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Foreword

Chemical impurities, such as oxygen, have a major impact on the performance and
lifetime of modern heterostructure devices. These devices have widespread use in areas
such as microwave and optical communications, optical recording and light detection.
Many of these impurities originate as contaminants in the growth system used to form
these materials. Oxygen is perhaps the most common and the most important of these
impurities. In particular, oxygen is thought to be responsible for the degradation of solid
state lasers. Metal-organic vapor phase epitaxy (MOVPE) is one of the major growth
techniques used in both research and manufacturing of these devices. A problem
encountered in the study of these important impurities, and the electronic defects they
produce, is the lack of a systematic means of incorporation. Through the development of
new chemical sources, we have been able to controllably incorporate oxygen in order to
fully understand its behavior and subsequent impact on device performance. The
incorporation of oxygen into GaAs introduces several electronic defect states. The
electronic and optical properties of these states yields information on the local structure
and chemistry of the defect. An intriguing outcome of these studies is the development of
a means to introduce levels of oxygen into semiconductors at concentrations which far
exceed their equilibrium solid solubility. These highly doped structures have interesting
properties in their own right. The incorporated oxygen, as a deep level, acts as a sink for
electronic carriers. Controlled oxygen doping is a means by which the extremely high
resistivity materials can be produced in thin layer form. We have recently determined the
resistivity of these high oxygen concentration films. Resistivities in excess of 10° Qecm
can be produced indicating that this material can be one of the most effective device
isolation materials yet developed. Since this process is easily integrated into the existing
MOVPE growth technology, high resistivity layers can be made part of the device
structure. The immediate application of these materials could be in microwave devices
where the high resistivity of the materials can be used to eliminate the device crosstalk
which can diminish the performance of these circuits. High power electronic devices and
higher performance optical detectors may also be possible.




Summary of Important Results

1. Development of (C,Hs),AIOC,H; as a Controlled Oxygen Source

A new oxygen source was developed during the grant period. The diethyl aluminum
ethoxide, (Et,AlOEt, or (C,Hs),AI0C,Hs), was used in the successful oxygen doping of
GaAs. This source may have advantages over the previously employed dimethyl
aluminum alkoxide, (Me,AlOMe or (CH3),AI0OCHj3). This new source has a lower vapor
pressure than Me,AlIOMe which is useful in introducing the small dopant concentration
of the compound into the gas phase during growth. Additionally, the Et,AlOEt is a liquid
at room temperature in contrast to the solid source Me,AlOMe. The liquid source should
leads to the enhanced reproducibility of the oxygen introduction into the epitaxial layer.

2. Incorporation of Oxygen into Epitaxial GaAs

The oxygen introduction into the growing GaAs has been shown to be a strong function
of growth temperature and gas phase ratio of AsH3 /(CH3)3Ga, the As and Ga growth
precursors. The oxygen incorporation decreases exponentially with increasing growth
temperature and exhibits a power law type decrease with increasing V/III ratio. Under all
conditions, the incorporated oxygen was found to compensate any intentionally
introduced shallow donors, such as Si, through the formation of AL-~O or isolated O deep
level complexes. Comparison of carrier concentration profiles in the epitaxial layers with
secondary ion mass spectroscopic profiles indicates that the drop in carrier concentration
is on the order of the oxygen incorporation.

3. Deep Level Transient Spectroscopy Measurements of the Oxygen Level in
Epitaxial GaAs

Deep level transient spectroscopy (DLTS) measurements of the compensated materials
have found that the concentration of deep levels in the upper half of the band gap, which
is accessible through the use of Schottky barrier structures, is far less than the indicated
loss of carriers. This interesting observation indicates that the oxygen deep level
responsible for the compensation is most probably in the lower half of the GaAs band
gap. Oxygen doping in GaAs using DEALO was found to compensate both shallow
donors and acceptors. Multiple deep level peaks were observed, and the relative peak
heights were found to vary with the dopant concentrations. This observation implies that
there are multiple ‘M-O’, where M=Ga or Al, configurations in the GaAs:O based films.
We have identified for the first time a Si-O based defect in GaAs which we have
tentatively assigned to the deepest DLTS peak. These studies indicate that the oxygen
based defect in GaAs and related materials can form a family of defect structures in
comparable concentrations, dominated by emission peaks at ~0.75 and ~0.9 eV.




4. Luminescence Properties of GaAs:O

Photoluminescence (PL) studies of GaAs:O have been completed. The PL from samples,
containing oxygen concentrations ranging from 10" cm™ to 10% cm”, has been measured
as a function of temperature. The near-IR PL spectra exhibited broad discernible bands
located at approximately 0.8 eV and 1.07 eV. The lower energy band position was
approximately independent of oxygen concentration. Pronounced intensity effects were
noticed as the oxygen concentration was varied at a given temperature. In samples with
[O] ~10" cm™, the 12 K PL spectrum consisted of a dominant band at 1.10 eV and only a
very weak band at the lower energy. As the oxygen concentration was increased, the 12K
PL intensity of the higher energy band continuously decreased relative to the lower
energy band until, in samples with [O] ~10% cm™, the lower energy band was the
dominant feature in the PL spectrum. Pronounced intensity effects were noticed as the
temperature was varied at a given oxygen concentration. Complete quenching of all
photoluminescence was observed at temperatures above ~150 K for all samples.

5. Semi-insulating GaAs:O Resistivity Determination

The resistivity of the DEALO-doped GaAs is extremely high. We have determined the
temperature dependent resistivity in these materials through n-i-n vertical transport test
structures. Resistivities of more than 2x10° Q-cm at 294 K have been determined from
the ohmic region of current-voltage (I-V) curves. An activation energy of ~0.81 eV was
deduced from temperature-dependent resistivity measurement. This activation energy is
closely related to the dominant deep level emission peaks as determined by DLTS. These
resistivities are suitable for potential use the incorporation of these materials into GaAs-
based structures, such as MESFETs and thyristors.

6. Oxygen Doping of In,Ga,  As

The defect engineering in MOVPE InyGaj_xAs and InP by controlled oxygen doping
using DEALO was studied. DEALO doping has led to the incorporation of Al and O, and
the compensation of shallow Si donors in In,Ga,;_,As:Si with 0 < x <0.25. With the same
DEALO mole fraction during growth, the incorporation of Al and O was found to be
independent of x, but the degree of carrier compensation was smaller at larger x. DLTS
investigation on a series of In,Ga, ,As:Si:0 samples with 0 < x < 0.18 showed that
oxygen incorporation led to a set of deep levels, similar to those found in DEALO doped
GaAs. The characteristic deep levels appeared to remain at a relatively constant energy
with respect to the valence band of the In,Ga, ,As. As the In mole fraction was increased,
one or more of these deep levels became resonant with the conduction band, and led to a
high electron concentration in oxygen doped In, 53Ga, 4;As. Low temperature PL at 12 K
on the same set of samples revealed the quenching of the near-band edge peak, and the
appearance of new oxygen-induced emission features. DEALO doping in InP has also led
to the incorporation of Al and O, and the compensation of Si donors as well as the
reduction of PL intensity due to oxygen-induced multiple deep levels. It was also found




that the use of DEALO during the growth of high In content materials (such as InP or
Ing 53Gag 4,As) tends to degrade surface morphology, resulting in a hazy surface finish.

7. High Pressure Characterization of GaAs:O

High pressure-low temperature photoluminescence experiments were carried out on
GaAs:O. The goal of these experiments will be to elucidate the relationship of the
oxygen-related deep levels in epitaxial GaAs:O to the band structure. The ambient
pressure spectrum shows the two near-IR PL bands (~0.8 €V and ~1.1 eV) characteristic
of oxygen in epitaxial GaAs. Upon application of pressure, both bands shift to higher
energy. The larger shift of the higher energy band (~8.9 meV/kbar) compared to the lower
energy band (~2.3 meV/kbar) leads to better resolution of the initially overlapped peaks
(e.g. 11 kbar spectrum). At pressures above ~25 kbar, both PL bands begin to quench and
a new band appears at ~0.6 eV. The new band continues to grow and the original bands
continue to quench as the pressure is raised further. Above ~30 kbar, the original bands
are completely quenched and the new band persists and shifts at a rate of 2.5 meV/kbar to
higher energy. The new band gains intensity up ~40-45 kbar, levels off and then begins to
quench at ~55 kbar. Complete quenching of the new band occurs by ~80-85 kbar. The
pressure shift results suggest that the ~1.1 eV PL transition is associated with the
conduction band while the ~0.8 eV transition is associated with the valence band or an
internal transition of the oxygen-related defect. The results also indicate the presence of a
resonant oxygen-related state located ~200 meV above the conduction band edge at
ambient pressure. The state is present in the band gap between ~25 and ~80 kbar and is
responsible for a 0.6 eV luminescence band.

8. Device Applications of GaAs:O

The short radiative lifetime of GaAs:O allows it to serve as a useful high speed detector
material. We have been interacting with the Naval Research Laboratory (NRL) in the area
of materials characterization and applications. NRL (M. Frankel) has measured very short
lifetimes (<1 ps) for highly oxygen doped GaAs. These measurements indicate that
GaAs:O could be used as an integrable material for high speed detection at wavelengths
shorter than ~850-nm. The high resistivity of GaAs:O was investigated through
collaboration with K. Jones at the Army laboratory at Fort Monmouth. There is a device
need for very high resistivity layers which can be integrated into an optical thyristor
structure. The current technology requires very thick layers in order to stand off the
required voltage. We are collaborating with Dr. Kenneth Jones on a project which will
determine if these materials are suitable for these Army applications.
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