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Gain Spectroscopy of HVPE-Grown GaN
L. Eckey12,J.-Chr. Hoist12, A. Hoffmann12,1. Broser12, T. Detchprohm3, and
K. Hiramatsu3

1lnstitut fuer Festkoeperphysik
2Technische Universitaet Berlin
3Nagoya University

We report on photoluminescence and optical gain measurements of
highly excited GaN crystals grown by hydride vapor phase epitaxy (HVPE).
Inelastic scattering processes of excitons dominate the spontaneous emis-
sion spectrum under high excitation up to temperatures of 180 K. Towards
room temperature phonon-assisted recombination of excitons and free
carriers begins to dominate the spectrum. Similar characteristics are
observed in temperature-dependent gain measurements.
Order No. NS002-001 © 1997 MRS

http://nsr.mij.mrs.org/2/2/
Interfacial Reactions and Electrical Properties of Ti/n-GaN Contacts
Holger Cordes and Y.A. Chang
University of Wisconsin-Madison

The phase equilibria in the ternary Ti-Ga-N have been investigated.
Interfacial reactions in Ti/GaN contacts have been studied by diffusion
couple experiments. The ternary phase Ti2GaN was confirmed by x-ray dif-
fraction in bulk samples as well as in massive Ti/GaN diffusion couples and
annealed Ti thin films on GaN. The diffusion path in samples, annealed at
850°C in Ar gas, is GaN/TiN/ri2GaN/Ti3Ga/Ti. A planar TIN layer forms in
direct contact to GaN and governs the electrical properties of annealed
Ti/GaN contacts. Thin film contacts were fabricated by sputtering Ti on
MOVPE grown n-GaN (5x1017cm3) and subsequent rapid thermal anneal-
ing in an Argon atmosphere. Initially non-linear current-voltage character-
istics become ohmic after annealing and a specific contact resistance of
approximately 102 Wcm2, measured with the circular transmission line
method, was found after annealing at 9000°C for 1 min.
Order No. NS002-002 © 1997 MRS

http://nsr.mij.mrs.org/2/3/
Temperature-Composition Dependence of the Bandgap and Possible
Noncomplanar Structures in GaN-AIN, GaN-InN and InN-AIN Mixed
Crystals
E.V. Kalashnikov1 and V.I. Nikolaev2

'Institute of Mechanical Engineering, RAN
2loffe Physical-Technical Institute

The virtual crystal approximation has been used to determine the tem-
perature-composition dependence of the GaN-AIN, GaN-InN, and InN-
AIN bandgap energies. Also, the thermodynamic instability states in the
mixed crystals were studied. The expression for the bandgap of mixed A-
B crystals has been derived: E^s = (1 -x)Ef + xE* - bSa, where Fg

A and Fg
B

are the direct gaps for compounds A and B, respectively, and xis the alloy
concentration. The term SM ~ TjfjPG/dtf) where 6 is the thermodynam-
ic potential of the mixed crystal, b is a bowing parameter, and To has the
meaning of a growth temperature.
Order No. NS002-003 © 1997 MRS

http://nsr.mij.mrs.org/2/4/
Improved Optical Activation of Ion-Implanted Zn Acceptors in GaN by
Annealing Under N2 Overpressure
A. Pelzmann1, S. Strite2, A. Dommann3, C. Kirchner1, Markus Kamp1 , K.J.
Ebeling1,andA. Nazzal4
1Universitat Ulm
2Zurich Research Laboratory
3Neu-Technikum Buchs
4IBM Almaden Research Center

We investigated the properties of ion-implanted GaN:Zn annealed under
various conditions using photoluminescence (PL) and high resolution x-ray
diffraction (HRXRD). Epitaxial GaN/sapphire of high optical quality was ion-
implanted with a 1013 cm-2 dose of In* ions at 200 keV. The sample was
capped with 200 A of SiN, and then diced into numerous pieces which were
annealed under varied conditions in an attempt to optically activate the Zn.
Annealing was performed in a tube furnace under flowing N2, an atmos-
pheric pressure MOCVD reactor under flowing NH3 or N2, and under an N2

overpressure of 190 atm. The observed improvement in the optical quality
of GaN:Zn annealed under N2 overpressure yields further insights into the
trade-off between defect annealing and N loss from the GaN crystal.
Order No. NS002-004 © 1997 MRS

http://nsr.mij.mrs.Org/2/5/
Characteristics of Room Temperature-CW Operated InGaN Multi-
Quantum-Well-Structure Laser Diodes
Shuji Nakamura
Nichia Chemical Industries

The continuous-wave (CW) operation of InGaN multi-quantum-well-
structure laser diodes (LDs) was demonstrated at room temperature (RT)
with a lifetime of 35 hours. The threshold current and the voltage of the
LDs were 80 mA and 5.5 V, respectively. The threshold current density
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was 3.6 kA/cm2. When the temperature of the LDs was varied, large mode
hopping of the emission wavelength was observed. The carrier lifetime and
the threshold carrier density were estimated to be 2-10 ns and 1-2x10 2 0 /
cm3, respectively. From the measurements of gain spectra and an external
differential quantum efficiency dependence on the cavity length, the dif-
ferential gain coefficient, the transparent carrier density, threshold gain and
internal loss were estimated to be 5.8 x 1017 cm2,9.3 x 1019cm3,5200 cm
1 and 43 cm1, respectively.
Order No. NS002-005 © 1997 MRS

http://nsr.mij.mrs.org/2/6/
The Composition Pulling Effect in MOVPE Grown InGaN on GaN and
AlGaN and Its TEM Characterization
K. Hiramatsu1, Y. Kawaguchi2, M. Shimizu2, N. Sawaki2, T. Zheleva3, Robert
F. Davis3, H. Tsuda4, W. Taki4, N. Kuwano4, and K. Oki4
1Mie University
2Nagoya University
3North Carolina State University
"Kyushu University

InGaN films have been grown on GaN and AlGaN epitaxial layers by
metalorganic vapor phase epitaxy. The "composition pulling effect" during
the initial InGaN growth stages has been studied as a function of the lattice
mismatch between the InGaN and the underlying epitaxial layer. The crys-
talline quality of the InGaN is good near the InGaN/GaN interface and the
composition is close to that of GaN. However, with increasing InGaN film
thickness, the crystal quality deteriorates and the indium mole fraction
increases. The composition pulling effect becomes stronger with increas-
ing lattice mismatch. It is suggested that indium atoms are excluded from
the InGaN lattice during the early growth stages to reduce the deformation
energy from the lattice mismatch. TEM observations of the InGaN/GaN
structure reveal that the degradation of the crystalline quality of InGaN
films grown on GaN is caused by pit formation which arises from edge dis-
locations propagating through the InGaN film from the underlying GaN.
Order No. NS002-006 © 1997 MRS

http://nsr.mij.mrs.Org/2/7/
Nonuniform Morphology and Luminescence Properties of a Molecular
Beam Epitaxy GaN Film from Atomic Force Microscopy, Scanning
Electron Microscopy and Cathodoluminescence
L.-L Chao1, G.S. Cargill IIP, C. Kothandaraman1, D. Cyr, G. Flynn1, E.S.
Hellman2, D. Wiesmann2, D.N.E. Buchanan2, and I. Brener2

1 Columbia University
2Bell Laboratories, Lucent Technologies

Complex faceted features of micrometer sizes and with intense lumines-
cence rise 200-300 nm above the surface of a GaN thin film grown by mol-
ecular beam epitaxy on (0001) sapphire. Cathodoluminescence measure-
ments at room temperature and at 8 K were used to investigate the lumines-
cence properties of these microfeatures in comparison with those of the
background GaN material. The morphology of the micro-features was stud-
ied by scanning electron microscopy and by atomic force microscopy.
Order No. NS002-007 © 1997 MRS

http://nsr.mij.mrs.Org/2/8/
Surface Morphology and Structure of GaN^As^
J.V. Thordson, 0 . Zsebok, U. Sodervall, and T.G. Andersson
University of Goteborg and Chalmers University of Technology

GaN^.j-layers were grown by solid source molecular beam epitaxy
using N2 and excitation by RF-plasma source. The average nitrogen con-
centration, x, determined by secondary ion mass spectrometry, ranges
from isovalent nitrogen doping in GaAs up to GaN. X-ray diffraction
revealed two peaks, close to the ones for GaAs(002) and the GaN(002)
diffraction, respectively. The position of both peaks moved slightly as a
function of nitrogen content. Scanning electron microscopy indicated a
rough surface structure with improved smoothing for low and high nitro-
gen compositions. The rough surface is partly due to crystallite formation
when mixing arsenic and nitrogen as a result of phase separation between
the GaAs and GaN. In ternary films with very high nitrogen composition
there were structural features with a different contrast. These were crystal-

lites that arose at the interface and grew up to the surface.
Order No. NS002-008 ) 1997 MRS

http://nsr.mij.mrs.Org/2/9/
High Quality AI-Ga-ln-N Heterostructures Fabricated by MOVPE Growth
in Multiwafer Reactors
D. Schmitz, R. Beccard, O. Schoen, R. Niebuhr, B. Wachtendorf, and
Holgerjuergensen
AIXTRON GmbH

We present results on the growth of AI-Ga-ln-N films in multiwafer reac-
tors with 7 x 2 in. wafer capacity. The design of these reactors allows the
combination of high efficiency (TMGa efficiency for GaN around 30%) and
excellent uniformity. Results on the growth of all materials from the Al-Ga-
In-Nitride family are presented in detail. GaN is grown with an excellent
optical quality and very good thickness uniformity below 2% across 2 in.
wafers. The material quality is shown by electron mobility of more than 500
cm2/\fc at an intentional Si-doping of approximately 1 x 1017 cm3.
Controlled acceptor doping with Mg yields carrier concentrations between
5 x 1016 and 1018 cm3. The layer thickness uniformity of the films are bet-
ter than 2% over a 2 in. wafer area. GalnN is grown with PL emission wave-
lengths in the visible blue region showing a uniformity better than 1.5 nm
standard deviation. The film thickness uniformity represents the same fig-
ures as obtained for the binary. The compositional uniformity of AlGaN is
in the sub 1 % range corresponding to a wavelength variation below 1 nm.

The fabrication of heterostructures from these binary and ternary materials
is described as well as results from the characterization of these structures.
The results show that reliable and efficient production of AI-Ga-ln-Nitride-
based optoelectronic devices can be performed in multiwafer reactors.
Order No. NS002-009 © 1997 MRS

http://nsr.mij.mrs.org/2/10/
Photoluminescence Excitation Spectroscopy of GaN Thin Layers as a
Function of Temperature
C. Guenaud1, E. Deleporte1, M. Voos1, C. Delalande1, B. Beaumont2, M.
Leroux2, Pierre Gibart2, andJ.P. Faurie2

1Ecole Normale Superieure
2CRHEA-CNRS

We report on photoluminescence and photoluminescence excitation
experiments performed on hexagonal GaN layers grown on a sapphire
substrate. Information about extrinsic and intrinsic optical properties have
been obtained. We show that, at low temperature, the fundamental A exci-
tons are preferentially involved in the relaxation towards the neutral donor
bound exciton photoluminescence line, while electron-hole pairs rather
participate in the relaxation towards Do-A° emission and the yellow band.
The relaxation from the A exciton towards the yellow band and D°-A° emis-
sion is made easier by temperature. The band structure of the GaN layers
has been determined from temperature dependent photoluminescence
excitation spectroscopy: A and C excitons and A continuum bandgap have
been identified up to 210 K.
Order No. NS002-010 ©1997 MRS

http://nsr.mij.mrs.org/2/11 /
Avalanche Breakdown Luminescence of InGaN/AIGaN/GaN Hetero-
structures
F. Manyakhin1, A. Kovalev1, V.E. Kudryashov2, A.N. Turkin2, and A.E.
Yunovich2

1 Moscow Institute of Steel and Alloys
2Moscow State Lomonosov University

Luminescence spectra of InGaN/AIGaN/GaN p-n-heterostructures
were studied at reverse bias sufficient for impact ionization. There is a high
electric field in the active InGaN-layer, and the tunnel component of the
current dominates at the low reverse bias. Avalanche breakdown begins at
| VJhl > 8 + 1 0 V, i.e. =3 E^e. Radiation spectra have a short wavelength
edge 3.40 eV, and maxima in the range 2.60 + 2.80 eV corresponding to
the injection spectra. Mechanisms of the hot plasma recombination in
p-n-heterojunctions are discussed.
Order No. NS002-011 © 1997 MRS
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Characterization and Modeling of Photoconductive GaN Ultraviolet
Detectors
E. Monroy1, JA Garrido1, E. Mufioz1, I. Izpura1, EJ. Sanchez1, M A
Sanchez-Garcfa1, E. Calleja1, B. Beaumont2, and Pierre Gibart2
1Ciudad Universitaria
2CRHEA-CNRS

In this work high gain GaN photoconductive uv detectors have been
fabricated and characterized, and a novel gain mechanism, dominant in
these detectors, is described. DC responsivities higher than 103 A/W have
been measured for an incident power of I W/m2 at room temperature. The
photoconductive gain depends directly on the bias voltage and scales with
incident power as Pk (k~ 0.9) for more than five decades. A decrease of
both gain and k parameter with temperature has also been observed. As a
consequence of the slow non-exponential transient response, AC gain
measurements result in lower values for gain and k parameter, which are
frequency dependent. The high responsivity, non-linear behavior and slow
non-exponential transient response, are all modeled taking into account a
modulation mechanism of the layer conductive volume. Such spatial mod-
ulation is due to the photovoltaic response of the potential barriers related
to the surface and charged dislocations arrays.
Order No. NS002-012 © 1997 MRS

http://nsr.mij.mrs.org/2/13/
Studies of Mg-GaN Grown by MBE on GaAs(111)B Substrates
IS . Cheng1, C.T. Foxon1, N.J. Jeffs1, D.J. Dewsnip1, L. Flannery1, J.W.
Orton1, S.V. Novikov2, B. Ya Ber2, and Yu A. Kudriavtsev2

University of Nottingham
2loffe Physical-Technical Institute

This paper discusses the growth of Mg-doped GaN samples using a mod-
ified Molecular Beam Epitaxy (MBE) method. Our results suggest that the
dopant is incorporated from a surface population maintained by the incident
Mg flux by a rapid diffusion mechanism. It follows that the chemical concen-
tration will increase with time of growth and that the p-doping level will also
increase progressively with film thickness for a given Mg flux. Increasing the
Mg flux to the surface results at first in a higher doping density, but this sat-
urates when the Mg surface concentration reaches a finite value.
Order No. NS002-013 © 1997 MRS

http://nsr.mij.mrs.org/2/14/
GalnN/GaN-Heterostructures and Quantum Wells Grown by
Metalorganic Vapor-Phase Epitaxy
A. Sohmer1, J. Off1, H. Bolay1, V. Harte1, V. Syganow1, Jin Seo Im1, V.
Wagner1, F. Adler1, Andreas Hangjeiter1, A. Dornen1, Ferdinand Scholz1, D.
Brunner2,0. Ambacher2, and H. Lakner3
1Universita't Stuttgart
2Technische Universitat Munchen
3Gerhard-Mercator-UniversitatDuisburg

The dependence of the In-incorporation efficiency and the optical prop-
erties of MOVPE-grown GalnN/GaN-heterostructures on various growth
parameters has been investigated. A significant improvement of the In-
incorporation rate could be obtained by increasing the growth rate and
reducing the H2-partial pressure in the MOVPE reactor. However, GalnN
layers with a high In-content typically show an additional low energy pho-
toluminescence peak, whose distance to the band-edge increases with
increasing In-content. For GalnN/GaN quantum wells with an In-content of
approximately 12%, an increase of the well thickness is accompanied by a
significant line broadening and a large increase of the Stokes shift between
the emission peak and the band edge determined by photothermal deflec-
tion spectroscopy. With a further increase of the thickness of the GalnN
layer, a second GalnN-correlated emission peak emerges. To elucidate the
nature of these optical transitions, power-dependent as well as time-
resolved photoluminescence measurements have been performed and
compared to the results of scanning transmission electron microscopy.
Order No. NS002-014 © 1997 MRS

http://nsr.mij.mrs.org/2/15/
Efficient Optical Activation of Ion-Implanted Zn Acceptors in GaN by
Annealing Under 10 kbar N2 Overpressure
S. Strife1, A. Pelzmann2, T. Suski3, M. Leszczynski3, J. Jun3, A. Rockett4,
Markus Kamp2, and K.J. Ebeling2

1 Zurich Research Laboratory
2Universitat Ulm
3High Pressure Research Center
••University of Illinois at Urbana-Champaign

We continue our investigations into the optical activation of Zn-implanted
GaN annealed under ever higher N2 overpressure. The samples studied were
epitaxial GaN/sapphire layers of good optical quality which were implanted
with a 1013 cnr2 dose of Zn+ ions at 200 keV, diced into equivalent pieces and
annealed under 10 kbar of N2. The N2 overpressure permitted annealing at
temperatures up to 1250°C for 1 hr without GaN decomposition. The blue
Zn-related photoluminescence (PL) signal rises sharply with increasing anneal
temperature. The Zn-related PL intensity in the implanted sample annealed at
1250°C exceeded that of the epitaxially doped GaN:Zn standard proving that
high temperature annealing of GaN under kbar N2 overpressure can effec-
tively remove implantation damage and efficiently activate implanted dopants
in GaN. We propose a lateral LED device which could be fabricated using ion
implanted dopants activated by high temperature annealing at high pressure.
Order No. NS002-015 © 1997 MRS

http://nsr.mij.mrs.org/2/16/
MOVPE Growth Optimization of High Quality InGaN Films
W. Van der Stricht1, I. Moerman1, P. Demeester1, L. Considine2, E.J.
Thrush2, andJA Crawley2

University of Ghent-IMEC
2Thomas Swan & Co., Ltd.

In this paper growth of high quality InGaN films on (0001) sapphire sub-
strates by atmospheric pressure organometallic vapor phase epitaxy in a
vertical rotating disk reactor is investigated. The InGaN layers grown above
800°C are transparent and show no In-droplets on the surface. The In-con-
tent varies between 56 and 9 % for growth temperatures between 700 and
850°C. The dc x-ray rocking curve of InGaN typically shows a FWHM
between 8 and 15 arcmin. Room temperature PL shows an intense band
edge emission with a FWHM between 100 and 200 meV for an In-content
of 9 and 56%. The initial efforts on QW growth are discussed.
Order No. NS002-016 © 1997 MRS

http://nsr.mij.mrs.Org/2/17/
High Frequency AIGaN/GaN MODFETs
L. Eastman, K. Chu, W. Schaff, M. Murphy, N Weimann, and T. Eustis
Cornell University

Short-gate MODFETs of AIGaN/GaN on sapphire have been fabricated and
characterized with gate lengths in the 0.12 - 0.25 urn range. Values of (= 50
GHz and 4 * = 100 GHz have been obtained. Analyzing the performance, the
average electron transit velocity is shown to be 1.25 x 107 cm/s and in some
cases well under that value. This compares with theoretical predictions of - 2.0
x 107 cm/s. The electron scattering effects of dislocations, which are charged,
are modeled to explain the lower mobility. Ion bombardment or dry etching is
used for mesa isolation. Ti/AI/Ti/Au sintered for 100 seconds at 800°C is used
to yield ohmic contacts of 0.5 -1.0 fl-mm. Pt/Au Schottky gates are used. A
high breakdown voltage, exceeding 100 V even for short gate MODFETs,
shows that ten times higher load resistance values are possible, compared with
GaAs MODFETs. Normalized output power levels well over 10 W/mm are thus
projected for GaN MODFETs on SiC substrates, where the thermal conductiv-
ity is about 5 W/cm-°C. with future integrated traveling-wave, power-combin-
ing circuits, output power > 100 W at 10 GHz is predicted.
Order No. NS002-017 © 1997 MRS
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The Nature of
Diamonds
George E. Harlow, Editor
A handsome, large-format
book, The Nature of Diamonds
is an authoritative and richly-
illustrated tribute to the diamond.
Wide-ranging illustrations explain
the geology of diamonds, chart
the history of mining from its
origins in India and Brazil
through the diamond rush in
South Africa and today's high-
tech enterprises, and capture the brilliance and beauty of this
extraordinary gem.
Co-published with the American Museum of Natural History
1997 224 pp. 62083-X Hardback $74.95

62935-7 Paperback $29.95

Solid State Electrochemistry
Peter G. Bruce, Editor
"I have no hesitation in recommending [it] to anyone interested in the
electrochemistry of solids."

—M. Stanley Whittingham, Physics Today

"...an excellent introduction to the chemistry and electrochemistry of
materials in solid-state cells. "

—Michael Lerner, Materials Research Bulletin

This book covers topics such as the different natures of ionic conduc-
tivity in solid (ceramic) electrolytes, glasses, and polymer electrolytes;
the thermodynamics and kinetics of intercalation reactions; and the
interface between solid electrolytes and electrodes, which is contrasted
with the more conventional liquid state electrochemistry.
Chemistry of Solid State Materials 5
1997 360 pp. 59949-0 Paperback $39.95

Cellular Solids
Structure and Properties
Second Edition
Lorna J. Gibson and Michael F. Ashby
This book summarizes current understanding of the structure and
mechanical behavior of cellular materials, and the ways in which
they can be exploited in engineering design. Cellular solids include
engineering honeycombs and foams (which can now be made from
polymers, metals, ceramics and composites), as well as natural materials
such as wood, cork and cancellous bone.
Cambridge Solid State Science Series
1997 528 pp. 49560-1 Hardback 120.00

Soft Interfaces
The 1994 Dirac Memorial Lecture
Pierre Gilles de Gennes
This volume contains a much expanded version of the 1994 Dirac
Lecture by Nobel Laureate Pierre Gilles de Gennes. The book presents
an impressionistic tour of the physics of soft interfaces. Features
discussions of wetting and dewetting, the dynamics of different
types of interface and adhesion and polymer/polymer welding.
1997 127 pp. 56417-4 Hardback $19.95

Why Things Are the Way They Are
6. S. Chandrasekhar
This fascinating book explains why the materials we can see and touch
behave as they do. The author explains how the properties of materials
result from the way they are composed of atoms and why it is they
have the properties they do. The book is intended for anyone with
an interest in science who wants to know why the world around us
behaves in the way that it does.
1997 272 pp. 45039-X Hardback $59.95

45660-6 Paperback $24.95

Dynamic Fracture Mechanics
L. B. Freund
"This comprehensive review of a most difficult subject reflects the author's
considerable experience and maturity in this area...Interesting directions
for future research are suggested in the treatment of the topics. "

—Applied Mechanics Review

This volume emphasizes fundamental concepts, both on the develop-
ment of mathematical models of fracture phenomena and on the
analysis of these models.
Cambridge Monographs on Mechanics
1997 581 pp. 62922-5 Paperback $29.95

Fibrous Materials
K. K. Chawla
This book is about the processing, microstructure and properties
of materials in fibrous form. Chawla explains the fundamentals in
a clear and concise manner and describes important advances in the
production and control of microstructure in high stiffness and high
strength fibers.
Cambridge Solid State Science Series

1997 300 pp. 57079-4 Hardback $69.95

Fractals, Scaling and Growth Far from
Equilibrium
Paul Meakin
This book describes the progress that has been made toward the
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