; here it was even more important to have a visible
area that is maximally wide. Some illustrative results are depicted in Fig. 6.

Fig. 6: lllustrative results from the sample width control experiment.
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Sample flow splitting and switching

The flow-cell used in the experiment turned out to be a very flexible device. Besides the
horizontal and vertical control of the sample also other useful functions can be realized.
The first example is sample splitting. For this application only one control port is used.
Through this inlet 50% of the total flow of liquid is removed. This results in an equal
splitting of the sample (see Fig. 7). By removing more or less liquid through the control
port an unequal splitting of the sample is also possible of course.

Fig. 7: The flow-cell applied for sample splitting (left) and flow-switching (right).

A second example of the flexibility of the flow-cell is sample switching. Here again only
one control port needs to be active. This time the liquid is removed through the control
port at a flow rate that equals the flow rate of the total flow of liquid. As a result the
complete sheath flow including the sample liquid is switched (see Fig. 7). When a coax-
ial sheath flow is used such as can be generated with flow-cell 2 this is even possible
without the sample liquid touching any wall of the channel.

Conclusions

Two new flow-cells have been developed that are very versatile. The flow-cells can
generate both non-coaxial and coaxial sheath flows. Using an orthogonal control me-
chanism the flow-cells allow dynamic control of the sample flow dimensions. With one
additional vertical position inlet the sample flow can also be freely positioned inside the
channel. The processing of the flow-cells is very simple, and can be easily combined
with the integration of sensors to form a complete integrated analysis system.

Experiments were carried out with one of the flow-cells and compared with finite ele-
ment simulations performed with the Netflow-module of the finite element package
Coventorware. Detailed models of up to 100 000 elements with a well designed grid
were required to obtain a high-enough accuracy. Besides the geometry of the model
and the flow rates also the diffusion constant of the dye was included in the simula-
tions. A comparison of experimental results and simulation results shows that the com-
plicated flow behavior of the device can be modeled very accurately. Also the influence
of diffusion is realistically taken into account. The results on the horizontal and vertical
control of the sample flow dimensions show that both mechanisms work well and that
they can be predicted from simulation results. The control ports make the flow-cells
very versatile so that they can also be used for other applications such as sample split-
ting and flow switching.
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Introduction

In this paper a study is presented on the behavior of particles in a sheath flow. In gen-
eral a sheath flow in a micro-channel has many benefits [1], such as fewer problems
with air-bubbles, a low detection limit and less critical fabrication tolerances. A series of
experiments was designed to investigate whether it is feasible to have these benefits of
a sheath flow also in micro-systems for the analysis of particles.

The studied sheath flow is to be applied in an integrated Coulter counter [2] with a lig-
uid based aperture defined by a non-coaxial sheath flow [3]. The sheath flow consists
of a non-conductive liquid that partially surrounds a flow of conductive liquid, which
defines the Coulter aperture. The main advantage of this device is that the Coulter ap-
erture can be optimized dynamically to the particle size.

Sheath Liquid Sheath Liquid
Sample
Liquid Electrode
Sample
Electrode Liquid

Fig. 1: In the traditional coaxial sheath flow, the sheath liquid completely surrounds
the sample liquid (left); in the non-coaxial sheath-flow studied here the sample
liquid still touches the channel wall.

Sheath Flow

A sheath flow can be defined as a combined flow profile in a channel that consists of
two non-interacting liquids. One of these liquids is the sample liquid that is to be ana-
lyzed and the second liquid, the sheath liquid, has the function to control the position
and to fix the dimensions of the flow of sample liquid. Micro-systems are very suitable
to be used with a sheath flow because due to the small channel dimensions the Rey-
nolds number is low and as a consequence the flow behavior is typically laminar.

The most common sheath flow is the coaxial sheath flow, where the sheath liquid com-
pletely surrounds the sample liquid in the channel cross-section (see Fig. 1 left). This
particular flow-profile is most often combined with optical analysis systems. However,
in our application an electrical contact with the sample liquid is required and therefore a
non-coaxial flow profile will be used (see Fig. 1 right). In this flow profile the sample
liquid still touches the channel wall which allows measuring the impedance of a certain
section of the sample flow.
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Fig. 2: The non-coaxial sheath flow is formed by injecting the sample liquid perpen-
dicularly into a channel through which sheath-liquid is flowing.

The non-coaxial flow profile is obtained with a micro-machined flow-cell that is depicted
in Fig. 2. The sheath-liquid flows through a micro-channel, and at a certain point, per-
pendicular to the direction of flow, the sample liquid is injected into the sheath liquid.
Due to hydrodynamic focusing a narrow stream of sample liquid is formed that is par-
tially surrounded by the sheath liquid. A focusing section down-stream of the sample
inlet reduces the lateral dimensions of the sheath-flow to the right order of size. The
two control inlets finally allow adapting the sample flow dimensions to the size of the
particles to be analyzed [3].
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Fig. 3: In the coaxial sheath-flow the parabolic flow profile does not cause any net
forces in the vertical plane (top); in the non-coaxial sheath flow the particle ex-
periences a velocity gradient, which results in a hydrodynamic lift force (bot-
tom).
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Particle-Liquid Interaction in a Parabolic Flow Profile

The electrical particle size measurements with the Coulter counter are possible only
when the particles remain in the core of conductive sample liquid, but this is not trivial.
Since the integrated Coulter counter will use a pressure-driven flow to move the liquids
through the device the velocity profile in the channel will be parabolic. In the case of the
axis-symmetric flow-profile of the classical coaxial-sheath flow the particle will still un-
dergo a symmetrical velocity gradient that does not give rise to any net force pushing
the particles out of the centre of the flow.

However, for the non-coaxial sheath flow analyzed here the situation is quite different.
The particles are located in the sample liquid at the bottom of the channel and will
therefore experience a non-symmetrical velocity gradient (see Fig. 3) that will result in
hydrodynamic lift forces that tend to push the particle in the direction of the highest flow
velocity. The dominant effect is the Bernoulli effect: the pressure in a fluid decreases as
the speed of the fluid increases. Since the speed over the particle is higher than the
speed underneath the particle, the particle will experience an upward force.

Experiments

Due to the planar nature of the device (see Fig. 4) it is only possible to study the parti-
cle behavior from the top view, so only its behavior in the horizontal plane can be ob-
served. To overcome this problem a series of controlled experiments was designed
that not only allows to draw conclusions about particle behavior in the horizontal plane,
but also permits conclusions about their behavior in the vertical plane from observa-
tions in the horizontal plane.

Fig. 4: Photograph of the sheath flow chip.

In the first experiment the flow-cell is used under normal operation conditions. The
sample liquid is focused in the aforementioned non-coaxial sheath flow in the middle of
the channel in the horizontal plane (see Fig. 5 (a)). It can be seen the particles do not
leave the sample liquid, which was to be expected, since the particles do not experi-
ence a gradient in the velocity in the horizontal plane. From this experiment it can also
be seen that a stable and smooth sheath flow is formed.

In the second experiment the control inlets that are normally used to control the width
of the sample flow are now used to focus the sample liquid to one side of the device.
The particles experience a steep velocity gradient in the horizontal plane and as a con-
sequence they are exposed to a hydrodynamic force towards the middle of the chan-
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nel. But from Fig. 5 (b) it becomes clear that in the horizontal plane the particles remain
within the sample flow. From these results it can be concluded that under normal op-
eration the particles (with a density equal to or higher than the density of the liquid) will
not leave the sheath flow in the vertical plane, since the conditions are comparable in
the vertical plane, and additionally the particles will also be pulled down by gravitation.

-t

¥
(c)

Fig. 5: Photographic results of the experiments; the sample liquid is successively fo-
cused in the center (a), to one side (b) and forced to make a steep turn (c).

From the previous two experiments it can be concluded that once the particles are lo-
cated in the sample flow they will not leave it. To investigate whether the particles will
stay in the sample flow just after the injection into the flow channel a third experiment
was carried out. Now the sample flow with the particles is focused to one side and
forced to make a steep turn. This experiment mimics the situation at the sample inlet,
where the particles enter the flow channel from the bottom and are forced to make a
steep 90 degree turn. If the particles would not be able to make such a steep turn at
the sample inlet, they might end up in the sheath liquid as a consequence of centrifugal
forces. This situation has been transformed into the horizontal plane with this experi-
ment. In Fig. 5 (c) it can be seen that again the particles do not leave the sample liquid.
This means that apparently the centrifugal forces are not dominant.

Conclusions

From the experiments it can be concluded that laminar flow conditions are present in
the flow channel and that a stable sheath flow is formed. Once particles are in the
sample liquid of the sheath flow they will remain there despite hydrodynamic lift forces
that push the particle in the direction of the highest liquid velocity. Steep corners will
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also not cause the particles to leave the sample liquid despite centrifugal forces. So, in
summary, the particle behavior in the sheath flow studied here is such that the particles
will always remain in the sample liquid which makes the sheath flow suitable for appli-
cation in an integrated Coulter counter or other particle analysis instruments.
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Introduction

In this paper we present an integrated projection cytometer (see Fig. 1) and the first
measurements results obtained. The device has a near-field optical sensor [1] capable
of counting, sizing and measuring the shape of particles. Furthermore, it has a flow-cell
that creates a non-coaxial sheath flow [2] that focuses the particles close over the sen-
sor surface, thereby minimizing diffraction of the light.

Fig. 1: The integrated projection cytometer chip (1.5 x 2 cm?)

Operation Principle

On the bottom of the flow-channel elongated photodiodes (see Fig. 2) are defined:
length 50 pm, width 1 ym. The photodiodes are illuminated from the top by a parallel
beam of light, and when a particle passes it partially blocks the light, resulting in a drop
in photocurrent proportional to the width of the particle. From the obtained cast shadow
particle size and shape properties can be extracted.

Device Fabrication

The device consists of a two-layer glass-silicon sandwich. The silicon wafer contains
the photodiode sensors, which were made in a bipolar process. As a post-processing
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step through-holes were etched to form the liquid inlets. In the glass wafer the channel
was defined by wet-etching. Finally the wafers were bonded together using anodic
bonding at 400 °C and 1 kV.

w10 pm

Fig. 2: The photodiodes (pink/blue squares) register the cast shadow of a passing
particle

Photodiode
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Fig. 3: A simplified equivalent circuit for the photodiode with photovoltaic readout

Measurements

The photodiodes were illuminated using a microscope light source; with an optical fiber
the light was directed perpendicular to the device surface. The photodiodes were con-
nected in photovoltaic mode (see Fig. 3) to minimize noise and dark currents using a
10 MQ load resistor (R.). In the first experiment the light intensity was increased in
steps to verify reliable operation over a wide range of light intensities and to check the
photodiode matching (see Fig. 4 (a)); the output voltage clips at 0.55V, here the PN-
junction comes into forward bias. Next a suspension of spherical polystyrene particles
(diameter 25 ym) was pumped through the device. The results (see Fig. 4 (b)) show
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that the particles can be clearly detected when they pass the sensor and the shape of
the signals seems quite consistent. The difference in drop of photocurrent for both pho-
todiodes of the sensor indicates that particles do not pass over the middle of the sensor
(off-set about 6 ym). This is probably due to some small geometrical asymmetry.
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Fig. 4: (a) Sensor outputs (pink, blue) for different intensities of the light-source;
(b) Measured sensor outputs (pink, blue) for two passing particles.

Discussion

The drop in photocurrent is slightly less than expected and also the height of the peaks
between different particles shows some variation. This is most likely due to the non-
ideal optical configuration. The rounded shape of the channel, caused by the wet etch-
ing, might cause refraction of the light rays (see Fig. 5). As a consequence, the incom-
ing light-rays are no longer parallel and can create internal reflections which distort the
projection. These effects can be reduced by carefully matching the refractive index of
the liquid to that of the glass or by using a square channel, made with SU8.
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Fig. 5: A cross-sectional view of the optical setup showing possible refraction of the
light
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Conclusions

First measurement results were obtained with a fully integrated projection cytometer.
Particles can clearly be detected, and the pulse shape is repeatable. A slight geometri-
cal mismatch probably causes the particles not to move exactly over the middle of the
sensor.
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Time-resolved FTIR-spectroscopy is a powerful method for the investigation of
chemical reactions, especially in the field of biochemistry. It allows obtaining struc-
tural information of molecular dynamics. This method requires fast mixing of at least
two reactants as well as a very short optical pathlenght because of the strong IR-
absorption of water and organic solvents. To meet these requirements a micro-
machined mixing device was developed which combines fast diffusion based mixing
and an optical pathlenght of less than 20 ym. The devices are batch fabricated on 4”
CaF; wafers.

Introduction

Time-resolved Fourier transform infrared spectroscopy is an efficient technique to study
chemical reactions and obtain structural information of molecular dynamics [1], [2]. This
method requires fast mixing of the reactants. Additionally, the event under study must
be precisely repeatable to provide a good signal/noise ratio. Water and organic sol-
vents show a very high absorption in the mid-IR range, therefore the optical pathlenght
of the device has to be very short, typically less than 20 um. The principle of the mixing
device is shown in Fig. 1.

IR-Beamn

Inlet 1 . l

Inlet 2

Separation 10 prr

Membrane Mixing
Chamber

Fig. 1: Schematic drawing of the micromixer (drawing not to scale).

The Society for Microelectronics — Annual Report 2003 243



244 P.Svasek et al.

The mixer is operated in the “stopped flow” mode. Two liquids are injected by means of
a double piston syringe pump into inlet 1 and inlet 2. These two streams are separated
by a metal separation membrane until they enter the mixing chamber. Inside this
chamber the liquids form two thin sheets which are superimposed. While the flow is on
there is hardly any mixing due to laminar flow conditions in microfluidic devices. As
soon as the flow is stopped, which is done by means of a dedicated fluidic setup [2],
the liquids are mixed by diffusion. Diffusion is a rather slow process; therefore the dis-
tances have to be kept as short as possible. Fluid dynamic simulations performed with
FLUENT V5.5 showed as a result a mixing time of 100 ms for water based solutions.
The height of the mixing chamber was 20 ym [1]. The mixing chamber of the latest de-
vice is 10 um high, therefore one can assume a mixing time of ~25 ms.

Preparation of the Mixing Device

The devices are fabricated using micromachining methods like photolithography and
waferbonding. As a substrate material we use CaF, because of its superior optical
properties. The fluid channels are formed by two layers of the negative-working epoxy
based photoresist SU-8. During the last years this material has been widely used be-
cause of its very good mechanical and chemical properties.

The devices are built up as follows: A 4 um thick layer of SU-8 is deposited by spin-
coating, softbaked, exposed, post-exposure-baked, but not developed. On top of this
layer a 2 um thick layer of Ag is deposited by evaporation. This metal layer is then cov-
ered by positive photoresist AZ 1512 HS. The photoresist is patterned as usual and the
Ag layer is etched to obtain the structure of the “separation membrane” (see Fig. 1). As
an etchant a 45 % (WT) solution of Fe(NO3); in water is used. This solution does not
attack the SU-8. Finally the SU-8 is developed with PGMEA. To dissolve unexposed
SU-8 under the metal structure takes quite some time (approx. 2 hours for channels of
1 mm length). Wafer #1 (the “bottom” wafer) now carries the structures of Inlet 2 and
the separation membrane.

On wafer #2 (the “top” wafer) the structure of inlet 1 is fabricated as usual from a 4 ym
thick layer of SU-8. This wafer contains the holes for two inlets and one outlet per
mixer. These holes are conventionally drilled by means of a high speed spindle at-
tached to a computer-controlled mill. So far the SU-8 on both wafers is not hardbaked
and therefore the polymer is not completely crosslinked. Both wafers are superimposed
face to face, and aligned. Hardbaking is done in an EVG 501 wafer bonder. A force of
1700 N is applied and the wafers are heated to 200 °C for 1 hour. Because of this high
temperature the polymer is completely crosslinked and a bond is established between
SU-8 and the opposite Ag-structure (see Fig. 2).

SuU-8

Bottom /structure
wafer . i L~ SU-8 structure to
~ Mixing chamber keep the Ag-membran:
Separation in place
membrane 1 mm

Fig. 2: SEM micrograph of the mixing device. The top wafer is partially cut away to
show the SU-8-structures and the separation membrane.
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The stream of liquid from inlet 1 flows between the top wafer and the separation mem-
brane, the stream from inlet 2 flows between the separation membrane and the bottom
wafer. At the edge of the membrane the streams meet and enter the mixing chamber

(see Fig. 2).

Mixing chamber
& Outlet Port -

Inlét 2

Fig. 3: Micrograph of the mixing device after dicing. The dimension of the device is
6 x 12 x 2 mm°.

Results Obtained from Model Reactions

If reactants are used which react very fast, the reaction is limited by diffusion only.
Consequently in this case the experiment is actually a test of the mixer performance
(see Fig. 4). It can be observed clearly that the mixing time meets the result of the CFD
simulation. Some premixing (i.e. formation of reaction product) can be observed while
the flow is on. Premixing cannot be neglected in case of very fast reactions [1]. In case
of a slow reaction no formation of the reaction product can be observed, as shown in
Fig. 5. This reaction is completed after a few hundred milliseconds.
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Fig. 4: Stack plot of FTIR spectra obtained from the reaction of CH;COOH and NaOH.
Time delay between subsequent spectra is 65 ms.
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Fig. 5: Spectra obtained from the reaction of methyl monochloroacetate and sodium
hydroxyde. Time delay between subsequent spectra is 65 ms.

Conclusion

The micromachined mixing device presented in this paper offers the opportunity to in-
vestigate the dynamics of chemical reactions, especially in the field of biochemistry [3].
The results of the CFD simulations were confirmed by experiments. To realize this de-
vice a special technique was developed that combines two layers of SU-8 photoresist
and one layer of metal. This technique is useful for the fabrication of other microfluidic
devices as well. The devices are produced in a batch process using 4-inch wafers of
Calcium Fluoride, a material that shows very good optical properties.
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